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a s " by Steven Pringle, BSc (Hons)

Antiferroelectric and Ferroelectric Smectic C Side Chain
v - Liquid Crystal Polymers

Chirality in liquid crystals has been of increasing interest over the past twenty five
~years, More recently interesting results have been obtained in the area of chiral
- smectic liquid crystals with the discovery of Twist Grain Boundary (TGB),

antiferroelectric and ferrielectric liquid crystal phases.

The thesis is concerned mainly with the investigaﬁoh into the incidence of novel
smectic phases in Side Chain Liquid Crystal Polymers (SCLCPs), and the effect

structural variation has on the appearance of these phases.

‘A‘study of the effect of lateral fluoro substitution in the rigid vc‘orc of the molecule
on thé formation of chiral srhectic C phases showed how the position of the fluoro
substituent affected the thermal stability of the polymeric material. This study
‘also led to the discovery of an antiferrdelectric-likc structure in a polymer

~_containing an achiral, swallow-tailed terminal chain.

The the'sis also describes an "bdd / even" effect when altering the length kof the
flexible spacer conhebting the polymer backbone to the rigid core of the side
chain; a polymer-With é flexible spacer éﬁntainin g an odd number of carbon atoms
exhibits an antifenoelectﬁc phase and fhe corresponding analogue with an even.
number of carbon atoms in the flexible spacer exhibits a %erroelectric phase.

A

The effect of altering the moiety which connects the polymer backbone to the

*

flexible spacer is also examined. Polymers which contain an ether functionality

as the linking moiety retain their antiferroelectric properties. However, in



polymers where the linking group is a "reverse ester’, a smectic C phase was not

observed. .

The final structural feature examined in this thésis involved an examination of the
effect of changing the substituent on the polymer backbone. It was found thatin -
f polymers where the linking group was an ether moiety, or a reversed ester,
increaéing the size and polarity of the backbone subSti;uent did not alter the phase
sequence, but the liquid crystal phase was thermaHy stabilised. In polymers
where the backbone was linked by an ester group, mafkedly increasing the
'+ polarity of the backbone substituent caused the rcsuliing SCLCP to becbrne more

glass-like; the mesophase was thermally stabilised and gave poor alignment of the

side chains.
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INTRODUCTION

L}

" 1.1 GENERAL INTRODUCTION

~ In 1888 Austrian botanist Friedrich Reinitzer prepared a number of cholesteryl
 esters which upon characterisation displayed a peculiar phenomenoh when heated.
With cholesteryl benzoate (Figure 1.1), Reinitzer observed that the material melted

- to a milky fluid at 145 °C and then on further heatm0 thrs rmlky flu1d became cledr

at 178 Je8

Figure 1.1 - Cholesteryl benzoate

Reinitzer sent a sample of cholesteryl benzoate to the German physicist Otto
Lehmann. Lehmann observed that the milky ﬂuid when viewed through crossed
polansers appeared (hke a sohd) bnghtly coloured and thus he concluded that he

was deahng with ' very soft erystals" which he chnstened flzessende krystalle

(flowing crystals).2 =

By 1920 Vorlﬁnder and colieagues had svnthesised the liquid crystalline material,
ethyl p- azoxybenzoate whrch showed a smect1c phase between 114 and 120 °C
‘ (F1gure 1 2), and Friedel was carrylng out optical studies on liquid crystals.
Frredel identified the rmlky ﬂuld observed by Reinitzer and Lehmann as a "phase” |
‘ wh1ch was dlfferent from both the crystal phase and the liquid phase and as a result
of detuiled optical studies determined three different liquid crystal phases; the

Smectic (S), the Nematic (N) and the Cholesteric (Ch) phases.



- Figure 1.2 - Structure of the Smectic Liquid Crystal Ethyl p-azoxybenzoate

Both of the examples given above show the generatlon of a mesophase by a

temperature change; addition of a solvent to a compound can also generate.a

~ mesophase (see section 1.2).

In 1963 Fergason pfoducéo a ‘novel method for measuri.n‘g temperature using the
colour change of cholosteﬁo liquid cry‘stal phase\sv‘aod in the same year Williams
‘ reported fhe first electrooptjéal effects in nematic liquid crystals.4 In 1968

Heilmeier showed that a thio laycr of nemétic liquid crystal showod a characteristic
| scatteﬁng under an éppliéd vo‘ltage‘ aod he subsequently invented a new display

device using this phenomenon.>

In 1971 Schadt and Hclfrlch demgned a new d1sp1ay conflguratlon called the
"Tw1sted Nemauc Mode". ThlS mode has been used wxdely for many types of
11qu1d crystal display dev1ce6 and is the most commonly used operating prmc1p1e in

- current displays w1th 1mprovements to [hlS device still being achieved.” However, |

other displays Wthh use different liquid crystals and defcrent operating principles,

such as ferroelectric displays have also been developed.®



1.2 CLASSIFICATION OF LIQUID CRYSTALS®

L1qu1d crystals are d1v1ded 1nto thermotropzc hquld crystals and lyotropic hqmd

| ‘Vcrystals Wthh can be class1fled and subd1v1ded as shown in Floure 1 3.

P e ‘ LIQUID CRYSTALS I

: . 9
THERMOTROPIC -LYOTROPIC
G ..(Generated by the (Genérated by the
L - actionotheat) - = - . action of solvent)
HIGH MOLAR MASS| | |ow moLAR MASS
" (polymers) ¥

| MAIN CHAIN | SIDE CHAIN ‘ ROD-LIKE ‘ DISC LIKE
kLJ J\L——J L———Ij

B hpmopolymers or copolymers . . - single or multi-component systems

‘Figure 1.3 - Sub-Classification of Liquid Crystal Systems.ll

As this thesis is concerned with high molar mass liquid crystals,!2 in particular
those displaying the smectic C phase and its subphases, the other classes of liquid

crystals will not be discussed further.



1.3 CALAMITIC‘THERMOTROPIC LIQUID CRYSTAL PHASES

‘ rln the followmg secﬁons the lquld crystalhne properties of molecules which have

elongated molecular structures are discussed. The shapes of these molecules are

'referred to as lath- or rod-hke and exh1b1t phases that are sometimes called calamitic

| liquid crystals

The ordering within the liquid crystalline state is sufficient to impart some solid-like
properties to the fluid, but the forces of attraction between molecules are often not
strong euough to prevent flow. Liquid crystals uudergo well defined phase

changés (Figure 1.4) giving intermediate phases, referred to as mesophases; the

: phenomenon of liquid crystallinity is also “referred to as mesomorphism and
materialsl‘vyhich give such phases are said to be mesogenic. The_ orientational
©association of the molecules is onlywpartial and, as the nature of the intermolecular
| forces is delicately balariced, liquid crystals are sensitive to temperature, pressure,
electric and mugnetic ﬁelds.‘ This sensitivity to a physical change provides the basis

" for the use of liquid crystals in display devices. As indicated in Figure 1.4 a

calamitic compound exhibiting mesomorphism need not show both smectic and

‘nematic phases,‘ and indeed many compounds exist that exhibit only one class of

mesophase. Transition temperatures from liquid crystal mesophase to another

| liquid crystal mesophase, and from liquid crystal mesophase to solid or liquid are
] usually clearly defined. However in some instances, the temperature at which the

- transition occurs is reduced, for example, when the compound is cooled from the

nematic or smectic to the solid; this is due to a supercooling effect.



~ souD ~smecTIC | ‘ - NEMATIC { |somop|c |

Flgure 14 - Transmons between SOlld Liquid Crystallme
Gl and Isotroplc Phases ‘

1.3.1 The Smectic ‘Phasel3 "

Smectic phases are lamellar ln nature (vyith the exceptionof the crystal D phase
which has a structure consrstmg of a cubrc close packing arrangement of
molecules) Many structural variants of the smectic phase are known and are
‘1nd1cated with subscripts to the letter S (z e S A, SB, Sc etc.) (see Table 1.1) with
- the classes dependent upon how the molecules are arranoed in the SmCCUC lamellae
the trlt angle of the molecules with respect to the vertrcal to the lamellar planes and
upon the degree of correlatlon w1th the layers and from layer to layer It should be
noted that the layers need not be rrg1dly defmed or planar and indeed the layers are
best regarded as dens1ty waves runmng throughout the system Currently the S As
SB, Sc, S and Sp phases are regarded as true hqurd crystals and the crystal B,E,]

‘ and K (mdrcated by a letter ie. B) are cons1dered as soft crystals 13



Liquid Crystal Sr‘nccﬁ'c‘s? | Crystal Type Smectics
Type Order within| * Tilt ~ Type  |Order within| « Tilt
alayer = ~ a Layer

Sa | - No ~ No B Yes No

SBhexaic)) ~ Yes | No - E Yes No

Sc ~ No Yes G,] . Yes Yes

Sg Yes Yes H, K Yes Yes
S " Yes Yes

Table 1.1 Smectic Polymorphic typesl3

1.3.2 The Nematic Phase

The nerhatic phase is an aniSotropic liquid, with the molecules showing only a
| statiStically parﬁllcl arrangement of the molecular long axes. The nematic phase is
considerably less viscous than ;he smectic phase, and can‘ be substantially oriented
by surface forces. In thin séctions between glaSs slides, ;he ordered pattem that is
established\zit the surface may Be extended across the section. , )

The cholesteric phasé (Ch or N*) is a helical nematic phase (Figure 1.5) with the
twist arising from the optically a‘c;tive nature of the chiral molecules. The helicoidal
twist of the strhcture‘,‘ characteﬁsed by a pitch (typically 6f the order 0.2-2 um)

rotates the electric vector of polarised light as it traverses the mesophase.
1.3.3 Chirality in Liquid Crystals

Chirality in liquid crystals has a unique p{)‘sition; in fact the first material found to
exhibit liqﬁid érystal properties was an optically active derivative of cholesterol
(Figure 1.1). Chiral liquid crystals can exhibit many properties. Some of these

properties are described in' thé following pages.



1.3.3.1 Cholesteric and Blue Phases

In the cholestenc mesophase (N*) the lath-like molecules pack SO as to create a
hehcal macrostructure 1n a d1rect10n perpendlcular to their long axes (Figure 1. 5).
ThlS macrostructure is 1tse1f opncally active and so the mesophdse structure also

exhxbns its own opucal acu\{ny, or form chlrahty.



Molecules = RS

Spiralling Orientational
Order of the Molecules’

Half Pitch Length

Figure 1.5 - The Cholesteric Phase

If we consider a similar situation where the twist in the orientational order of the
molecules in the cholesteric phase can also occur in a second direction in the plane
perpendicular to the long axis of the molecules, then two helices are formed with

their axes perpendicular to one another in a plane at right angles to the direction of

%



the long anisof themolecule. This phenomenon was discovered during detailed
‘ studres of the opttcal changes Wthh occur on clearmg to the 1sotroplc hqurd These’

: phases were named blue phases (BP) due to the early examples drscovered by

Coates and Gray14 bemg coloured blue.
1.3.3‘.2“ ‘Ferroelectﬁc, Ferrielectn'c and Antiferroelecn‘ic \Phases k

‘ When a smectic C phase is composed of optrcally actlve molecules it wrll thlblt a
hehcal macrostructure The helical structure is based upon rotatron of the trlt
‘ drrecnon of 1nd1v1dual layers of the phase about an axrs normal to the layer planes

‘on passmg from layer to layer When the hehx is unwound the molecules within

‘ the layers orientate themselves so that the tilt of the molecules in adjacent layers is

‘ the same and the molecules exhibit ferroelectrtc properties.

| Antrferroelectnc propertres in quu1d crystal systems isa fa1rly recent drscovery 13
In the antrferroelectrlc Sc phase the molecules in adJacent layers are trlted in

opposrte d1rect10ns A smnlar structure 1s proposed for the ferrielectric SC phase

however m the ferrrelectnc phase the dlstr1but1on of opposrtely ttlted layers is

unequal over the ent1re system 16

Ferroelectnc antrferroelectnc and ferrrelectrtc phases are explamed further m

sectlons 1. 5 1 6 and 1.6.4 respectlvely

10

o

-



1.4 IDENTIFICATION OF MESOPHASES

‘Smecti"c, nemanc and cholesteric mesophases can usually be distinguishedby their
’optical 63 .é‘., Vpolarised hght mcféscbpy),l3-i4 miscibility,i rheological, dirfracdve
(eg Xéfay) and thermodynamic (e.g., DSC) properties. The mesophases are
‘most easrly 1dent1fied by us1ng a polansrng nncroscope, since the different phases
frequently have recogmsably d1st1nct rmcroscoprc textures. Examples are the focal-
con1c fan shaped or polygonal textures of smectics (SA) schlieren textures (Sc)
and mosaic textures (SB) 12 A bnght satin- hke texture is often observed when the
o nernattc‘ phase is v1ewed between crossed polansers, although the nematic phase in

common with some smectic phases also shows a schlieren texture consrsttng of

dark brushes, rad1at1ng from and endmg at pomts, which form drstorted crosses.

: The identity of mesophases may be ‘conflrmed by nrisclbility stadies. If two
‘rn’esogenic compounds mix to ‘forma cont‘inu‘ous series of solutions shovving the
same mesophase then the phases of the two compounds are of the same type
Mrscrbrhty studres also allow the latent smectic and nematic tendencres to be
'assessed for compounds not actually showmg mesophases Vzrtual transrtron
temperatures may be obtarned for a compound (X) by studyrng its mixtures w1th a
suitable host and assurmng near 1deal solutron behavrour by performmg a hnear
r‘extrapolatton to 100% of X Such virtual transmons are not observed directly,
unhke enanuotroptc transmons (observed on heatrng or coohng) and monotropic

transitions (observed on supercoohng of the 1sotrop1c phase or a mesophase to

below the meltmg pomt)

X-ray or neutron d1ffract1on is a useful techmque and is sometimes the only way of
1dent1fy1ng the molecular arrangement in the phase and hence the nature of the
mesophase type Thus X- ray d1ffract10n 1nd1cates that the Sc phase has a tilted

arrangernent of molecules within its layers, whereas the S, mesophase has an

lllll



orthogonal arrangement of the molecules; it also shows that the arrangement of the
molecules in the S, and Sc layers is positionally disordered whereas that in the S B

and E 1ayers is much more ordered.  X-ray diffraction also allows the determination

of the layer th1ckness in smectics.

: leferennal Thermal Analysis (DTA) and leferenual ScanmnG Calorimetry (DSC)
allow the deterrmnanon of the enthalpies of transition (AH), e.g., for So-N, N-I
etc., Whl‘ch are sometimes characteristic for a particular transition, and this
- Information may help in the identification of the mésophases involved. Emhalpies
- are obtained by DTA by placing the sample in an alur£ﬁnium pan and heating ata .~
uniform rate.  The sample tempcrature is then monitored by means of a
‘ thermocouple and compared with the temperature of a reference, such as an émpty
p‘an ‘Whicl‘l is subjcétcd to the same linear heétirig’ As the temperature of the
heating block is raised at a constant rate the sample ternperature and that of the
reference will be the same unt11 a change in the sample takes place. If the change is
exothermic the sainple temperature will exceed the reference temperature for a short
period. If th;: change is endothermic sdmpl‘e‘ temperature will temporarily lag
behind the reference température. These temperature differences are recorded and
transmitted to a chart recorder or data station where théy are recorded as peaks. A
 third type of change can be detected. -Since the hcai capacities of the sample and the
reference are different the fcmperature difference which occurs between the sample
and ‘the reference is never actually zero, therefore a chan ge in heat capacity such as

that associated with a glass transition will cause a shift in the baseline of the chart

recorder.

@

The temperature difference between the sample and the reference measured by DTA
is quantitati\}e and relatively uninformative. To overcome this drawback DSC is
used. When a temperature difference between the sample and reference is detected

the energy input to either the reference or the sample is increased in order to

-



l maintein beth at the sarne texnperature. The thermograms obtained are similar to
lthose obtamed by DTA, however the peaks obtained represent the amount of
electncal energy supphed to the system and therefore the area under the peaks will
be proporuonal to the change in enthalpy which occurred. Cahbrauon of the

1nstrument will allow the heat capacuy of the sample to be calculated 1n a

quantltatlve rnanner

: Any smole method for 1dent1fy1ng mesophases can be mlsleadmg and generally it is

. best to use several methods n comblnanon

13
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l.S FERROELECTRIC LIQUID CRYSTALS

Coe

'1.5.1 Introduction to Ferroelectric Liquid Crystals

Ferroelectricity m crystals has heenwkhown slhce 1921,18‘Mbut ferroelectricity vin
liquid‘crystal phase\s‘ is a ‘relatiyely recent phenomenon. Meyer et al.l?

(lemohstrated, using an el:egarlt' symmetry argumertt, that the smectic C phase (or
‘ any tilted smectic) when 'co\mposed‘of optically active molecules should be
ferroelectnc Usmc (S) 2- methylbutyl (4 decyloxybenzyhdene) -4-aminocinnamate

(DOBAMBC) (F1gure 1. 6) they were able to obtam a drelectrlc hysteresis loop-

‘ 1nd1¢atmg the presence of a spontaneous polansatton (Ps) in the chiral smectlc C

phase.
* @ ot
H H O CHgCHCgHs
CH3
sDOBAMBC
76 93 117
K'—"—> Sc* '_"'"—"SA‘ %—+ Iso °C
,An
Sl* ‘
Figure 1.6 ‘-

Str‘uctur’e and . Transition Temperat‘ures (°C‘)~ of DOBAMBC

1.5.2 Symmetry in the Smectic C Phase f

-If we consider the symmetry for the smectic C phase made up from non optically

PR

active molecules (for a gutde to the structure of a smectic C phase see Table 1.1),

w1th the molecules arranged in layers havmg the1r long axes ulted at an angle 6 with



respect to the normal to the layer plane, then the symmetry elements present are a
mirror plane, a two-fold axis of rotation and a centre of symmetry. Therefore the

symmetry for a non-chiral smectic C phase is Coy, (Figure 1.7).

Mirror Plane

PO e

Twofold axis

Centre of gymmen'y

- Figure 1.7. - Sytﬁmetry of the Smectic C phase

Chiral Centre

Twofold axis

: Figure 1.8 - Symmetry of the Smectic C* phase
When this phase is composed of optically active molecules the symmetry elements

are reduced to a single two-fold axis parallel to the layer planes and normal to the

4
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vertical planes thus reducing the symmetry to Cp (Figure 1.8) and causing an

~ imbalance with respect to the dipoles along the Cp axis.1?

We can represent an asymmetric molecule by a fish with only one eye?® (Figure
19), with a dipole pointing out of the eye along the y axis; then as the fish prefer to

~ be oriented as shown, there is a two-fold axis in the y direction and it is along this

direction that the polan'sation develops. |

-—— Molecules

Smectic Layer

C, axis

F‘igureb 1.9 - Reduced Symmetry in the Smectic C* Phase
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1.5;3 Polarisation ' Direction =

The polaﬁsatlon is a vector quantity and can point in one of two directions, in our
constrained system, and thus a material can have one of two possible spontaneous
: polarrsatmn directions associated with it21 (Figure 1.10). The drrectron 1s
' : dependent, to a certain extent, on the absolute spatial configuration of the molecule;

that is, the (R) and (S) isomers have opposite polarisation directions. -

N

DRRURI ISP =

Smectic
Layer

\ :

Molecule

" Figure 1.10 - Spontaneous Polarisation Direction in Liquid Crystals

_ Attempts have been made to relate the absolute spatral conﬁgurauon of the molecule
to the d1rect1on of Ps (Frgure l 11) in a s1mllar way to that whrch Gray and
McDonnell used for helical structures (z e. cholestenc systems) 22 w1th the

following relationships found to have some use in Sc"f 11qu1d crystals.

‘SedP(-)”+‘1‘ sbzp(+) 4, SodP(-) 4, SelP(#) -
RedP()-I RolP (+)1, RodP ()4l Rel P (+) +]

Frgure 1. 11 - Relatronshtp between Absolute Spatral Conflguratlon and
= L Spontaneous Polarisation22



~ for more complex structures.23

where (R) or (S) is the absolute spatial configuration, o or e is the parity, lordis |

the screw direction of the helix, P(+) or P(-) is the polarisation direction and -/ or

+/ is the inductive effect of the off axis substituent at the chiral centre. This

relationship has been shown to work well for simple molecules but is not accurate

‘The fact that such simple correlations exist, however, shows that the microscopic .

and macroscopic propertiES of these mateﬁ_als are closely related.
154 Magnltlxde of Spontaneous Polarisatim}”@
‘_Compa‘red to inorganic systems, liquid cryStal molecules have relatively low

spontaneous polarisations. These lower values can be attributed to three factors.

: Flrstly, the l1qu1d crystalhne molecules are usually undergom g rapid reorlentanonal

motion about the1r molecular long axes, thus only the time dependent ahonment of
the dlpoles conmbutes to the Ps Addmonally the types of molecules that form
ferroelectrlc phases are not, when compared to their morgamc counterparts,
‘PanCU1aI1y polar Flnally, as the phases are fluld the molecules can 1n some cases

relax easﬂy after bemg poled in applled ﬁelds

From a reduction in symmetry it can be deduced that the magnitude of Ps is
dependent on the tilt angle 6,24 the size of the dipole at the chiral centre, and the
extent of freedom of rotation the chiral centre has about the molecular long axis.

These properties are linked and can be used to describe how the dipole at the chiral

 centre is coupled to the lateral molecular dipole.

[T

If we consider the following homologous series of compounds? (Figure 1.12), we

can see that as n increases so the motion of the chiral centre about the molecular

long axis decreases.

18



O
R — O—QHanH2n+1

CHs

.n o Ps‘ :

i ( nC em™?)
2 7.7
30| 32
4 30.7
| 5‘ ‘ | 48.8
6 42.2

Figure 1.12 - Effect of Terminal Chiral Chain Length on
, Spontaneous Polarisation

These results show that‘for n = 2 the maximum value for Pgis 7.7 nC cm2,

however for n = 5 the value increases almost sevenfold.

‘As can be seen for the compounds shown in Figure 1.13,26 the spontaneous
 polarisation is increased by increasing the dipoles associated with the chiral centre,

either by changirig the lateral substituent at the chiral centre or by moving the chiral

centre closer to the molecule's core

19



Ps / nC cm™2

| : n CH
C1oH210 —@—CH:N—@-CH:CH"« | 5
) v i ! O-CH29HC2H5‘
CHsy - o ‘
C10H210—©— —Q—CH CH'« ° 45
CHCgHs
cl
C1oH210 —-.—CH N—.—CH CH—Q . 0
© 0-CHCHCHs

Flgure 1.13 - Effect of Increasing the Dlpole at the Chiral
‘ Centre on the Spontaneous Polarlsatlon

The polarisation also increases dramatically when the motion of the chiral centre 1s
trapped by steric hindrance of substituents further down the terminal chain (Figure

1.14)27

| ‘Ps/hC cm?

| 7 " )~CHCH,CHCHs
‘ O * *
E )—CHCIHCHchs 250

0 *
. CHj

Flgure 1.14 - Effect of Trapping the Motion of the Chiral
Centre on Spontaneous Polarisation

‘ Furthe; restriction of the motion of the chiral centre can be achieved by having two

chiral centres28. 29 linked in a carbocyclic ring (Figurc 1.15).

FLUNN
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O

o=O

" C3H17O—@f-O

(@

st=260 nC cm2 K 541 SmC* 928 N* 1610 Iso °C
Ps=320nCcem? K 108 SmC* 116 Iso °C

Flgure 1.15 .- Spontaneous Polansatlon and Transition Temperatures of
, ‘ Ferroelectnc quuld Crystals having Two Chiral Centres

'In1t1a11y there was con51derab1e 1nterest in 1ncreas1ng the magmtude of the
‘spontaneous polansatlon of compounds as the sw1tch1ng time of a ferroelectnc

11qu1d crystal was 1nverse1y proporuonal to this value 30 The relationship is shown

in the following equatlon ,
t=m/P.E

‘where T is the‘reorientational time, T is the viScosity, P is the spontaneous

polarisation and E is the apphed electric field. It was proposcd that the polarisation

should be mcreased in order to reduce the switching time.

More recently low concentrations (i.e., ca. 10%) of dopants which are not
necessarily liquid crystalline3! but which have large spontaneous polarisations,
have been used in achiral host materials with smectic C phases. These mixtures

have lower reorientational viscosities and polarisations than the optically active
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e

material alone, and give switching times in the region of 1-10 jis which are suitable -~
for video rate displays.

1.5.5 Dependence of Spontaneous Polarisation on Temperature
Spontaneous polarisation has been shown to be temperature dependent according to

the following oxpression which can be used as a guide to predict the behaviour of

tho polarisation,
Pg=Po (T¢ - B

wherePs is the r‘nagnitudev;of the sponténeous polaﬁsation ata température T, Pois
a constant for the material, Tc is the smectic A to smectic C* transmon temperature

~and Bisan exponent wh1ch theoretlcally should equal 0.5.32 Flgure 1.16 shows a
: k‘ typical plot of spontaneous polansatlon agalnst temperature for the ferroelectric

material (R)-1-methylpropy1-4—octanoyloxyb1pheny1-4 -carboxylatc. ,

Ps / nC cm"2

5
Ty 16 18 20 220 24 26 . 28

Temperature / °C
.
Figure 1.16 - Typlcal Plot of Spontaneous Polarisation vs Temperature
for a Ferroelectric Material



Unusual results can sometimes occur for the dependence of Ps on temperature, e.g.

(S)- 2—methy1buty1 4'-nonyloxyb1pheny1-4 carboxylate33 has a negative polarisation

: d1rect10n (see also Figure 1.10) at hlgh temperatures, but as the temperature falls

-then the dlrectron of the polarrsatlon inverts and becomes positive at 10W€1’

temperatures (Figure 1.17).

Py /nC cm'24

-0 10 20 30 40 50

Temperature / °C

Frgure 117 - Inversron of Spontaneous Polarisation Direction of
‘ (S) 2. methylbutyl 4'-nonyloxybiphenyl-4-carboxylate

1.5.6 Ferroelectricity and Bistable Switching

- In1980a method for unwinding the helical structure of the Sc* phase was revealed
- by Clark and Lagerwa1134 When they reported that in a homogeneously aligned cell
(i.e., the director is parallei to the cell surface) the helix is unwound when the cell
thickness is small enough This surface-stabilised ferroelectric liquid crystal

(SSFLC) can have a net polarrsatron and inversion of this polarisation can be

observed by inverting the polarity of an applied DC voltage (Figure 1.18).

23
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(a) Top " View

e33iPs)| Thick Ceil

9
I
!

Surface Stabilized : .
tx Unwinding

Hel
=12~ Thin Cell

Electric Field ®

o, S| Dark View
§3§ :

o
~ .

i

~
(2
~

p A s
: WL Field Reversed®| iR
¥ {d) : Speed

Bright View

i
\©WN A A

RN

I¢ Turned off

TIRE WA
g

i L Memory
FNSTNST L et
& | 5 | ==

’ Figure“l.lbs - Bistable Switching as ‘pl"oposed by Clark and Lagerwall34. ‘



1.6 ANTIFERROELECTRIC AND FERRIELECTRIC LIQUID
CRYSTAL PHASES

b

1.6.1 Antiferroelectr}icity .i‘and Tristate Switching

The phenomena of antiferroelectricity and ferrielectricity have been observed m
‘chiralt smectic C phases 35-38 Asrecently as 1988, Hijil> and Furukawa3?

mdependently reported some unusual behavmur in the ferroelectric material 4-(1-

methylheptyloxycarbonyl)phenyl 4'-octyloxyb1pheny1 4-carboxylate (MHPOBC) :

. (Figure 1.19).

o0~ P <.
R ’,O' O‘(?HCGHw
CH,

Iso 1560 Sa 1220 SCu* 1207 Sc* 1190 SCY* 1183 Sc,* 66.0 Sp{anti) 300K °C

‘ Flgure 1.19 - Structure and Transmon Temperatures (°C) of MHPOBC

- Hiji reported, in addition to the bistable state, the appearance of a third state at a
certam temperature in electnc field stud1es Furukawa reported that this state had a

clear D C. threshold bchav1our Chandam et al 40 proposed a pracncal apphcauon

L of thlS tnstate sw1tch1ng ina dev1ce, w1th sw1tchmg between the th1rd state and one

of the b1stab1e states showmg hysteres1s and a sharp threshold (Frgure 1 20)

From Flgure 1 20 [where FO represents the ferroelectnc state, AF represents the
anuferroelectnc phase FI represents the ferrielectric state, and (+) or (-) represent
the direction of the spontaneous polarisation] we can see that the bistable and
tristable switching corresponds to changes in molecular orientation. That is,
‘blstable sthchmg occurs when the matenal reonents from FO(+) < FO(-),
tnstable sw1tch1ng occurs via the reorientation of FO(+) < AF & FO( ) and

tetrastable sw1tch1ng occurs through FO(+) & FI(+) & FI(-) & FO(- )

25
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Flgure 120 - Hysteresxs and Molecular Orlentatlon in blstable,
P - tristable. & tetrastable states ,

- 1.6.2 Discovery. of Antiferroelectric Order

In 1989 it wa‘s‘f.ound by using DSC*!: 42 and miscibility studies*! that this third
state was a totally new phase. At the phase transition from the ferroelectric smectic

C* phase to this new state, small peaks were observed in DSC studies, similar to

the SA - Sc* transition. Miscibility studies of racemic MHPOBC with a racemic

standard compound [4- (2 methylbutyloxy)phenyl 4'-octyloxybiphenyl-4-

carboxylate] showed that this new phase existed between the Sc and SI but was not
miscible with the Sgpex phase.

~ The proposea structure of this new, antiferroelectric phase, designated Sca*

- (where the subscript A refers to‘the antiferroelectric nature of the phase) can be seen
in Figure 1.21.
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Figure 1.21 - ‘Proposed Structure of the Antiferroelectric Phase

The molecules in the neighbouring layers tilt in almost the same direction in space
but in the opposite sense, with the spontaneous polarisations in the neighbouring

layers thereby cancelling each other.

‘ Confirmation'of this structure has been further enhanced by the conoscopic
observations reported by Gorecka et al. 43 By studymg ($)-MHPOBC they found ,

that in the ferroelectric range the un1ax1al profile at 0 V changed to a biaxial profile

on apphcanon of an electric field and that the centre of the conoscoplc figure moved

to one side as the ﬁeld voltage is increased [due to (S) MHPOBC having a

positive spontaneous polansanon] On reducing the temperature into the

antlferroelectnc range no centre sh1ft is observed on apphcatlon of a voltage

suggestmg the absence of a spontaneous polansanon ThlS result is consistent with

the alternatmg structure shown in F1gure 1.21.

X-Ray.diffraction studies performed vby Suzuki er al.44 on (R)-MHPOBC have
shown a thermal hvs;eresis effect i.e., on cooling the compound a chevron structure
is formed by the molecules in the SCA* phase. On :heating a bookshelf structure is
obtamed It should be noted that this therrnal hystere51s is only observed when the
coohng process is carried out to below 65 °C and that when the temperature on

cooling does not reach 65 °C and the material is heated then the chevron structure

remains.
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1.6.3 Antiferroelectric Liquid Crystalline Materials

Due to the advent of a new type of electrooptic device4S, interest in the synthesis of
antiferroelectric liquid crystalline materials has considerably increased over recent
years. Several important relationships between molecular structure and the

appearance of the smectic C4* phase have been established.

1.6.3.1 The Chiral Centre

Most Sca* materials have similar structures around the chiral centre as can be seen

~in Figure 1.22. ‘Structures ()15 and (b)46 are sultable for obtammg the SCA phase

whereas (c) and (d) are gcnerally unsuitable.
i O ; : ' ‘
a) _@_4 b —@TCHR1
O-CHRy ORy
c) _Q_O' CHRy _O_ >/'CHR
1

Figure 1.22 - Favourable [(a) and (b)] and Unfavourable [(c) and (d)]
Structures around the Chiral Centre for the Appearance of
‘an Antiferroelectric Structure

e



1.6.3.2 Direction of Ester Groups

It is generally important that ester groups within the molecule are aligned in a certain

direction.

In general the ester groups in a liquid crystalline molecule which displays an

antiferroelectric mesophase are 'pointed’ towards the chiral centre [i.e. Figure

1.23(g)]. Molecules in which one of the ester groups 'point’ away from the chiral

centre generally do not thlblt an antlferroelectnc mesophase [i.e.Figure 1.32 (h)].

Ester moieties which are pomted in this d1rect1on can be termed reverse esters. For
example compounds (e), (g) and (i) in Figure 1.23 thlblt the SCA phase whereas
the isomcxic compounds (f), (h) and (j), which contain a reversed ester, do not.15

. 46, 47
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Figure 1.23 - Stfuctures and Transition Temperatures (°C) of Ferroelectric and
Antiferroelectric Liquid Crystals
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- 1.6.3.3 Core Structures

The most common Sc¢ A* matenals possess three phenyl nngs w1th an ester group
in the core reglon as shown in F1gure 1 24 However it is poss1ble to replace one

of the phenyl rmgs with a heterocychc rmg“8 and st111 retain the antlferroelectnc

structure in the mesophase [F1gure 1 24 (m)]

pYavaveu

{HH
{*@M}

Figure 1.24 - Favourable Core Structures for the Appearance of an
. Antiferroelectric Liquid Crystal Phase



1.6.4 Ferrielectric Liquid Crystals “

The antiferroelectric liquid crystal MHPOBC (Figure 1.19) shows not only the
Sc* and Sca* phases but also certam subphases in the Sc* region which were
noted by Fukui ez al. 22 by DSC measurements Further work was performed by

Chandani er al 4! and Takezoe et al 49 who produced the following phase diagram.

T/rC

SCy* f

110

R ‘ - racemate
optical purity " -

Figure 1.25 - Binary Phase Diagram of Transition Temperatures vs
Enantiomeric Excess in MHPOBC

o The subphases detailed were tentatlvely a551gned as the Scoc*, Scp* and Scy*

| phases in the1r order of occurrence at decreasmg temperature ‘The Scp* phase was

subsequently 1denut_'1ed as the ordinary Sc* ferroelectric phase.

By ohserving the conoscopic ﬁgures of the various phases under an applied electric -

‘ ﬁeld, Gorecka et al®3 concluded that the Scy* phase is a ferrielectric phase and
was found to have an apparent tilt angle and polarisation intermediate to those of the
.fexroelectric and antiferroelectric phases. The Sé»f“ phase has been assigned the
structure exemphfred in Figure 1.26 Wthh shows a greater number of layers

having a specrﬁc tilt drrecuon than those havmg the opposue tilt direction.
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1.7 POLYMERS AND POLYMER KINETICS

1.7.1 Introduction

Polymers are macromolecules built up by the linking together of large numbers of -

much smaller molecules. These small molecules which combine with each other
are called monomers and the reactions in which they combine are termed

polymerisations.
172 Step and Chain Polymerisation

When a polymerisation reaction takes place it usually occurs in one of two distinct

wziys leﬁding to one of two different types of polymer which were initially

classified by Carothers in 192950 as condensation and addition polymers.

Condensation polymers were classified as those formed from the reaction of two

polyfunctional monomers, the reaction of which involves the elimination of a -

- small molecule e.g., a reaction between a diamine and a diacid. An example of
this is the reaction between hexamethylenediamine and adipic acid, to form
poly(hexamethylene adipamide) or Nylon 6,6 (Figure 1.27).

N HNACHpgNH,  +  n HOOC-(CH,),COOH

- H—{NH-(CHZ)G-NHco-(CHz),co—}- OH + (2n-1)H0
L N R ICI R IR L S y n L : ‘, ¢ A
Figure 1.27 - Formatioﬁ of Nylon 6,6 via a ._Condenszition reaction .
Addition polymers were classified by Carothers as those formed from monomers

without the loss of a small molecule and the majority of addition polymers are

formed from vinyl monomers which are forced to react with each other e.g.,

‘34.



With the development of polymer science, Carothers' original classifications were
found to be inadequate. For example, poly(urethanes) are formed by the reaction

of diols with diisocyanates without the elimination of a small molecule, i.e.,

nHO-X-OH + nOCN-Y-NCO

HO—€ X= ol(fNHYNHﬁo—} XOGNHYNCO
"0 o "o .

Usmg Carothers' ongmal classrﬁcanon poly(urethanes) would be cla551f1ed as
addition polymers since the polymer repeat unit has the same net weight as the
monomer. = However the polyurethanes are structurally more similar to

condensation polymers. -

. To avoid this 'conftls‘ion; polymers have beert r.e-classified into step and chain
polymers, with step polymers being those where the polymer is formed by the
step-wise alternating addition of two different monomeric molecules to form a
polymer Cham polymers are defmed as those where the polymer is formed from

the reaction of two monomers of the same (or smnlar) structure

There are three‘ malh structural shapes in which polymer molecules can be
produced Polymers can be classified as lmear branched, or crosslinked (see
F1gure 1 28) Polymers m which the monomer molecules are linked together in
one continuous length to form the polymer are termed linear polyrners. Branched
polymers can be ‘formed in both step and chain polymerisations and are

compounds in which there are side branches of linked polymer molecules



protruding from various points along the polymer chain. The branched polymef
can be comb-like with either long (A) or short (B) branches. When there is
extensive branching the polymer can have a dendritic structure in which there are

branches protruding from other branches, i.e., brahehed branches (C).  The

branchin g of polymers usually has a large effect on many of their propertles, the

most 51gn1flcant being the decrease in crystalhmty (due to a decrease in packmg

ab1l1ty) as the branchmg increases. It is 1mportant to pomt out that the term

'branched polymer' doeshot refer to linear polymers containing side groups which

are simply part of the monomer structure.
W ~ Linear ‘

Branched (A)

Branched (B)

Branched {C)

- Crosslinked

Figure 1.28 - Structure of linear, branched and crosslinked polymers
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When polymers are produced in such a way that the polymer molecules are l1nked

together at pomts other than thelr ends the polymers are said to be crosshnked

Crosslinking can be made to occur during polymerisation by using the appropriate

set of monomers, or after polymerisation has taken place by various chemical

" reactions. The number of crosslinks can be varied to give lightly or highly
crosslinked polymers. When the number of crosslinks is sufficiently high a three-
dimensional network polymer is produced. |

1.7.3 Polymers and Molecular Weight

The molecular weight of a polymer is something which is different from the

molecular weight of a low molar mass molecule. Polymers differ from small

sized molecules in that they are heterogeneous in molecular weight.  The reason
for this polydispersity of molecular weight lies in the statistical variations present

in the polymerisation process, and therefore when we look at the molecular

welght of a polymer we Iook at its average molecular Welght and the dlstrtbutlon '

of its different welghts

) There ai'e different methods for measuring molecular Weights in a polymer
sample, and these include methods based on colligative properties, light scattering
or viseosity and the vatious methods used give d“ifferent values for the molecular
weight. This is because the properties being measured in each method are biased
towatrds the different sized polyrner molecules.  The most important types of
‘molecular weight are the ‘nuvmbér‘auérv‘agé mol_eculur weight (Mn), the wei;ght
average m‘ole’eular weight (Mw) and the viscosity average molecular weight

(Mv).”

The number average molecular weight is determined by the measurement of

colligative properties such as osmotic pressure, freezing point depression etc.
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Mn is defined as the total weight, w, of all the molecules in a polymer“sample
divided by the total number of molecules present. Thus Mn is defined by

“Mn— W _ZNX.MX )

YN YN

~ where the summations are over all the different sizes of polymer molecules from

x =110 x =eoand Ny is the number of molecules whose weight is Mx. Equation

(1) can therefore be written as

MH = Z_N__x Mx.. vl ) ) ose (2)

where Nx is the mole fraction (or number fraction) of molecules of size M.

The weight average molecular weight Mw can be obtained from light scattering

;ﬁeasureménts andis definedas .~ .- .. o
Mw=Y waM w(3)

where wy is the weight fraction of molecules whose weight is My. -

The viscosity average molecular weight, Mv is obtained from viscosity

 measurements and is defined by e : ,
‘ o . i a . i atl 1/av |

- where a is a constant. The viscosity average molecular weight and the weight

- average molecular weight are equal when a=1, however My is usually almost

always less than Mw since a is usually in the range of 0.5 - 0.9.

To characterige a polymer sample with reasonable accuracy more than one
molecular weight is usually required. For a polydisperse polymer Mw > Mv >
Mn and a typical polymer sample has a molecular wéight distribution as shown in

Figure 1.29. .
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Weight fraction, wy

Molecular weight, My

Figure 1.29 - Dispersioh of Molecular'Weights in a Polymer Sample

For most practical purposes a polymer is characterised by measuring Mn and
l\7lyy (as l\_/l—v is a close approximation of Mw . usually within 10%). The ratio of
these two molecular weights is known as the polydispersity () of the polymer and

is dependent on the width of the distribution curve as ‘shov‘vn in Figure 1.29.

~ The determination of the ‘molecu‘la’r weight distributioh of a polymer sample by
convenuonal fracuonanon techmques is time consumrng A qu1cker and eff1crent
‘method which allows the molecular we1ght distribution to be determined in a
fraction of the time is gel permeatlon chromatography (GPC). GPC separates the
polymer samples into fractlons accordmg to the1r molecular size by means of a
sieving action. Th1s is achreved using a non-ionic stationary phase of packed
‘ spheres whose pore size can be controlled (often” beads of cross- _linked
| polystyrene)."ﬂ With a w1de drstrrbunon of pore sizes in any support gel a
separation into molecular size is obtained because the larger molecules dissolved
in the solvent carrier cannot diffuse into the pores and are rapidly eluted, while the

smaller ones penetrate further with decreasing size and are retarded
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correspondingly. Thus the larger molecules leave the column first and the small

ones last because they travel a much longer path.5!

1.7.4 Kinetic Chain Length and Degree of Polymerisation

Polymerisation of unsaturated monomers by chain polymerisation can occur in
one of three ways - by radical, anionic and cationic processes. However for the
purposes of this thesis only radical polymerisation will be discussed. Chain
polymerisation is initiated in unsaturated compounds by a reactive species I*
produced from some cémpound I, Which is termed the initiator, i.e.
I — I*“

‘This reactive species then adds to a monomer molecﬁle by homolytically opening
‘the pi bond to form a new radical, and the process is repeated as successive

monomer molecules are added.

- Radical chain polymerisation can be considered as a chain reaction consisting of
three steps - initiation, propagation and termination. The initiation step is
- considered to contain two reactions. The first of these reactions is the homolytic

dissociation of an initiator species to yield a pair of radicals, -
RSl K,

I ——> 2R w (5)
where kg is the rate constant for the initiator dissociation. The second part of the
initiation reaction involves the addition of this radical to a monomer molecule

thus,
. ‘ ki .
R+ M —>Mp w (6)
where M represents the monomer molecule and k;j is the rate constant for the

"

initiation step. ’
Propagation of lthe pdlymer chain then proceeds with Mj- adding to a further

monomer molecule, which is in turn followed by successive additions , i.e.

-
)
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orin general terms . - ‘ o R

My + M——>M; )

where kp is the rate constant for propagation. At some point the propagating
polymer chain stops growing and the termination process can occur in one of two
ways. The first is where two radicals come together and form a polymer via a

combination (or coupling) reaction, i.e., o
H H HH

VAR AAN C—é ST "_.¢_(:>__M,,,,‘,,,,,,,,‘,mm.“"
HY Y H
ki
H Y YH ‘

More rarely, termination occurs via a disproportionation reaction where a
hydrogen radlcal that is B toa rad1ca1 centre is transferred to another radical centre

resultmg in the formatron of two polymer molecules one saturated and the other

unsaturated,

H H: ‘ H H

1] ] 1] '
JVVW\/\IVV\N\-—(.;—C.)' -+ 'C':‘?—JV\NVVWWV‘

Y Y H

kg

H ‘ H H

] L] [] i
W nnAnANw—C=—=C-H C= C— NN

H Y Y H

The two different modes of termination can be represented in general terms by

M, + My ——> Mg (8
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and Mr: ‘+ Mm E— MnH + Mm('H) .. (9) oo T

where ki and kg are the rate constants for termination and combination

respectively. The termination step can also be expressed in a combined fashion

by )
K | ‘
M+ Mn; L Dead Polymer (10') |

where the mode of termination is not expressed and

ki =k + kid . (11)

If we consider each radical ermed in the initiation process, and its subseqﬁent
propagation to form a polymer chain, then c;learly nét all of the radicals formed
will react with the same number of monomers to form chzﬁns of the same length. |
The kinetic chain {eng:h, v of a radical chain polymerisatipn is defined as the
‘average number of monomer molecules polymerised by each radical which -
initiates a polymer chain. This value is given by the ratio of the polymerisation

- rate to the initiation rate or ihe termination rate (as uhder steady state conditions -

~ the two are cquzil). i

The kinetic chain length of a polymer can be related to its number average degree
of polymerisation, Xn. The degree of polymerisation is defined as the number of
monomer mole‘cules‘ contained in a polymer molecule. If the propagating radicals
terminafe by coupling then

...... - Xn = 2v - (12)
: If, however thé temiination is by a‘di.sprciportionation reaction then

|  Ra=v .. (13)

We can aIso“relate the number average degree of polymerisation to the number

ailerage molecular weight by

W

Mn = Mo.Xn ... (14)

where My, is the weight of the monomer.



1.8 LIQUID CRYSTAL POLYMERS (LCPs)

“Liquidbcrystal polymers (LCPs) are high molecular mass polymeric materials

which exhibit mesomorphism. Traditionally two main classes of thermotropic -

LCPs have been identified, these being main chain vanvd side chain (MCLCPs and
SCLCPs respectively). Hdwever,'more recently, other variants have been
identified such as combined LCPs52 53 and the rigid rod types as described by

Watanabe et al 54

- 1.8.1 Main Chain Liquid Crystal Polymers (MCLCPs)

 MCLCPs are those where the mesogenic moiety is contained within the polymer

backbone. These polymers can be separated into two types, those that do not

contain a flexible spacer linkage and those that do (see Figufe 1.30).

lateral substituent

T

' ‘linkin‘g ) érdup

" mesogenic ' group

flexible spacer -

Figure 1.30 - Main Chain LCPs Without and With Flexible Spacer Groups

The incorporation of a flexible alkyl chain in the polymer backbone has the effect -

of markedly improving solubility and lowering transition temperatures in

comparison with the rigid-rod type of polymer with comparable composition.33
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Rigid-rod polymers may however be modified in other ways to improve their

processability, and these polymers are receiving increased attention.36

In addition to the use of a flexible spacer, other methods can be used to reduce the
transition temperatures of MCLCPs; these approaches include
(a) use of substituents,

' (b) addition of a unit to cause dissymmetry of the main chain by
copolymerising mesogenic units of different shapes (frustrated chain packing),
cand v |

(c) copolymerising non-linear non- mesogemc umts 57
All of these methods can reduce transmon temperatures without adversely

affecting the range over which the mesophase occurs2 57, but the majority of

* work concerning MCLCPs has been concerned with the use of flexible spacer .

units for this purpose.

1.8.1.1 Flexzble Spacers in MCLCPs

The majority of MCLCPs studled to date have involved the use of a
flexible spacer consisting of polymethylene units (indeed the first reported
MCLCP contained such a flexible spacer58), with the monemers (or precursors)
" for these spacers being readily available as diols, diacids or dih“alides. More
recently MCLCPs have been synthesised where the flexible spacer consists of

poly(ethylene oxide) or polysilokane segments.

1812 Mesogenic Groaps in MCLCPs

The term mesogenic group refets to the part of the polymer chain that is
cotnp‘osed of the rigid, linear segments.y The mesogenic group usually consists of
at least two aromatic (or alicyclic) rings conne’cted at the p- positions by a short,
rigid link whieh maintains the linear arrangements of the rings. This enables a

rigid eletnent to be formed which has an overall length substantially greater than
- | ‘ )

o



the diameter of the aromatic group. Linking groups used include imino, azo, -

ézoxy, ester, and trans vinylene groups, as well as a direct single bond link

between aromatic rings such as biphenyl and terphenyl units. B

1.8.2 Side Chain Liquid Crystal Polymers (SCLCPs)

45

Side chain LCPs consist essentially of two components, the mesogenic moieties

and the polymer main chain to which they are attached. A variety of different
| poi)."ryryiéf“méix‘i ﬂc‘hai‘n"s éryé“éf\'/réiilablé, and these can be prepéi‘rﬂéd) by the three

different types of polymerisation specified in Table 1.2.



PRINCIPLES | | - EXAMPLES
Addition /—[:] ‘ Poly(meth)acrylates
Polymerisation Polystyrene derivatives

’ Condensation |
Polymerisation A-B — A AIB_ BAf AIB -B Polyester

' Modificétion B .
Polysiloxane

of Polymers A A A A

EB]DD filiif

 Table 1.2 - Synthesis of Mesogenic SCLCPs -

(oo g
0

1
The most convenient method of synthesis of SCLCPs is to synthesise a mesogenic
molecule containing a reactive site capable of undérgoing addition

~ polymerisation. © A second possibility is to introduce into the low molecular

weight ‘x”nésogen a reactive group capable of undergoing a poiycondensation ‘

reaction. -In this way polymers containing hetero atoms in the backbone can be
- synthesised. " A third synthetic route starts with reactive polymers which can be
modified to mesogenic éidé chain polymers by using a suitable reactive mesogen
molecule. An example of this type is the smooth addition of vinyl substituted

mésogenic monomers to poly[oxy(methylsilene)], Figﬁre 1.31.

46



47

A OO 1
9

Fiéure 131 . Substituted Mesogenic poly[oxy(methylsilene)]
1.8.2.1 Flexible Spacers in SCLCPs59

In the isotropic; liquid state a polymer will tend to adopt a statistical chain
conformation that hinders anisotropic orientation o_f the mesogenic side chains
and this,  éoupled‘ w1th steric hindrance bétwceﬂ the pendant gronps prevents
mesogenic order. In general, polymers which contain a flexible spacer linking the
‘main chain to the pendant mesogenic group often form a mesophase whereas
polymers where the pendant mesogerﬁc group is directly attached to the polymer
‘main c'hai:n do not exhibit mc:somorphism.59 Thc flexible spaéér deéouples
motions of the main chain and side chain, and alleviates steric hindrance. Under

' these conditions the mesogenic side chains can be anisotropically ordered in the

fluid state even though the polymer main chain tends to adopt a statistical chain

conformation. - Consequently variation of the spacer length should clearly

influence the liquid crystal order of the side chain.

1.8.2.2 Variation of the Nature of the Mesogenic Groﬁp

If a rod-like rhesogcnic Jow molar mass molecule is substituted at its ends by an

alkyl chain a systematic change in behaviour is observed (see Figure 1.32) as the

length of the alkyl chain is increased. If the value for m is small, nematic phases



are observed, but with increasing length of the substituent a smectic phase

becomes stable and the nematic phase is suppressed.60: 61

H OB
g
| C00(CH2)1 10— )~ CO2~ - O(CH2ImCHs

L.
-

Temperature

Figure 1.32 - Schematlc Phase Behaviour of a Mesogen in Relation to the
Chain Length of the Terminal Group

:‘As the flex1ble spacer ina SCLCP partially decouples the main chain from the
side chain it should be expected for polymers that variation of the length of
| fsubsutuents on the mesogemc 51de chains will also change the nature of the
‘mesophase. - Examination of vTabIe 1.3 shows that increasing the length of the
g flexible 'spa’ce‘r has the effect of reducihg the _transition»temperatﬁres. Increasing
the length of the terminal substituent has an ahalogdus effect to that in a low
molecular we‘ight‘system, i.e. with increasing terminal chain length‘there is an

increased tendency to form a smectic phase.
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@ | g9%N121Ts0 | 2.3
‘@ ] g137S178%s0 | 115
@ | g 36N 101 Iso o 2.3
@ | g27SlOlIso ol 100

"\ Table 1.3 - Transition Temperatures (°C) of SCLCPs with Varying Length
of Substituents and Spacer in the Mesogenic Moiety

A similar effect is observed 1f the length of the rigid core of the mesogenic group

is 1ncrcased Table 14 shows how the thcrmal stability of the mesophase is

‘ affected by increasing the length of the rigid core.
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‘HaC—-Si- (CH2)30- CO:R

n

“g1SN6lIso

KI39N319To =

Q O OCHs | *  K200N360Iso

Table 1.4 - Influence of the Length of the Mesogen on the Phase ;
Transition Temperatures (°C) of Polysﬂoxanes63

1.8.2.3 Effect of Tacticity on Phase Transitions

e e r‘ SR N ‘;“, i ‘ F

When a polymer forms from a monomer itis possrble for the monomer to add to :

the propagatlng cham ina vanety of ways (z €., head -to- head head—to ta11 or tarl—

| ‘to tarl) These poss1b111t1es lead to ‘the polymer chalns produced havmg a’

i ‘drffermg structure or tactzczty The three types of tact101ty are atacnc isotactic

& " and syndzotactzc, as shown in Frgure 1 33
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Figure 1.33 - Tacticity in Polymers

It is known in convenuonal polymers that the type of tacticity has an effect on i

l

‘ ‘kthermal properties such as the glass transmon temperature, e.g. for poly(methyl -
o methacrylate) (PMMA) the Tg value for the isotactic polymer is 45 57°C and for o

r the synd10tact1c form it is 112 125 C Therefore Judgmg from these results, the ae

tact1c1ty of a 11qu1d crystal polymer backbone would be expected to sh1ft the ,

l

Vi temperature range of stab111ty of the mesophase correspondmg to the sh1ft of Tg ,

‘ Results cons1stent Wlth th1s view are those of Newmann et al 63 and Hahn et al 64

e : The results of Hahn et al 64 are shown in Table 1. 5 and in contrast to poly(4-

‘,blphenyl acrylate) w1th no spacer the meltmg temperature of the isotactic

polymer is hlgher than that of the atactlc polymer whlle the 1sotrop1zat1on
: temperature is only slxghtly hlgher in the 1sotact1c polymer However, consistent

‘wrth poly(4 b1phenyl acrylate) and as expected the therrnal stability of the

i ‘, 1sotacttc polymer $ mesophase is therefore depressed It can therefore be deduced

5 gfrom thlS that polymer tacttc1ty mfluences the crystallme phase more than the

| , l1qu1d crystallme phases



' Tacticity | Transition Temperatures |
Atactic K 1175127131 Iso
Clotacic | K1318135Is0

Table 1.5- Influence of Tacticity on the Phase Transition Temperatures (°C) of Poly[6- : '
(4'-meth0xyb1phenyl 4-0xy)hexyl] methacrylate6 . :

il

s _[ CHZ__;_}n_
- O"C\Q'_'

Talcticity’”“? e Transmon Temperatures i
Atactic - | 21108 280 Iso
Totacic | 1108233 Iso

Table 1 6 Inﬂuence of Tactlaty on the Phase Transmons Temperatures (°C)
of Poly(4 bxphenyl acrylate)64 : : R

o :The type of mesophase produced will depend‘upon'the tacticity only if the

. ,:‘ polymer backbone d1rect1y mﬂuences the packmg of the mesogemc side chains

o because of stenc h1ndrance Even m the case of dlrectly hnked mesogemc side

S chams Newmann ez al 63 de not f1nd any mﬂuence of tacticity on the packing of

: ifthe mesogemc 51de chams

,,,,,,,,,
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1.8.2.4 Influence of Molecular Weight R e

In general, the transformation of a liquid-crystal monomer to a SCLCP by

- polymerisation has the effect of stabilising the mesophase and this is illustrated by .
the values shown in Table 1.7. For system (r), the monomer is not mesogenié,‘ _
whereas the polymer is nematic. In system (s), the nematic monomer yields a
more highly”ordered smectic polymer and the transition to the isotropic phas'ev
occurs at a higher temperature. For system (t), both monomer and polymer
exhibit smectic and nematic.phases but once.again, the phase transition

temperatures are raised. .

(n A(O(CHg)zo—-Q— cog-——®—©— OCHa

SO

O Qoo Do O D00
e . o o . [T P ‘: “ . NP oy . " . ’ v “ »

(t)X;O(CHZ)so_C 0 @ e

Transition Temperatures ('C)

System - '~ Monomer Polymer

@) R . K97Iso ¢ 101 N 121 Iso

(s) K 47N 53Iso 2608 115Iso

(1) K 64 S 68 N 92 Iso g 1325 164 N 184 Iso

Table 1.7 - Comparison of Phase ‘Be‘haviour‘ of Monomers with the
Corresponding Mesogenic Polymers%5
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In prmmple, upon changmg from monomer to polymer the chemical constltutlon :
of the system polarrsabrhty, and form anisotropy should remain similar.
Therefore, the strong shift of phase behaviour must be attributed to the restriction

- of translational, rotational and orientational motions of the mesogenic side chains.

Having established that polymerisation of the morromer stabilises the mesophase,
it is now logical to examine the effect produced by variation of the molecular
~weight of the polymer Portugall er al.6! carried out such a study on the nematic
acrylate polymer shown below and the results are shown in Table 1.8.: Glass
transition temperatures, 1sotrop1zatron temperature and the ehange in enthalpy at

isotropization all increase up to a degree of polymen'sation (n) of 114.

0 O - (CH2),0 —@— —©—00H3

PP I
akge T g e s i
w00l 4 g59‘N‘114‘IS’O‘ ‘
a0 | 1| geNieme

Table 1.8 - Influence of Molecular Mass on the Phase Transition
Temperatures (°C) of a LC Polyacrylate 61
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19F ERROELECTRICITY AND ANTIFERROELECTRICITY IN SIDE
CHAIN LIQUID CRYSTAL POLYMERS ' e

The study of chiral smectic side chain‘liqu‘id crystal polymers is still at a relatively
early stage of investigation having only been reported for the first time in 1984

when Shibaev ez al.66 published results on the mesogenic methacrylate P5*M

(Figure 1.34).

| o O—CHg)mCOz_@— D E
‘CH2CHC2H5

C
P5*M
 920-30S5."73-755,83-851 °C

., Figure 1.34 - Structure and Transition Temperatures for the Polymer P5*M

Smce tnen many structural mod1f1canons to thlS polymer have been made Wthh
have malnly been concerned with the ponmer backbone (polyacrylate,
; polysﬂoxane) and w1th the mesogenic moiety. In many of the cases, the optically
active centre located in the terminal group has been altered57 (e.g., Figure 1.35)

- and the linking group between the phenyl rings has been changed 68
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Figure 1.35 - Structure and Transition Temperatures (°C) of thé SCLCP P6*M58‘

The chiral Sc* mesophase is 1dent1ﬁed ina sumlar way in 11qu1d crystal polymers
and in low molar mass matenals that is by the use of thermal analy51s, optical v’
‘mlcroscopy obscrvauons and X- ray measurements. X-ray 1nvest1gat10ns of
SCLCPs have been obtained using powder samples or oriented fibres and it was
: while performing such observations on polymers shown in Figure 1.36 that

* Decobert et al.% noticed peculiar results.

T o8] !
H C Jn Y .
0" o- (on)o—®—4 C P
A R O-CHZ(FHCgHs
" CHs
R=H,CH3‘
n=2,6

Figure 1.36 . SCLCPs studied by X-Ray Analysis by Decobert et al.%9

Decobert et al. noted that the diffraction patterns were characteristic of a
disordered lamellar structure, which would be expected for a smectic, but that
below 110 °C three well-defined inner rings were observed corresponding to a

Bragg spacing of 36-38 A, which is less than twice the molecular length,
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Decobert et al. proposed that the side chains within the layers were therefore |

E "’w

oriented in one of the two ways shown in Figure 1.37.

Polymer Backbone

- Antiferroelectric-like
Ordering . -

Mesogenic Side Chain

Ferroelectric-like Ordering
Figure 137 - Antiferroelectric and Ferroelectric Ordering ina SCLCP
as Reported by Decobert et al.89
| This' diagram however is mislcadihé in that the points of attachment of the
pendant mesogenic grotps appear to be on adjacent carbon atoms. A more
accurate ‘repr‘esen‘tétioh is depicted in Figure 1.38

SARR
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~ Antiferroelectric
Ordering

Ferroelecytdc
Ordering

[P
U

Figure 1.38 - Antiferroelectric and Ferrdéieétric Ordéring ina SCLCP B

Further SCLCPs which exhibit antiferroelectric ’o“rderirig‘ and tri-state switching
hzii)e beeri fepbrtcd (Figure 1.38).70' n

i

o O—CHg

H

—C-

T -o ‘T f_;

O

i d o— CH - CH
2)11 )—@—oCH 3
C el ‘ CeHia

L

. Figure 1.39 - SCLCPs Exhibiting Tri-State Switching

o
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Scherowsky et al.’8 have reported the synthesis of the side-chain liquid crystal
. e

polymer shown in Figure 1.40

~

H:C

| o \ . | R
ﬁo_(cHgn_o@gow

Figure 1.40 - SCLCPs Synthesised by Scherowsky et al.’8

Structural variants on this mesogen have also been synthesised, with one of the

most interesting being that reported by Sage et al.’ which is shown in Figure

141,
| o | F |
!
\I/ O— (CHy)p=——0 4 M
T ‘ ‘ o | |
,  LCP67, n=11
LCP145, n = 10

Figure 1.41 - Structures of LCP67 and LCP145 -

| Sage et al.” noticed a peculiar effect in the electro-optic characteristics of the side
chain liquid crystal polymer LCP67 and LCP145. By increasing the value of n
by 1, from 10 to 11, a changc occurs which results in the appearance of an anti-

ferroelectric phase in LCP67 which is not observed in LCP145.

Other \‘)”v‘ork on férroelectric‘and antiferroelectric liquid crystal polymers has been

reported by Nishiyama ez a/.80 where low molar mass molecules known to exhibit
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antiferroelectric properties have been incorporated into polymeric materials (see

Figure 1.42)."

/i\

H.C
| o

i -0~
\}/n O— (CHo)11— —@—( —CHCqH2q+1

CrH2r+1

Figure 1.42 - SCLCPs reported by Nishiyama ez al.71
These polymers retain the antiferroelectric phase exhibited in thc monomeric

materlal however they do not exhibit the ferroelectnc phase which is exh1b1ted by |

the monomer.






AIMS

2.1 AIMS OF THE PROJECT

Chirality in liquid crystals has been of interest over the past 25 years,’2 first with

the development of cholesteric liquid crystals for thermochromic applications,”

then with the discovery of the Blue Phases,’* and more recently with the use of

ferroelectric smectogens in display applications.”

ThlS pI'O_]CCt has focused on the synthe51s of 51de cham 11qu1d polymers which
contain mesogenlc 51de chains of similar structure to Iow molar mass matertals

known to exhibit smectic C phases having ferroelectric,”6 antlferroelectnc77 and

ferrielectric*3 properties.

The maih aim of this project is to 'synthesise side chain liquid crystal polymers

~ whose structure was based on the structure of the first reported antiferroelectric

liquid crystal MHPOBC (Flgure 1. 18) to determme whether the antlferroelectnc

properttes would be retained in a polymenc matenal and to examine the effect

structural variations had on polymers similar in structure.

~The first structural variation examined was the effect caused by i mseruon of a lateral
ﬂuoro substltuent in the final phenyl ring, on the liquid crystal properties of the

R mesogemc srde cham hqu1d crystal polymers outlined in Figure 2. 1.



HC—¢ ’ - oF A
0- (CH211'0 C Eo,
\,/ ° ‘ O’—R :

R= (R)-1 -methylheptyl or 1-propylbuty|

" Figure 2.1 - SCLCPs Prepared to examine the Effect of Fluoro
Substitution on Liquid Crystal Properties

The next structural variation examined was the effect of altéring the ﬂexiblé spacer

length of the SCLCP by one carbon unit (see Flgure 2. 2) would have on the liquid

e

crystal propernes and to see if this was cons1stent with the results reported by Sage

etall® (Flgurc 1.41).

/l\ |

- HxC

\l_/O(CHz 12-0—'—.—( _@_{

= (R)-1-methylheptyl or 1-propylbutyl

Flgure 2.2 - SCLCPs Prepared to Examine the Effect of Increasmg the
Flexible Spacer by one Carbon Atom

The first two series of polymers made were based upon an acrylate polymer
‘ ‘béd&bo'neu[Figufe 2;3(a)]. Furthér series of polymers were prepared based upon
allyl alcohol [Figure 2. 3(b)] and o hydroxymethylacrylommle [Figure 2.6(c)] in

order to examme the effect the change of polymer backbone has upon the liquid

| crystal behav1our

o
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- R = 1-methylheptyl, 1- propylbutyl
or 2-methylbutyl

Figure 2.3 - Polymeric Systems Prepared in this Work

A fourth series of side chain liquid crystal polymers were synthesised with the aim
of e exammm g the effect of alterin g the method of attachmg the mesogemc side chain

" and flexible space to the polymer backbone. The structure of these polymers can be

seen in Flgure 2.4.

Porproneri OOy

O- CH2CHCH20H3
X= H orCN CH3

O

W

Figure 2.4 - SCLCPs Prepared to examine the Effect of Changing the
Lmkmg Moiety on the Liquid Crystal Properties



Various side chain liquid crystal polymers, based on the structures shown in Figure "

1.41, have been synthesised by altering the backbone substituent of the polymer
(i.e. acrylate, methacrylate and chloroacrylate).8! With this information, and

knowing that insertion of a fluoro substituent can produce a large effect on liquid

crystal properties,32 the final structural variation was to synthesise the o-
fluoroacrylate analogue of this liquid crystal polymer and a further polymer with an

achiral end group (see Figure 2.5).

\'/ O— (CHy)11— 0
|n

Figure 2.5 - Side Chain Liquid Crystal Fluoroacrylate
Prepared in this work '

' R ='octyl or 1-methylheptyl
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~EXPERIMENTAL
3.1 GENERAL NOTES
3.}.1 Purities of Materials Prepared
(a) Purification of the intermediate materials and the monomers was carried out
by flash chromatography on silica gel (230 - 460 mesh, Merck Darrnstadt) using

the eluent described in the individual synthetic procedures, following the

procedure outlined by Still, er al.33 followed by recrystallisation from ethanol

unless otherwise stated. Where necessary, the intermediates were further purified

by . short-path distillation using a modified vertical sublimation apparatus,
.consisting of a collecting vessel ﬁtted‘to the bottom of a 'cold finger'. The

temperature recorded was the temperature of the heating bath.

(b) - The purity of the intermediate materials and the monomers prepared were
checked using thin layer chromatography (tlc). The tlc plates used were Kieselgel
60 Fps4 (Merck Darmstadt) and dichloromethane was used as eluent. Detection

of the products was achieved using UV radiation (A = 254 and 365 nm).

(¢) The reactions were monitored as appropriate using tlc, as described above, or
by using Gas Chrématography (gc) using a Perkin-Elmer 8310 Gas
- Chromatograph attached to a Perkin-Elmer GP-100 graphics printer. A packed
column (10% Silar IOC on 80-100 mesh Chromosorb W; 4 m column) or a

capillary column (BP10, 0.25 mm film, 25 m column) was used with‘nitrogen as

the carrier gas.

(d) The polymé;sl were checked for low molar mass content, and their molecular

weights and pcﬁydispersities were obtained by Gel Permeation Chromatography
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(GPC) using 2 x 5 pm mixed D PLgel columns connected to an ERMA Inc. ERC

7510 RI detector and a Polymcr Laboratories data station. Polystyrene was used ’

as the standard.
3.1.2 Physical Properties of ’Intermed‘iates, Monomers and Polymers ‘

- (a) Melting points and initial phase assignments, along with the corresponding

transition temperatures, were determined by thermal optical microscopy using an -

Olympus BH-2 polarizing light microscope equipped with a Mettler FP82
hotstage and FP80 control unit. The heating and cooling rate were 2 °C min-1
with the temperatures quoted for phase transitions being the mean values for the

heating and cooling cycles unless otherwise stated.

(b) Temperatures and enthalples of transmons were 1nvest1gated by differential

‘ scannmg calonmctry (DSC) usmg a Perkin-Elmer PC Series DSC 7 calorimeter.

" An 1nd1um standard was used to calibrate the instrument (scanning rate of 10.0 °C
| mm'l) The measured latent heat was compared with the standard value for
“ 1ndrum of 28 45 J g 184 ‘The materials were studied at a scanmng rate of 10.0 °C

| mrn'1 (or 20 °C n11n-I for the rnmal heat and cool cycle on a polymeric samplc)

after be1ng encapsulated m alummlum pans

. (c) The photorrucrographs were obta1ned using the thermal optical rn1croscopy
: apparatus as descnbed prev1ously in conjunction with a H1tach1 FP7 colour video
camera and Hitachi VY200-A colour video printer. The magmfrcauon used for

the Photonucrographs was x100 unless otherwise stated.

(d) Optlcal Rotatlons were determined using an AAlO automatic polarimeter at

ot

22°C usmg chloroform as solvent, unless otherwise stated.
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3.1.3 Spectroscopic and Spectrometric Studies

(a) ‘Proton (1H) and carbon 13 (13C) nuclear magnetic resonance (Nmr)
spectroscopy was carried out using a JEOL JNM-GX270 FT nucleér mégnetic
resonance spectrometer. In the reporting of the Nmr data the t:ollowing
abbreviations have been used:
| - § . singlet,
d . doublet, . .
'dd .~ doublet of doublets,

t triplet,
q quartet,
m mﬁltiplet.

(b) Infra-red (Ir) spectroscopy was carried out using a Perkin-Elmer 783 infrared

- spectrophotometer.

(c) Mass spectrometry (Ms) was carried out using a Finnegan MAT 1020

automated GC / MS.
- 314 Drying andeuriﬁcation of Solvents and Reagents

Commercially available starting materials were used as supplied by Aldrich Ltd.

The following solvents were dried in the way stated.

(a) Toluene was dried over sodium wire.

(b) D{éhloromethané was distilled 6ver phosphorus pentoxide.
(¢) Tetrahydrofuran was distilled over sodiurii and benzophenone.
(d) Dimetﬁylfonnamide was dried over molecular sieves.

(e) 1,2-Dichloroethanc'was dried over molecular sieves.



3.2 SYNTHETIC PROCEDURES

The syntheﬁc routes to the molecules are outlined in the following schemes. The
methods employed in the synthesis of these molecules are given after each

scheme.
Phase identification of mesogenic intermediate materials was carried out using the

optical microscopy setup as described in section 3.1.2 (¢). Typical téxtures for

these phases are given in Appendix 1.
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Reagenfs‘

‘Scheme 1

1(a) ..

1) ..
1(0) .
1) ...

4

1(c)

l

.1) n- Butylhthmm i1) tnmcthyl borate 1ii) dil. HC1
Pd(PPh3)4, NayCOs3 (aq), DME
cH7S 04, acetic acid, water

48% HBr, acetic acid



4—Methoxyphenylboronic acid (2)

To a solution of 4-bromoanisole (1) (46.8 g, 0.25 mol) in tetrahydrofuran
(400 ml) maintained at -70 °C was added dropinse under a nitrogen
atmosphere 2.5M n-bufyllithium (110 ml in4 hexanes, 0.275 mol) and the

reaction was monitored by gc. On complete consumption of the

bromoanisole, trimethyl borate (155.9 ml, 1.5 mol) was added and the -

reaction allowed to warm to room temperature while being stirred for 12 |

hours.- Addition of dilute hydrochloric acid (100 ml) was followed by
extracting the solution with ether (3 x 100ml) and the organic fractions
were combined. The fractions were then d:n'.ed over anhydrous magnesium
sulphate and the solvents removed in vacuo to yielci the product as a waxy
solid. , The product was used without further purification.

Crude yield =394 g (lOQ%)

Ms. m/z= .  152(MH), 135,121, 108 (100%), 77, 65

4-Cyano-4'-methoxybiphenyl (4) . ..

2M Sodium carbonate solution (200 ml) and‘tetrakis(triphenylphosphine)
‘ npalladil‘lm(O) (3.5 g, 0.018 mol) were addea sequentially to a solution of
. compound 3 (45.8 g, 0.25 mol) and compound 2 (39.4 8, 0.25mol) in 1, 2-
dimethoxyethane (500 ml) with stirring under a nitrogen atmosphere. The
nﬁxture waS heated runder reflux uﬁtil no further reactioh v(xas detected by
: gc ‘The rcactioh mixture was cooled and extracted with diethyl ether (3 x
125 ml) and the ethereal solutions washed with water and dried over
anhydrous magnesium sulphate, before the solvent was removed u‘nder
rcdu“c‘ed preésure. kThe pure product was obtained by columﬂ
chromatography using 1:1 dichloromethane / petroleum ether (bp 40 - 60
°C) as eluent. ' |
Yield = 37.8 g (72%)
mp=99.7-99.9°C
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IH Nmr (CDCl3) 8 3.86 (3H, 5), 7.01 (2H, d), 7.54 (2H, d),
7.61 -7.71 (4H, m)

It (KB) Vanax ol - 2920, 2450, 1410, 1210, 860

Ms  miz= 200 (M¥, 100%), 194, 166, 140, 63, 51

4’-Methoxybiphenyl-4-carboxyiic acid (5)
Compound 4 (30.0 g, 0.15 mol) was dissolved in“gla‘cial acetic acid (300
ml), concentrated sulphuric acid (60k ml) and‘ water (60 ml), and the
solution was heated under reflux for 8 hours. The solution was allowed to
cool to room temperature before being poured into cold water and left to
stand overnight. The resulting white precipitate was filtered off and
recrystallised from glacial acetic acid. - | |
- Yield =34.1 g (100%)
IH Nmr (CDCl3) 8 3.86 (3H, s), 7.01 (2H, d), 7.54 - 7.64 (4H, m),

| | © 8.05 (2H, d), acid proton not detected
Ir (KBr) Vmaxcm™l 3400, 33‘00, 1680, 1410,‘1’310, 830
Ms  mz=  228(M,100%), 211, 185, 139, 63

‘ 4'-Hydroxybiphénylitai-Cdrbokylic acid (6)
Compound 5 (34.1 g, 0.15 mol) and 48% hydrobromic acid in water (200
ml) were dissolved in acetic acid (300 ml) and heated uncier reflux for 8
hours. The white product was filtered off, washed with water, and
reérysiallised from acetic acid before being dried overnight at 100 °C.
 Yield = 31.6 g 98%)
mp =295 °C , ,
IH Nor (CDCl3) 8- 6.88 (2H, d), 7.56 - 7.77 (4H, dd), 7.91 (2H, d)

970 (1H, s), 12.80 (1H, s) |
Ir (KBr) Vipax cm-1 “ 3600, 3400, 1680, 1410, 1310, 830
Ms  mz= 214 (M), 185, 139(100%), 106, 63
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o Scheme 2.

o0, 2 OO

' Re‘a'ge‘ntsy S 2@ .. cHpSOy, methanol e
' 2(b)..1l-bromoundecan-l-ol, DEAD, PPh, THF
. 2(0)..(i) NaOH (aq), ethanol, (ii) dil. HCl



Methyl 4’ hydroxybrphenyl -4- carboxylate (7)

‘4 Hydroxyblphenyl 4 carboxyhc acid (6) (100 g, 0.047 mol) and

concentrated sulphunc ac1d (10 ml) were dlssolved in methanol (250 ml)

:and the solunon was heated under reﬂux for 3 hours The soluuon was

allowed to‘ cool ro room temperature and the resultmg precrprtate was

fi ltered otf and washed w1th cold methanol |

J‘Yreld = l() 3 g (97%) | |

‘mp 210 °C v

1H Nmr (CDCI3)8 392 (3H s) 6.93 (2H d) 744 765 (4H dd)
| | k"’8 05 (2H d), phenohc proton not observed o

Ir (KBr) vmaxcml 3400, 1680 1600, 1580, 1270, 1200, 1140

RSN AN IR It .
Ms m/z = 228 (M), 197(100%), 94, 84, 58, 48

Methyl 4- (11 bromoundecyloxy)brphenyl 4-carboxylate (8)85
Compound 7 (7 54 g, 0 033 mol) 11- bromoundecan 1 ol (8 29 & 0.033

mol) and drethyl azodrcarboxylate (DEAD) (5 74 g, O 033 mol) were

drssolved in tetrahydrofuran under a nrtrogen atmosphere

‘ Trrphenvlphosphme (9 51 g, 0. 0363 mol) drssolved in tetrahydrofuran was
added dropw1se to this rrnxture and the mixture was stirred at room
temperature until the reaction was complete, as observed on examination
by tlc.” The solvent was removed in vacuo and the resultihg slurry was
purified by column chromatography using petroleum ether (bp 40-60 °C) /

dichloromethane 3:7 as eluent followed by recrystallisation.

< Yield = 8.6 g (56%) -

mp =97 °C .
H Nmr (CDCl) 8 1.21 - 1.53 (14H, m), 1.74 - 1.92 (4H, m),
3.41 (2H, 1), 3.93 3H, s) , 4.00 (2H, 1), 6.98 (3H, d),
" 752-7.64(4H, dd), 8.08 ?H,d)
Ir (KBI) Vg c0’l 2920, 2840, 1740, 1280, 1200, 1120
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Ms m/z= 460 (M), 228, 197 (100%), 139, 69, 55

I

4~(1 1—Bromoundecylo}cy)bibhenyl—4-carboxglic acid (9)
To a solution of compound 8 (4.30 g, 0.010 mol) dissolved in ethanol (100

ml) was added sodium hydroxide (6.50 g) dissolved in water (15 ml) and )

the resulting solution was heated under reflux for 1 hour before being
allowed to cool to To0m temperaturg The mixture was brought to pH2 by
the addition of dilute hydrochlorié acid éﬁd then stirred for a further 30
minutes. The resulting white ‘precipitate was filtered off and recrystallised
H -from acetic acid before being dried overnight at 100 °C.
Yield = 3.5 g (88%) N
mp=154-155°C |
- 1H Nmor (CDC13)NS 121 - 1.58 (14H, m), 1.74 - 1.91 (4H, m) o
ason, 4.00 (2H, 1), 6.9 (2H, d),
7.52 - 7766(4H, dd) 8.08 (2H, d), acid proton not
: . detected ’ |
It (KBr) Ve el 3400, 2020, 2840, 1670, 1050, 1030, 1000
Ms  miz= 446 (M%), 412, 214, 197 (100%), 97, 55
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Scheme 3

o .
| HO—®—<’ © 10
o O-H

CH30002_©—< CeH13 CH30002—®—< CgH7
bt N o~

12 5 CHs C3H7
o esd - 3(d)
HO_< >_4 . CgHiz HO"@—q CsH7
14 O‘s& \ 0 15
. - s '_T CHs CaHy

Reavgelnfs o 3(a) methyl chloroformate NaOH, water
S 30) .. (S)-(+)-octan-2-ol, DEAD, PPhs, THE
" 3(c) .. heptan-4-ol, DEAD, PPh3,THF |
= 3(d) .'..“ethanoI NH3 (aq)



78

4-(Methoxycarbonyloxy)benzoic acid (11)86

To a solution of sodium hydroxide (30.0 g, 0.75 mol) in water (800 ml),

‘maintained at -10 °C, was added 4-hydroxybcnzoié acid (35.8 g, 0.259

mol) (10) with vigorous stirring. Methyl chloroformate (40.0 g, 0.423

mol) was added slowly to this suspension, and the resulting slurry was

stirred for a further 4 hours before being brought to pHS by the addition of *

dilute hydrochloric acid (200 ml). The resulting precipitate was filtered

off and recrystallised to yield the product as a whitel solid.

Yield =21.6 g (44%); mp =178 - 182 °C

IH Nmr (CDCl3) & 3.86 (3H, s), 7.36 (2H, dj, 8.01 (2H, @), acid proton
‘ not detected |

Ir (KBr) Vmax el 1770, 1750, 1680, 850 -

Ms m/z= 196 (M*), 152(100%), 135, 92, 63, 59

(R)-{-)-I-Methylheptyl 4-(methoxycarbonyloxy}benzoate‘ (12)
This compound was prepared using a similar method to that employed for
the syntheysisﬂuof compound 8 using the folldwing chargé;
~ compound 11, 8.4 g (0.043 mol), o
(S)-(+)-octan-2-0l, 5.6 g (0.043 mol),
Aiethyl azodicarboxylate, 7.5 g (0.043 mol),
tﬁphenylphosphiné, 12.4 g (0.0473 mol),
THF, ‘200k ml. ' |
The pure product was obtained as a liquid by column chromatography
~ [dichloromethane /‘ petroleum ether (bp 40-60 °C) 3:7 as eluent].
Yield =69 g (52%) | S e
~ 1H Nmr ((;DC13) d 0.86 (3H, 1), 1.21 - 1.44 (10H, m),
- 1.51-1.79 (3H, m), 3.88 (3H, ) 5.22 (1H, m),
" 725(H,d),8.08 2H,d) -
Ir (neat) Vg et 2960, 2920, 1760, 1710, 1440, 860



79

Ms m/z= 308 (M*), 197, 179, 135 (100%), 69, 55

Specific Rotation:  [a]p=-15.6° .

'1-Propylbutyl 4-(meihoxycarbonyloxy)benzoate (13)
This compound was prepared using a'sirnilar method to fhat empléyed for
the syhthesis of compound 8 using the following charge;
corhpound 11, 3.9 g (0.02 mol),
, heptavnﬂ-4-ol, 20g(0.02mol,. - ..
diethyl azodicarboxylate, 3.5 g (0.02 mol),
triphenylphosphine, 5.8 g (0.02 mol),
THE, 100 ml
The pure product was obtained as a liquid by column chroinatography [
- dichloromethane / petroleum ether (bp 40-60 °C) 3:7 as eluent].
Yield =3.6 g (62%) v
IH Nmr (CDCl3) 8 0.8 (6H, ), 1.27 - 1.49 (4H, m),
1.51 - 1.76 (4H, m), 3.91 (3H, s) 5.18 (1H, m),
Coode s oo . 1.25(2H,d), 8.08 (2H, d)
~Ir (neat) vipax el 2960, 2940, 1770, 1720, 1440, 860
‘Ms  miz= 294 (M*), 197, 179, 135 (100%), 98, 55

(R)-(-)-1-Methylheptyl 4-hydroxybenzoate (14)% -

. To a solution Qf compound 12(5.1g, 0.017 mol) dissolved in ethanol (100
ml) at room temperature was added 30% aqueous ammonia (50 ml). The
‘mixtu‘r‘c waS‘ stirréd at roém températufe until no further reaction was
ob_sefved upon analySis by tlc. Ethanol and ammonia were removed by.
- evaporation under reduced pressure and the resulting slurry was purified
by column’chromatography, using dichloromethane as el‘uent, to yield the

product as a liquid.

Yield =4.0 g (95%)
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IH Nmr (CDClI3) 8  0.88 (3H, 1), 1.19 - 1.77 (13H, m), 5.18 (1H, m),
6.88 (2H, d),8.08 (2H, d), phenolic proton not
’ detected | ,
Ir (neat).vmax cm"1 3400, 2960 2920, 1720 1450, 850
Ms m/z= - 250 (M), 138, 121, 93 (100%), 65, 55
Specific Rowation:  [a)p=-212°(24°C)

-Propylbutyl 4-hydroxybenzoate (15)
This compound was prepared usmg a similar method to that employed in
the synthe51s of compound 14 usmg the foIIowmg charge
compound 13 3.6 g (0.012 mol),
ethanol, 100 ml, .
- 30% aqueous ammonia, 50 ml. |
The pure product was obtaﬁined as a liquid by column chromatography‘
(dichloromethane as eluerit). | ’
Yield=20g 70%)
IH Nmr (CDC13) & 093 (6H t) 1 25 L. 49 (4H, m),
150 1.76 (4H, m), 5.18 (lH m)
7 25 (2H d) 8 09 (2H d) phenohc proton not
detected o :
I (neat) Vma ol 3350, 2940,'2920, 1740, 1440, 850
Ms miz=  236(M*), 139, 121, 98 (100%), 65, 55
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. Scheme 4

: ‘R‘eggeht‘s;: L 4(a) :..‘y\benzyl Chloride K7COg3, butanone |

15
|

o AD) .. 1) BuL1 ii) COy, 111) dil. HCl G
40) . (S)(+)-octan-2- ol DEAD, PPh3,THF w
 4(d).. Pd/ C, Ha(g), ethyl acetate .



1’-Benzyloxy-4-bfomo-2-ﬂuorobenzene (17)

Benzyl chloride (37.6 g, 0.297 mol), 4-bromo-2-fluorophenol (16) (51.9 g,
~ 0.27 mol) and potassium carbonate (56.0 g, ’.0.41 ‘mol) were mixed in
butanone (600 ml) and'heated gently under reflux for 48 hdurs. The

solution was allowed to cool to room temperature and the solid residue

was filtered off and washed with butanone (3 x 100 ml). The combined -

butanone solutions were evaporated under reduced pressure and the
fésulting off-white solid was dissolved in'dichlororﬁethane (300 ml). This
solution was washed with water (3 x 150 ml) and dried over anhydrous
magnesium sulphate before the solvent was ‘removed in vacuo before
being recr)‘istallised to yield the product as an off-wl‘ﬁte‘ solid.
Yield = 64.8 g (85%)
mp =59 - 63 °C |
TH Nmor (CDCI3) 8 - 5.25 (2H, 5), 6.86 (1H, 1), 7.11-7.17 (1H, m),

o O 722-728(1H,m), 732 - 745 (SH, m)
It (KBr) Vmax cm-l - 3020, 2960, 1490, 860
Msiom/z= . 1281 (M), 199‘, 91, 65 (100%), 51, 41

. 4-Benzyloxy -3- ﬂuorobenzow acid (18)

To a solutlon of compound 17 (19.7 g, 0 07 mol), dlssolved in THF (600
ml), under a nitrogen atmosphere maintained at -70 °C was added 10M
butylhthlum (7.7 ml in hexanes 0.077 mol). The reaction was monitored
by gc until the starting material was completely consumed and the mixture
then allowed to warm fo -30 °C. Carbon dioxide was bubbled through the
mixtﬁre and the reaction was stirred for a further 12 hours. 2M Sulphurié
- acid (100 {nl) was added and the nﬁxtﬁre was wasﬁed with diethyl ether (3
x 200 ml). The organic layers were combined, dried over anhydrous
magnesium sulpha"te and the solvents removed by evaporation under

reduced pressure. The pure product was obtained as an off-white solid by



column chromatography using ethyl acetate / dichloromethane 1:1 as

eluent follwed by recrystalisation from propan-2-ol.

 Yield=9.8 g (57%) |

mp = 176 °C |

IH Nmr (CDCl3) 8 © 5.23 (2H, s), 7.05 (1H, 1), 7.31-7.48 (8H, m),
773 (1H, d), 7.75 - 7.32 (1H, m), acid proton not "
'detected ..

It (KBr) Vs cm-l 3040, 2940, 1670, 1500, 850 -
Ms » mjz= . . 246 (M%), 147,91 (100%), 65,51,41

(R)-(-)-(1-Methylheptyl) 4-benzyloxy-3-fluorobenzoate (19)
This compound was prepared using a similar method to the one employed
for the synthesis of qompound 8 using the following charge; -
| coﬁpound 18, 6.1 g (0.025 mol), - |
(5)-(+)-octan-2-0l, 3.3 g (0.025 mol),
diethyl azodicafboxylate, 3.8 g (0.02 mol),
triphenylphosphine, 5.3 g (0.02 mol),
~ THF, 100 ml. |
" The pure product was obtained as an oil by column chromatography [
dichloromethane / petroleum ether (bp 40-60 °C) 3:7 as eluent].
Yield = 5.6 g (63%) |
IH Nmor (CDCl3) 8 0.87 (3H, 1), 1.12 - 1.44 (8K, m),
1.46 - 1.99 (SH, m), 5.10 (1H, m), 5.15 (2H, s),
7.05 (1H, t), 7.31-7.48 (5H, m),
7.73 (14, d), 7.75 - 7.32 (1H, m)
-~ Ir (near) vmgx cml 2920, 1720, 1280, 1200, 860
Ms m/z= 358 (M*), 246, 229, 139, 91 (100%), 65

Specific Rotation : ~ [o]p =-23.6 °
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(R)-(-)-1-Methylheptyl 3-fluoro-4-hydroxybenzoate (20)
Compound 19 (5.5 g, 0.016 mol) and 10% Pd on charcoal (1.0 g) were
dlssolved in ethyl acetate and the vessel was evacuated Once evacuation
’ Was complete, the vessel was f111ed with hydrogen This process was

repeated three times before finally being f111ed with hydrogen and stirred

at room temperature until no further hydrogen was consumed. The °

- mixture was passed through a bed of 'Hyﬂo Supercel' filter aid to remove
- the catalyst and the solvent removed in vacuo. : The pufe product was
obtained as an oil by column chromatography using dichloromethane as
eluent. |
Yield = 2.4 g (56%)
IH Nmr (CDCI3) 8  0.87 (3H, t), 1. 18 146 (8H, m)

1.52 - 1.79 (5H, m), 5.12 (1H, m) 7.05 (lH 1),

7.73 (1H, d), 7.75 - 7.32 (1H, m), phenohc proton

T ] not observed

Ir (neat) V,,;ax cm1 3350 2940 2920 2860, 1680, 1220, 950, 840
Ms m/z = 268 (M*), 156, 139, 112,83(100%), 70

| Specific Rotation : [d]]j =-19.2°

84



‘Reagent:s: 1;':‘5(5‘1)

IO

s

5 .
Pd/ C, Hy( g),y ethyl acetate :

; 5(e)

{7

... bromine, acetic acid

beriiyl chloﬁde, K2COs, butanone

... ) BuLi, ii) COy, (iii) dil. HC1
(8)-(+)-octan-2-0l, DEAD, PPhs, THF -
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4-Bromo-3- ﬂuorophenol (22)
Bromine (144.2 g, 0.90 mol) in acetic acid (80 ml) was added dropwise
over 3 minutes to a stirred solution of 3-fluorophenol (21) (100.0 g, 0.90
~mol) in acetic acid (400 ml) cooled in an ice bath. The mixture was stirred
for a further 15 minutes and was then poured into water (1000 ml). The
mixture was extracted with dichloromethane (3 x 300 ml) and the, -
combined orgamc solunons washed with brine before being dried over
; anhydrous magnesium sulphate and the solvents removed in vacuo. The :
resulting brown oil was poured into petroleum ether (bp 40-60 °C) (200 .
ml) before being left at 5 °C for 12 hours. The resulting crystals were
filtered off and washed with cold petrol (bp 40-60 °C). |
Yield = 79.0 g (46%); mp =71°C | | -
 IHNmr(CDClp) 8 4.80 (1H, s), 6.50 - 6.57 (1, d),

) © 6.62-6.69 (1H, m), 7.37 (1H, 1
Ir (KBr) v,,;a,;cm’l . 3300, 1590, 1450, 1150 SEERIE
Ms 'm/z = 190 (M+), 83, 63 (100%), 57, 43

4-Benzyloxy Zﬂuoro-l-broﬁwbenzéne (23)
This compound was prepared dsing a similar method to the one employed
in the sydthesis of compound 17 using the following chafge; |
corhpound 22,51.9 g(0.27 mol), | |
benzyl chloride, 37.6 g (0.297 mol),
'ﬁotassium carbonate, 56.0 g (0.41mol),
butanone, 600 ml.
The Product was obtziined as a liquid. Yield =73.82g (97%)
1H Nmr (CDCl3) 5 . 5.00(2H, ), 6.63 - 6.69 (1H, d),
o 6.72 - 6.78 (1H, m), 7.24 - 7.44 (6H, m)
Ir (neat) ’vmaxcm'l»r 3040, 3020, 1600, 1480, 1170

“Ms . mjz= . . 280 (M*), 190, 91 (100%), 82, 66, 55



4-Benzyloxy-2-fluorobenzoic acid (24)

This compound was prepared using a similar method to the one employed
in the synthesis of compound 18 using the following charge;
‘compound 23, 19.7 g (0.070 mol), “

10M butyllithium, 7.7 ml in hexanes (0.077 mol),

tetrahydrofuran, 600 ml.

The pure product was obtained as an off-white solid by column |

chromatography using ethyl acetate / ‘dichloror‘nethane 1:1 as eluent
followed by recrystallisation from propan-2-ol. -
Yield =7.2 g (42%); mp = 147 °C
TH Nmr (CDCl3) .- 8 5. 20 (2H,s), 6.65 - 6.76 (lH dd)
6.77 - 6.82 (1H, dd)7 30-7.46 (SH m),

g 793 (1H, 1), acid proton not detected
Ir (KBr) vmaxom'l | 3010, 2980, 1700, 1610, 1240, 1270
Ms im/z=" o 246 (M), 168, 155, 138, 90 (100%), 65

(R)-{-)-1-Methylheptyl 4-ben2yloxy-2;ﬂuorobehzoate (25)
This conﬁpound was prepared using a similar method to the one employed
inthe synthesis of compound 19 using the following chargé;
Compound 24,6.1 g(0.025 mol), ' |
B (S);(+)-octan-2401 3.3 g‘(0.025 mol), ; v
dlethyl azodlcarboxylate 5.1 g (0 025 mol),
B mphenylphosphme 12¢g (O 0275 mol),
tetrahydrofuran, 600 ml.
The ”p‘u‘r‘e producf was obtained as a light brown oil by column
chromatography using petroleum ethér (bp 40-60 °C) / dichloromethane
1:1as eh;ont.
Yield=4.3 g (48%)
IH Nmr (CDCI3) 8 0. 88 (3H, 1, 1.20- L. 41 (8H, m),

87



It (neat) Vpaxem-!
Ms m/z=

Specific Rotation :

1.50 - 1.75 (5H, m), 5.05 - 5.19 (1H, m),
5.25 (2H,s), 6.64 - 6.72 (1H, m),

- 6.73 - 679(1H m), 7.28 - 741 (5H m), .
'788(1H t)

2920, 2880, 1720, 1280, 1200, 1120 - =~ -

358 (M), 337, 247, 229, 138 (100%), 110
[alp=-17.2°

(R)-(--1-Methylheptyl 2-fluoro-4-hydroxybenzoate (26)

This compound was prepared using a similar method to the one employed

~ in the synthesis of compound 20 using the following charge;

compound 25 2.3 g (6.5 mmol),

10% Pd on charcoal 10g,

ethyl acetate 100 ml

The pure product was - obtamed as a hght brown oil by column

chromatography using petroleum ether (bp 40-60 °C) / dlchloromethane

1:1 as eluent.

Yield = 13 g (48%)
1 Nmr (CDCl3) §

‘088 (H, 1), 1.19- 141 GH,m),

150- 177(5H m), 5.05 - 519(1H m),

.64 - 672(1H m), 6.73 - 679(1H m),

Ir (neat) vmaxcmfl

Specific Rotation :

- 7.88 (1H t), phenohc proton not detected
‘3340 2920 2860 1680 1620 1220 1140, 1120

268 (M+) 246 156 139 91(100%), 65

- [alp=-248"°
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. Scheme 6

9 0 14,15,20,26 .

63)““7‘

27,28,29.30

6b)

. oy
O(CH2)11 ‘_‘_(
e ; 31323334,‘

- 14, 27, 31,,Y‘ Y2 H, R-(R)1methylhepyl |

01115, 28,32, Y' = H, Y2 = F, R = (R)-1-methylheptyl

. 20,29,33,;Y' =F, Y2 = H, R = (R)-1-methylhepty!
\26 30, 34,,\/1 Y2 =H,R=1- propylbutyl

 Reagents: 6(a) DCC/DMAP dlchloromethane g
o 6(b) SodJurnacrylate KI, HMPA |
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(R)-(-)-4-(1-Methylheptyloxycarbonylphenyl 4'-(11-
bromoundecyloxy)biphenyl-4-carboxylate (27)%7 -
To a mixture of compound 9 (3.4 g, 7.68 mmol) and compound 14 (1.9 g,
7.68  mmol) dissolved ‘in dichloromethane was added
dicyclohexylcarbodiimide (DCC) (1.6 g, 7.68 mmol) and . 4-
(dimethylamino)pyi'idine (DMAP) (O.i g). The rrﬁxture was stirred at .
room temperature until the reaction was complete, as indicated by tlc,
after wﬁich the solid residue was filtered off and the solVent removed by
evaporation under reduced pressure. The pure product was obtained by
column chromatography using dichloromethane as eluent followed by
recrystallisation.
Yield =4.2 g (80%)
K 55.1 Sca* 70.1 Scy* 73.3 Sc* 95.7 Sa 1409.4 Iso °C
1}vl‘Nmr (CDCl3) d | 0.88 (3H, 1), 1.21 - 1.59 (27H, m),
e 0172 - 1.93 (4H, m), 3.41 (2H, 1), 4.02 (2H, 1),
| /518 (1H, m), 7.01 (2H, d), 7.32 QH,d),
7.56 -.7.78 (4H, dd), 8.‘13 (2H, d), 8.25 (2H, d)
Ir (KBr) Vm;x el 2940, 2870, 1740, 1710, 1600, 1270, 1210, 1070
Ms mjz= 678 (M%), 431, 385; 197 (100%), 141, 69

i‘S.pecific Rotation : < [o]p = -18.9 °

R)-(-)-4-(1 -Methylheptyloxycarbonyl)—3;ﬂuorobhenyl 4'-

( 1 1 -broanuhdecyloxy)biphenyl—4~carboxylate (28)

This compound was prepared using a similar method to that described for
the preparation of compound 27 using the following charge;

compound 26, 2.0 g (7.72 mmol), |

 compound 9, 3.4 g (7.72 mmol),

dicyclohexylcarbodiiqlide, 1.59 g (7.7 mmol),

DMAP, 0.1 g, - |



dichloromethane, 100 ml.

Yield=2.5g (47%)

K 63.2 Sca* 78.9 Scy* 79.7 Sc* 102.5 5S4 107.3Is0 °C -

1H Nmf (CDCl3) 0 - 0.89 (3H, ), 1.23-1.62 27H, m),
1.70 - 1.93 (4H, m), 3.41 (2H, t), 4.01 (2H, 1),
5.19 (1H, m), 7.02 (2H, d), 7.06 -7.14 (2H, m),

RENEES e 156-17.74 (4H, dd), 8.03 (1H, t), 8.22 ‘(2H, d)
Ir (KBrj Vmaxcr1 2920,‘ 2850, 1750, 1710, 1600, 1240, 1210, 1060
Ms m/z= - 696 (M*), 464, 335, 197 (100%), 141, 55

Specific Rotation: = [a]p =-15.6°

R)-(-)-4-(1 -Methylheptyloxycarbonyl)-Zﬂuorop}ienyl 4-
(11 —bromoundecyloxy)biphenyl—4-cdrboxylate (29)
Tlﬁs compound was prepared using a similar method to that described for
the preparatioﬁ of ;ompourid 27 using the following charge; © .
compouﬁd 20; 20g@7.0 nﬁmbl), | |
compound 9, 3.4 g (7.0 mmol),
dicyclohexylcarbodiimide, 1.4 g (7.0 mmol),
dichloromethane, 100 ml. - .. -~
Yield =2.2 g (44%)
K 44.8 Sca* 50.6 Scy* 52.6 Sc* 53.8 S 86.6 Iso °C
* IH Nmr (CDCl3) 8, 0.89 (3H, 1), 1.23 - 1.62 (27H, m),
1.70 - 1.93 (4H, m), 5.41 (2H, 1), 4.01 (2H, t),
5.19 (1H, m), 7.02 (2H, d), 7.06 - 7.14 (2H, m), .
e 0156 -7.74 (4H, dd), 8.03 (1H, t), 8.22 (2H, d)
I (KBr) Vmaemrl 2920, 2850, 1750, 1710, 1600, 1240, 1210, 1060
Ms miz=  * 696 (M+), 464, 335, 197 (100%), 141, 55

Specific Rotation:  [a]p=-18.2°

V



4-(1-Propylbutyloxycarbonyl)phenyl 4'-(11-
bromoundecyloxy)biphenyl-4-carboxylate (30)
This compound was prepared using a similar method to that described for
thepreparation of compound 27 | using the folloWing charge;
compound 15, 1.7 g (8.0 mmol),
compound 9, 3.5 g (8.0 mmol), -
dicyclohexylcarbodiimide, 1.7 g (8.0 mmol),
DMAP, 0.1 g,
dichloromethane 100ml.
Yield = 3.5 g (64%)
K 64.9 Scax 74.7 SA 78.9 Iso °C
IH Nmr (CDCl3) 6 . 0.89 (3H, 1), 1.23 - 1.60 (25H, m), po
1.72 - 1.93 (4H, m), .3.41 (2H, 1), 4.01 (2H, v),
5.18 (1H, m), 7.02 (2H, d), 7.32 (2H, d),
ERERY o ‘7.‘5’6 -1.74 (4H, dd), 8.13 (2H, d), 8.24 (2H, d) :
Ir (KBr5 Vmaxeml. 2920, 2850, 1750, 1710, 1600, 1260, 1200, 1070
Ms  miz= 664 (M¥), 431,385,298, 197 (100%), 176,91

H (R)—(-)— 11+ 4’-[4-( 1 -Methylheptyloxycarbonyl)pheny‘loxycarbonyl]
brphenyl- -yloxy]undecyl acrylate (31) |
" To a solution of compound 27 (1 0 g1 .45 mmol) and sodlum acrylate
(0.14 g, 1.46 mmol) dissolved in hexamethylphosphorarmde (20 ml) was
‘ added a small amount of potassium 1od1de (0.01 g) and the mixture was
st1rred at room temperature The reaction was monitored by tlc until the
reaction was complete whereupon the addition of dilute hydrochloric acid
(50 ml) afforded the crude product as a solid which was isolated by
| flltrauon The pure product was obtained by column chromatography
(dichloromethane 7/ petroleum ether (bp 40-60 °C) 1:1 as eluent) and

recrystallisation.

.\)
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Yield = 0.43 g (45%)
K 28.4 Sc* 49.8 Scy* S0.3 Sc* 65.7 S 947 Iso °C
'HNmr (CDCIp) 8 0.89 (3H, 0, 1.21 - 159 Q7H, m),

1.72 - 1.93 (4H, m) 402 2H, 1) 4.14 (H, D,

5.20 (1H, m), 5.82 (1H, dd), 6.08- 6.19 (1, m), -

637 - 6.4 (1H, dd), 7.02 H, d), 732 QH, d),
o 156-1740H, ad), 8.13 (H, d), 8.25 (2H, d)

It (KBY) Ve el 2920, 2850, 1750, 1710, 1600, 1240, 1210, 1060
Ms miz= | 6T0(MY), 431,214 (100%), 197, 69,53

Specific_ ngatior} P [oc]D =-129°

(‘R)‘-{“-)-I 1-{ 4 ;[4—( 1 -Methylheptyloxycarbonyl)-3-ﬂﬁorophenyloxy
| carbonyl]blphenyl- -yloxy} undecyl acrylate (32)
~ This compound was prepared usmg a similar method to that described for
the preparauon of compound 31 usmg the foIlowmg charge
compound 30,10¢g (1. 43 mmol), Y
- sodium acrylate, 0.13 g (1 43 mmol)
vpotassmm iodide, 0.01 g, |
| vhexamethylphosphorannde 20 ml
Yleld 057g(57%) o
K 14 8 SCA* 41 8 SCy* 42 4 SC* 58.6 SA 90 4 Iso °C
| 1H Nmr (CDC13) 6 0. 89 (3H, 1), 1.21 - 1.59 (27H m),
,1 72 193 (4H, m), 402 (2H t) 4.12 (2H, v),
520(1H m) 5. 84(1H dd) 6.08 - 6.17 (1H, m),
‘637 644(1H dd), 7.02 (2H, d),
| 7.06-7.14 (ZH,VV m), 7.56‘_-7.74 (4H, dd),
e 8.03 (1H, v), 822 ‘(2H,‘d)
Ir (KBr) V1;11;x Cl‘l'i"_l‘ 2970, 2860, 1720, 1690, 1610, 1250, 1200, 1060
Ms ‘m/.z= 688 (M), 421, 395, 197, (100%) 97, 55 .
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Specific Rotation :  [a]p=-21.1°

- (R)-(-)-11-{4"-[4-(1-Methylheptyloxycarbonyl)-2-fluorophenyl
0xycarbonyl]biphenyl—4-yloxy} undecyl acrylate (33)
This compound was prepared using a similar method to that described in
the preparation of compound 31 using the following charge;
| compound 29, 1.0 g (1.43 mmol),
sodium acrylate, 0.13 g (1.43 mmol),
potassium iodide, 0.01 g, . L |
hexamethylphosphoramide 20 ml
Yield = 0.44 g (44%) - |
K 7.5 Sca* 28.6 Sc* 33.2 S5 78.7 Iso °C
IH Nmr (CDCI3) 8  0.89 (3H, 1), 1.21 - 1.59 (27H, m),
1.72 - 1.93 (4H, m), 4.02 (2H, 1), 4.12 2H, 1),
520 (1H, m), 5.84 (1H, dd), 6.08 - 6.17 (IH, m),
6.37 - 6.44 (1H, dd), 7.02 (2H, d),
7.06 - 7.14 (2H, m), 7.56 - 7.74 (4H, dd), -
| 8.03 (1H, 1), 8.22 (2H, d) |
‘Irv(KBr‘) Vimax cm'i 2980, 2840, 1740, 1710, 1610, ‘1240, 1210, 1060
Ms = m/z= 688 (M*+), 421, 295, 214, (100%), 197, 97, 55

Specific Rotation :' [op = -25.1°

" 11-{4"-[4-(1-Propylbutyloxycarbonyl)phenyloxycarbonyl]
biphenyl-4-yloxy} undecyl ac'rylate (34) |
_ This compound was pfcpared usih g aﬁ identical meth;)d to that described
; for the pfeparation of compound 31 using the following charge; | |
~compound 28, 1.0 g (1.45 mmol), |

sodium aérylate, 014g (1.45 mmol),

potassium iodide, 0.01 g,

O



s
hexaméthylphosphoranﬁde, 20 rhl
Yield = 0.84g (85%)
K384 Sy 419 S5 76.9 Tso °C |
IH Nmr (CDCl3) 3 0.89 (3H, 1), 1.23 - ‘1.60 (25H, m),
172 - 1.93 (4H, m), 4.02 QH, 1, 4.12 2H, 1),
520 (1H, m), 5.84 (1L, dd), 6.08 - 6.17 (1H, m),
637 - 6.44 (1H, dd), 7.02 QH, ),
7.32 (2H, d), 7.56 - .75 (4H, dd), 8.14 QH,d),
825QH,d . o "
Ir (KBr) gyl 2940, 2860, 1740, 1720, 1610, 1240, 1200, 1060
Ms m/z= 656 (M%), 421,295, 197(106%), 97,55
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- Scheme 7

A0
7 HO(CH2)1ZOZ .CH |
S . "t

35
. (B
HO(CH2)120 .
' ~ O-H

36

Kw' CH2)120w —@—4

37 39 ;R = (R)-1-methylheptyl * 39,40
38, 40 ; R = 1-propylbutyl ‘

Reagents‘:‘ T ... 12-bromododecan-1-ol, K,CO3, butanone,
| 7(b) ... () NaOH (aq), ethanol, (ii) dil. HCI
7(c) ... DCC , DMAP, diéhloromethanc, alcohol
7(d) ... acryloyl chléride, dichloromethane,

diisopropylamine
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Methyl 4'-(12-hydroxydodecyloxy)biphenyl-4-carboxylate (35)
To a solution of 12-bromododecanol (5.00 g, 0.019 mol) and compound 7
(4.33 g, 0.019 mol) dissolved in butanone (150 ml) was added potassium
carbonate (5.00 g) and the fesulting mixture heatcd under reflux for 12 hours.
The mixture was then allowed to cool to room temperature before being
poured into cold water (150 ml) and the resulting product isolated by
filtrétion, The pure product was obtaincd by colmn chromatography using
dichloromethane / ethyl acetate 1:1 as eluent followed by recrystallisation
from isopropanol.
- Yield=7.59g (97%)
mp = 132.7-133.1°C
IH Nmr (CDCI3) 8  1.15 — 1.49 (16H, m), 1.64 - 1.82 (4H, m),
 3.84 (3H, s), 3.98 - 4.08 (4H, m),
6.90 (2H, d), 7.45 - 7.59 (4H, dd), 7.96 (2H, d),
| ’alcoholic proton not observed.
Ir (KBr) Qm';x el 3410, 2910, 2860, 1740, 1280, 1210, 1200, 1120
Ms m/z=' 414 (M%), 228,197 (100%), 139, 69

+ 4-(12-Hydroxydodecyloxy)biphenyl-4-carboxylic acid (36)
‘Tﬁis compound was prepared usin ga Sinﬁlar mcthod.to that employed for the
prcparatlon of compound 9 using the following charge;
compound 35, 7.59 g (0.018 mol), ’
ethanol, 250 ml, |
sodium hydroxide, 5 g, =
water 15 ml, | |
| d1lute hydrochlonc acid. 200 ml.
: ‘Yleld 4. 58 g (60%)

mp = decomposed above 300°C
| ,lH Nmr (CDCl3) 6 = 1.15-1. 49 (16H, m), 1.64 - 1.82 (4H, m),



98

- 3.98 - 4.08 (4H, m), 6.90 (2H, d),
- 7.45 -17.59 (4H, dd), 7.96 (2H, d), acidic and
‘ alcoholic protons not observed
Ir (KBr) Vacml 3400, 2920, 2840, 1670, 11’00, 1000
Ms m/z= 400 (M"‘), 336, 214, 197 (100%), 69

(R)-(-)-4-(1-Methylheptyloxycarbonyl)phenyl 4’-(12-
hydroxydodecyloxy)biphenyl-4-carboxylate (37)
This compound was prepared using an -similar method to that employed for”
the preparation of compound 27 using the follovﬁng charge; -
compound 36, 2.80 g (7.04 mmol), - N
~ compound 14, 3.50 g (14.08 mmol), .
dicy;lohexylcarbodiinlide, 1.46 g (7.04 mmol),
- DMAP, 1.0g, |
dichlorormethane, 160 ml.
Yield= 1.68 ¢ 38%)
 K5365a1113Is0°C

~ IHNmr(CDCl3)3 0.8 (3H, 1), 1.01 - 1.96 (33H, m),

1 3.98 -4.08 (4H, m), 5.13 (1H, m), 6.84 (2H, d), -
-6.92 (2H, d), 7.84 - 7.64 (4H, dd), 1.93 (2H, d),
| 8.08 (2H, d), alcoholi.c proton not c;bserved
Ir (KBr) vmaxcm-1 3410, 2940, 2870, 1740, 1710, 1610, 1210, 1070 -
Ms - m/z= .. 630 (M), 430, 385,214 (100%), 141, 55

Specific Rotation : - [a]p=-14.9°

4-(1 -Pfopylbutyloxycarbonyl)phenyl 4'-(12-hydroxydodecyloxy)
‘ ‘biphenyl-‘zl-cafboxylate (38) ”
This compound Was prepared using a similar method to that described for the

preparation of compound 27 using the following charge;
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compound 36, 2.86 g (7.20 mmol),
compound 15, 3.39 g (14.40 mmol),
dicyclohexylcarbodiimide, 1.48 g (7.20 mmol),
DMAP, 1.0 g, SR |
dichlorormethane, 100 ml. .. ¢ Sen s
Yield = 1.44 g (33%)
K 46.7 S A 99.3 Iso °C
IH Nmr (CDCl3) 5 0.88 (6H, 1), 1.23 - 1.83 (28H,m), -

©3.98 - 4.08 (4H, m), 5.20 (1H, m), 7.02 (2H, d),

7.32(2H, d), 7.56 - 7.74 (4H, m), 8.13 (2H, d),

SRR R R .8.‘24 (2H, d), alcoholic proton rtotlobserved ‘
Ir (KBr) Vimax cm-L" 3410, 2920, 2850, 1750, 1710, 1600, 1260, 1200,
Ms = mfz= = 616 (M), 464, 335, 197 (100%), 141, 69, 55 |

R)-(-)- 12 {4’-[4 -(1 -Methylheptyloxycarbonyl)phenyloxycarbonyl]
btphenyl -4- yloxy}dodecyl acrylate (39)
Toa solut1on of compound 37 ( 1.20 g, 4.08 mmol) and acryloyl chloride (0.36
g, 4. 08 mmol) in- dry d1chloromethane (25 ml) was added dropw1se
d11sopropylam1ne (1 ml) and the reaction stirred at room temperature. The
_ reaction was monitored by tlc until complete whereupon the mixture was
- diluted with further: dlchloromethane (30 ml) and washed w1th 10%
hydrochlorxc acid (50 ml) and water (2 X 50 ml) before bemg dried over
v anhydrous magnesium sulphate and the solvents removed in vacuo. The pure
product was obtained by column chromatography using dichloromethane /
petroleum ether (bp 40-60 °C) 1:1 as eluent and recrystallised from ethanol
Y1eld 0. 68 g (48%)
“ K 52. 6 SCA* 87.3 Scy* 88.1 S¢* 97.3 SA 103.6 Iso °C
IH Nmr (CDCI3) 6 °0.88 (3H, t), 1.24 - 1.59 (29H, m),
1724193 (4H, m), 402 2H, 1), 411 QI o),



5.19 (1H, m), 5.84 (1H, dd), 6.08 - 6.17 (1H, m),

6.34 - 6.44 (1H, dd), 7.02 (2H, d), 7.32 (2H, d),

7. 56 7. 74 (4H dd), 8. 13 (2H, d), 8.25 (2H, d)
Ir (KBr) Vma;; cm1 " 2920 2850 1750 1710 1680 1600, 1240, 1060
Ms m/z= . 684 (M), 431, 228, 197 (100%), 69, 55

Specific Rotation : | [alp=-23.6°

12-{4 '-[4( 1 -PropylbutyloxycarbonyLl)p.henylo,x‘ycarbonyl]b‘iphenyl—4-
yloxyjdodecyl acrylate (40) - R |

This compound was prepared using a similar rnéthod to théf described for the
preparation of compound 39 using the following chafge; |

ucompound 38,1.20g(1.94 mmol), |

acryloyl chloride, 0.36 g (4.08 mmol) i

- diisopropylamine, 1 ml, =

dichloromethane, 25 ml.

Yield = 0.62 g (45%)

K 57.6 ScAh72 354 87.51Is0 °C

1H Nmr (CDC13) o 088 (6H t) 1.24- 1.60 (24H, m),

) 172 193(4H m),402(2H t),411(2H t),

5.19 (1H, m), 5.84 (1H, dd), 608 - 6.17 (1H, m),

6.34 - 6.44 (1H, dd), 7.02 (2H, d), 7l.32 (2H, d),’

o 7.56 -7.74 (4H, dd), 8.13 (2H, d), 8.25 (2H, d)

Ir (i(Br) Vmaxcm-l 2950, 2860, 1.750, 1710, 1680, 1610, 1240, 1060

Ms m/z=  670(M¥), 422,295,214 (100%), 197, 97, 55

100
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Scheme 8

HO(CHz)an — (1

0= (CHJ)4 1BI’
42

HH
1
H O~ (CH2)11OH
L. 44
Reagents: . o 8Qa) ... 3,4-dihyer-2H-pyran, p-tbluenesulpho'nicy; acid,
. dichloromethane ‘
8(b) ... allyl alcohol, NaH, THF

8(c) ... p-toluenesulphonic acid, dichlorofnethane



12-(11-Bromoundecan-1-oxyjtetrahydropyran (42)
To a solution of lljbrom’ounde‘can-l“-ol (41) (40.0 g, 0.160 mol) and p-
toluenesulphonic acid (4.0 g) in dichloromethané (100 ml) was added
| dropwise 3,4-dihydro-2H-pyran (16.9 g, 0.2 moln) over 10 minutes at 0 °C.
The mixture was stirred for ‘1 hour before being quenched with sodium
bicarbonate. The solvent was evapbratcd under reduced pressure and the
resulting slurry filtered through a 9 cm silica column using ethyl acetate as
so}lvelnt.’ ;fhe ethyl acetate was removed in vacuo to yield a golden liquid.
Yield =52.7 g (98%) - ' SR |
IHNmr (CDCly 8 123~ 191 (24H, m), 335 2H, 1), 3.71 2H, 1),
R L 3ISQH0,458(HY
Ir (film) Vmax eml 29‘20;2840, 1080, 820 .
Ms  miz= 334 (M*) 253, 151, 85 (100%) . . .
;3;[ 11 -(Tetraﬁydropyranyl-2—oxy)undecyloxy]prop- I-ene (43)
TQ a soiﬁtion ‘of‘ allyi alcohol (1.1 g; 0.018 mol) diséolved in dry
tetrahydroftiraq (100 ml) was added Sodiﬁm hydride (60% dispersion in
mineral 011) (0.7 g, 0.018 mo‘l)b. This rnix}tur‘ew was stirred at room temperatﬁre
| while compound 42 (6.0 g, ‘0.0‘18 mol) dis-solved in tetrahydrofuran (50 ml)
~ was added dropwise. The reaction mixture was stirred at foom temperature
‘until no further reaction was obsger_ved upon examinatioﬁ by tlc, whereupon
the mixtu;e was fﬁrther diluted by the additibn Qf THF (100 ml) before being
wa'svhed with water (3 x 100 rhl) and dried over anhydrous magnesium
sﬁiphdté. “Th‘e solvéht was femovéd by evaporation under reduced pressure
in pétroleum ether (bp 40-60 °C) 2:8 as élucnt] to yield a colourless liquid. -

Yield =4.2 g (74%)

"*
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1H Nmr (CDCl3) 8 1.23 — 1.91 (26H, m), 3.35 (2H, 1), 3.74 (2H, m), -
: 396 (2H, m), 4.56 (1H, m), 5.12 - 5.3 QH, m)
576 - 6.00 (1H, m)

Ir (film) Vpaxcrr! 2920, 2840, 1620, 1120; 1080, 820
Ms m/fz= 312 (M+), 271, 228, 85 (100%), 55

3-(11-H ydroxyundecyloxy)prop-l -ene (44) |

To a solution of compound 43 (4.1 g, 0.014 mol) ‘dissolved in

dichloromethane (100 ml) was added p-toluenes’ulphorlicﬁacid 2.9 g, 0.0154 :

- mol) and the resulting mixture stirred for 24 hours at room tcmperatu'rc.‘ The
solid residue was filtered off and the filtrate extracted with dichloromethane (2
x 50 ml) The comblned dlchloromethane fractlons were dned over
dnhydrous magnesium suphate and removed ona rotary evaporator The pure

| product was obtained by distillation at 198 °C /1 mm Hg to y1eld the product
as a colourless liquid.

Yield = 1.4 g (43%)
IH Nror (CDCI3) & 1.14 - 1.39 (14H, m), 1.50 - 1.64 (4H, m), -

3.42 (2H, 1), 3.62 (2H, 1), 3.96 (2H, dt),
512-5.32 (2H, m), 5.76 - 6.00 (1H, m),
‘alcoholié proton not observed

Ir (film) Vmaxcm] 3400, 2920, 2840, 1620 1080, 820

Ms " m/z =‘ 228 (M+), 197, 155, 97 85 (100%), 55
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Scheme 9
o) 9(a) : 0
CHsOCOZ—Q—q —_— CHaocoz—Q—( .
. ‘ O—-H ‘ d O- CHZICHCZHS
11 : CHs
45
9(b)
' 0
: . O- CHQICHC2H5 '
' CHa
46
Reagents: 9(a) ... (S)-(-)-2-methylbutanol, DEAD, PPhs, THF

9(b) ... NH3(aq), ethanol .



R)-(+)- 2-Methylbutyl 4- methoxycarbonyloxybenzoate (45)
This compound was prepared usmg a similar method to that employed in the
synthesis of compound 12 usmg the followmg charge -
(S)-()-2- methylbutanol 6. 78 g (o 077 mol) "
compound 11, 15. 1 g (O 077 mol)
d1ethy1 azodlcarboxylate 13 6 g (0. 077 mol)
mphenylphosphme 22. 6 g (0 0847 mol),
dry tetrahydrofuran, 250 ml.

The pure product was obtained as a liquid by column chromatography using’ |

_ dichloromethane in petroleum ether (bp 40-60 °C) 3:7 as eluent.
Yield = 14.3 g (66%) | | N
1H Nmr (CDCl3) 6 0.86 - 1.20 (6H, m), 1..21l - 1.36 (1H, m),
1.44 - 1.60 (1H, m), 1.76 - 1.94 (1H, m),
| 3.92 (3H, s), 4.06 - 4.24 (2H, m), 6.95 (2H, d), -
| 7.97 (2H, d)
I (neat) Vg cm-l 2960, 2920, 1760, 1710, 1440, 860
| Ms N m)z'= , _266 (M1), 197, 179, 135 (100%), 69, 55

- Specific Rotation : [a]lp =+19.4°

(R) (+)-2- Methylbutyl 4 hydroxybenzoate (46)

This compound was prepared using an identical method to the one employed
in the synthesis of compound 14 using the following charge:

v Compound 45, 14.3 g (0.051‘mol),

30% aqueous ammonia, 50 ml,

ethanol 150 ml.

The pure product was obtalned as a hqu1d by column chromatography using
; d1chloromethane as eluent

Yield =10.6 g (100%)

1H Nmr (CDC13) o O 86 1.20 (6H m), 121 1.36 (1H, m),

105
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. 144- 160(1H m) 1.76 - 1.94 (1H, m),
4.06-4.24 (2H, m), 6.95 (2H, d),797 (2H, d),

- phenolic proton not observcd e

Ir (neat) vma o'l 3410, 2960, 2920, 1760, 1440 860
Ms mjz= " 208(M*), 197, 179, 135 (100%), 69 55

Specific Rotation : - [a]p = +21. 1o



Scheme 10

- C ] ‘
Ol
O-CHg

@4 l X
| 14, 15, 46 @CHZOwOH
‘ l10(c) 48
@ @ ¢
. 49,50,51
10(d)

l10(e) 52, 53, 54

I_ OCHa—0 w _@_Q

55, 56, 57
- 49, 52 55;R = (A)-1-methylheptyl
50, 53, 56 ; R = 1-propylbutyl
" 51,54,57 ;R = (H)Zmethylbutyl
Reagents: ~ 10(a) ... benzyl chloride, KoCO3, butanone

10(b) ... (i) NaOH(aq), ethanol (ii) dil. HCI
10(c) ... DCC/ DMAP, dichloromethane
s 10(d) ... Pd/ C, Hy(g), THF / ethanol

- 10(e) ... DEAD, PPh3, THF, compound 44

°
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Methyl 4’-benzyloxybiphenyl-4-carboxylate (47)
This compound was prepared using a similar method to that employed in the
| synthesis of compound 17 using the following chargé;
compound 7, 15.0 g (0.066 mol), "
benzyl chloride, 9.2 g (0.0726 mol), -
potassium carbonate, 27.3 g (0.198 mol), . -
butanong, 400 ml.
Yield =22.1 g (100%) -
mp = 196 °C PRLER
IH Nmr (CDCI3) 8  3.93 (3H, s), 5.12 (2H, s),‘ 7.06 (2H, d),
7.30 - 7.49 (SH, m), 7.54 - 7.65 (4H, dd),

SO 808 (2H,d) | |
Ir (KBr) Viax cm-1 . 2920, 1720, 1600, 1280, 1190, 770

Ms : m/z= | 318(M+), 227,139, 91 (100%), 65

: 4’-Benéyloxybiphenyl—4-carboxylic acid (48)
This compound was prepared _using a similar method fo that employcd in the
- synthesis of compound 9 usiﬁg the following charge; - |
compound 47, 22.1 g (0.066 mol),
sodium hydroxide, 13.0 g,
water, 30 ml,
‘ et_h‘anoll, 200ml, o
dilute hydrochloric acid, 200 ml.
Yield =20.8 g (98%) |
- mp = decomposed above 300°C '
IH Nror (CDCI3 + Dg DMSO) 8 5.12 (2H, 5), 7.06 (2H, d), 7.30 - 7.49
“ . (5H, m), 7.54 - 7.65 (4H, dd), 8.08 (2H, d), acid
o prston not detected

Ir (KBr) vinax e} 3040, 2920, 1740, 1600, 1280, 1190, 770
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Ms | mfz= 304(M¥), 213, 139, 91(100%), 65

R)-(-)-4-(1 -Methylheptyloxycarbonyl)phenyl 4 benzyloxy-
biphenyl-4-carboxylate (49) '
This compound was prepared using a similar‘method to that employed in the
synthesis of compound 27 using the following ch‘arge;‘
compound 48, 6.9 g (0.023 mol), "
compound 14, 5.7 g (0.023 n;ol), '
dicyclohexylcarbodiimide, 4.7 g (0.023 mol),
" DMAP,0.1g, ' |
dichloromethane, 100 ml.
Yield = 5.5 g (44%)
K186554191010°C =
| 1H Nmr (CDC13) d 0.88 (3H, 1), 1.08 - 1.42 (13H, m), 5.12 (2H, s),
513 - 524(1H m), 7.10 (2H, d), 7.14 (2H d)
7.28 - 749(5H m), 7.58 - 7.73 (4H, dd),
'8.14 (2H, d), 8.23 (2H, d)
- Ir(KBr) vmax cm-l 2920, 2840, 1740, 1720, 1260, 1150, 760

Specific Rotation : - [a]p =-18.9 °

4- ( 1 -Propylbutyloxycarbonyl)phenyl 4'’- benzyloxyblphenyl-4-
| carboxylate 50) |
| ’ThIS compound was prepared using a similar method to that employed in the
‘ synthésis of compound‘ 27 using the following charge;’ |
| compound 48 69¢g (O 023 mol), o
- compound 15 54 g (. 023 mol),
| dlcyclohexylcarbodurmde 4. 7 g (0. 023 mol)
DMAP, 1.0 g,
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dichloromethane, 100 ml. |
Yield = 5.8 g (48%)
mp = 187°C ‘
H Nor (CDCL3) 8 0.95 (6H, 1), 1.14- 150 (4H, m),

150 - 1.80 (4H, m), 5.10 (2H, ) |
511524 (1H,m), 7.10 QH, ), T14QH A

7.28 - 7.48 (SH, m), 7.58 < 7.73 (4H, dd),
. B4QHO,823CHA)
Ir (KBr) Vaoml 2920, 2850, 1740, 1720, 1280, 1150, 760
Ms  miz= 526 (M%), 385,287 (100%), 196, 91

(R)-(+)-4-(2-Methylbutyloxycarbonylphenyl 4-benzyloxy
bipheriyl—4-garboxylate (51) |

‘ ThlS cpmpoundelas Vpr“eparcd‘ qs}pg a similar method to that employed in the
synthesis of c;)mpound27 using the following charge; |

compound 48, 6.9 g (0.023 mol), |

compound 46, 4.8 g (0. 023 mol),

e dlcyclohexylcarbodurnlde 4 74 g (O 023 mol)

MDNU\P 10g

diehloometane, 100ml.

Yield=57g(50%)

| K174254184510°C o

| 1HNmr(CDC13)8 0.93 - 107 (6H, m), 1.21 - 137 (IH, m)
| 147- 162 (1H, m), 1.82- 1.95 (I, m),

 410-427QH,m), 512 QH, ), 7.10 QH, ),
714 (H,d),7.28- 749 (5H, m),

o  7.58-7.73 (4H, dd), 8.14 (2H, d), 823 2H, d)

Ir (KBE) Vmax cm-l+ 2020, 2840, 1740, 1720, 1260, 1150, 760

Ms  miz= 494 (M*), 385,287 (100%), 196, O1



Specific Rotation:  [a]p =+20.1°

- R)-(-)-4-(1 -Methylheptyloxycarbonyl)phenyl 4 -hydroxy-
blphenyl 4 carboxylate (52)

This compound was prepared using a similar method to that employed in the

synthesis of compound 20, using tetrahydrofuran / ethanol as the solvent, and |

the following charge;
compound 49, 5.4 g (0.01 mol)
palladlum on charcoal 1.0 g, -
tetrahydrofuran, 400 ml,
ethanol, 20 ml.
Yield =4.4 g (98%)
mp=140-141°C
| 1H Nrmr (CDC13) & 0.88 (3H,1),1.08 - 1.42 (13H, m), 5.11 (1H, m), -
| | ‘“710(2H d)714(2H d)758 773(4H dd)
' 8.14 2H, d), 8.23 (2H, d)
B phenolic proton not observed
Ir (KBr) Vmax cm'l‘ 3040, 2920, 2840, 1740 1720, 1150, 760
Ms mfz=" 446 (M), 385, 287, 214, 196(100%), 91

-Specific Rotation:  [a]p=-17.2°

4-(1 -Propylbutyloxycarbonyl)phenyl q- hydroxyblphenyl -4-
carboxylate (53) | -

ThlS compound was preﬁéred using a similar method to that employed in the
synthoéis of compound 20 using tef.rahydrofuran / ethanol as the solvent, aod
_ the following charge; - |

- compound 50, 5.6 g (0.012 mol),

~ palladium on charcoal 1.0 8

tetrahydrofuran, 400 ml,
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ethanol 20, ml.
Yield = 3.6 g (74%)
mp =127 - 129°C
| IH Nmr (CDCI3) 8 0.95 (6H, 1), 1.14 - 1.50 (4H, m),
1.50 - 1.80 (4H, m), 5.11- 524 (IH, m),
. 7.10 2H, d),, 7.14 (2H, d), 7.58 - 7.73 (4H, dd),
8.14 (2H, d), 8.23 (2H, d),
it S ) phe‘nolic‘proton not 6bserved :
Ir (KBI) Vipay e - 3060, 2920, 2850, 1740, 1720, 1150, 760
v Ms. omfz= o 432 (M), 385, 287 (100%), 196, 91

| (R)-(+)—4-(2-Methylbutyloxycdrbonyl)phenyl 4"-hydroxy- . .
biphenyl-4-carboxylate (54)
3 This compound was i)repared using a similar method to that employed in the
synthesis of compound 20 using tetrahydrofuran / ethanol as the solvent, and
the following chargei . | |
compound 50, 5.6 g (0.012 mol),
~ palladium Sn charcoal, 1.0 g,
" tetrahydrofuran, 400 ml,
" ethanol 20, mL
' Yield = 4.1 g (86%)
mp=128-129°C . |
IH Nenr (CDCl3) 5 0.93 - 1.07 (6H, m), 1.21 - 1.37 (1H, m),
| 1.47 - 1.62 (1H, m), 1.82 - 1.95 (1H, m),
4.10 - 4.27 (2H, m), 7.IQ (2H,d),7.14 2H, d),
| 7.58-7.73 (4H, dd), 8.14 (2H, d), 8.23 (2H, ),
't ., phenolic proton not observed
- Ir (KB) Vmax cm-l  * 3040, 2920, 2840, 1740, 1720, 1260, 1150, 760
Ms  m/z= .. 404 ‘(M+),. 385, 287 (100%), 196, 91
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Specific Rotation: - [a]p =+11.3°

(R)-()-3-(11-{4"-[4-(1 -MétthlhepilexycarbonyUpheﬁyloxycarbonyl]
biphenyl 4-yloxy} Undécyloxy)prOp-l -ene (55)
This compound wa“s”pirepared using a similar method to that employed in the
synthesis of cornpound 8 using the followmg chargc |
compound 52, 1.0 g (2.2 mmol), ”
compound 44, 0.5 g (2.2 mmol), h
diethyl azodicarboxylate, 0.4 g (2.2 mmol),
tnphenylphosphme 0. 63 g(2.42 rnmol)
tetrahydrofuran, 60 ml.
The pure product was obtained by column chromatography using |
dichlororhethane / pgtroléum ether (bp 40-60 ;’C) 1:1 as eluent, foiloWed by
recrystallisation. P ST | -
Yield = 0.50 g (36%)
- K419Sc* 659SA 1068180°C
IH Nmr (CDClI3) & 0.88 (3H, t), 1.21 - 1.849 (31H, m),
a | 3.98 - 4.08 (6H, m), 5.02 (1H, m),
5.11-5.33 (2H, m), 5.84 - 6.00 (1H, m),
7,01 (2H, 1), 7.31 (2H, d), 7.56 - 7.74 (4H, dd),
B ~ 813(2H,d), 8.24 2H, d)
- Ir (KBr) Vs ol 2920, 2850, 1760, 1740, 1600, 1260, 1240, 860
Ms mz= 656 (M*),407, 197 (100%), 139, 71, 55
Specific Rotation : - [at]p = -27.3 ° |

11-{4-[4-(1 -Propylbufyl_oxycarbonyl) phenyloxycarbonyl/biphenyl-
- 4yloxy)undecyloxyprop-2-ene (56) '
This comp\dund‘ was i;fcpafed using a similar method to that émployed in the

synthesis of compound 8 using the following charge;



compound 53,1.00 g (2.3 mmol),
compound 44 0.52 g (2 3 mmol)

drethyl azodlcarboxylate 0.41 g2 3 mmol)
| mphenylphosphlne, 0.65 g (2.53 mmol),
tetrahydrofuran, 60 ml

The pure product ‘was obtalned by column chromatography using

dxchloromethane / petroleum ether (bp 40 60 °C) 1: 1 as eluent followcd by
recrystallisation. R o o
Yield =0.54 g (36%)
K 42.4 Scu* 71.6 Sa 113.2 Iso °C
1H Nmr (CDC13) o 092 (6H, t), L. 24- 1.92 (26H, m),
397 - 408 (6H m), 5 02 (1H, m)
5.13 - 5 23 (2H m), 5 83 - 599 (1H m)
| 7.01 (2H, d), 7.31 (2H, d), 7.56 - 7.74 (4H, dd),
-8.13 (2H, d), 8.24 (2H, d) |
Ir (KBr) Lvmz;x cemrl 2920, 2860, 1760, 1740, 1600, 1260, 1240, 850
Ms m/z= | 642 (M), 349, 196 (100%), 167, 104, 55

(R)-(+})-3-(11-{ 4'-[4-(2-Methylbutyloxycarbonyl)phenylo;cycarbonyl]

- biphenyl-4-yloxyjundecyloxy)prop-1-ene (57) |

This compound was prepared using a sumlar method to that employed in the
synthesis of compound 8 using the following charge;

compound ‘54, 1.00 g (2.2 mmol),

compound 44,050 g (2.2‘mmol),

~diethyl azodicarboxylate, 0.40 g (2.2 mmol), |

tnphenylphosphlne 0. 63 g(242 mmol)

tetrahydrofuran 60 ml.

o
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The pure product was obtamed by coh;mn chromatography using
dlchloromcthane / petrolcum ether (bp 40-60 °C) 1:1 as eluent, followed by
recrystallisation. |
Yield =0.48 g (34%)
K 44.6 Sc* 52.7 S5 94.6 Iso °C
IH Nmr (CDCl3) 8  0.90 (3H, t), 1 24 - 1 99 (22H m), 3 42 2H, 1),

3.98 -4.09 (6H, m), 4.10 - 4.28 (2H, m),

5.13-5.23 (2H, m), 5.83 - 5.99 (iH, m),

7.01 2H, d), 7.31 (2H, d), 7.55 - 7.74 (4H, dd),

813 (2H, d), 824(2H d) ~. | |
Ir(KBr) cm1 2920 2860 1760 1740 1610 1270 1240 860
Ms mjz= 614 (M*), 351, 197 (100%) 107,104,69

. Specific Rotation : *~ [a]p = +6.1°
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. Scheme 11

CoHsO™ .~ H OH =

s 59

B U N FON SO ERIOPNIE S LTI O PR o 6800

: “Reag‘ents“:‘-”*"1"4W” 11(a) ... fo‘xinaldchydé(aq),"KzCO3,HzO

M1 11(b) ... 4-nitrobenzoic acid, DCC, DMAP, -~

Z 10" dichlorormethane



a-(Hydroxymethyl)acrylomtnle (59)88
To a mlxture of diethyl cyanomethylphosphonate (50 0 g, 0 280 mol) and 30%
aqueous formaldehyde (110 ml) stirred at 1000 rpm, was added slowly a saturated

solution of potassium carbonate (96.0 g). Once addition was complete the .

mixture was stirred for a further hour before saturated ammonium chloride

solution (‘1 50 ml) was added. The product was extracted into diethyl ether (3 x 50

ml) and the combined ethereal solutions dried over anhydrous magnesium
sulphate. The solvent was removed by evaporation under reduced pressure and

the pure product obtained by distillation at 55-56 °C / 0.45 mmHg.

Yield = 12.2 g (53%)

IH Nmr (CDClI3) 8 3.71 (1H, s), 4.47 (2H, s), 6.0‘5‘(2H, m)

13C Nmr (CDCl3) & 62.0 (CHy), 117.0 (C=N), 130.5, 122.3 (C=C)

Ms m/z= - 83 (M), 66, 64 (100%), 45

a-(4-nitrophenylcafbonyloxynwthyl)acrylonitrile (60)

This compound was prepared using a similar method to that employed in the |

synthesis of compound 27 using the followmg charge;
“ ‘compound 59, 4 6 g (0.056 mol)

4-nitrobenzoic a01d, 9.4 g (0.056 mol), ‘
 dicyclohexylcarbodiimide, 11.5 g (0.056 mol)
DMAP, 0.1 g, |

| di'c‘hlor‘omethane 150 ml.

- The puré product was obtained by column chromatography, using
dichloromethane a§ eluent, followed by recrystallisation from ethanol.
Yield = 11.4 g (88%)

- mp=79-82°C
IH Nmr (CDCl3) 8§ 4.99 (2H, 1), 6.18 (1H, t), 6.23 (1H, 1),
827 -8.35 (4H, m)
Ir KBr)em'l 2920, 2850, 2120, 1760, 1610, 1510, 1270, 850
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232 (M+), 150 (100%), 134, 104, 82, 76
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Scheme 12

e . . 5
| Hé , 0-CHs _ 12(a)
= . . i

HO(CH2)11 |
O- CH3 .

l 12(b) 61

I 14,15, 46

i Va ' o
"o < ) HO(CHz)nO
P O-R - . . e o-H

62

L YT g
o D - |
Ne O)——<3—No2 H | 63,64,65

h " NC O(CH2)11—O o
’ ’ O-R

" 14,63, 67 ; R = (A)-1-methylheptyl | 66, 67, 68
15, 64, 66 ; R = 1-propylbutyl
46,65,68 ; R = (R)-2-methylbutyl

Reagehtsﬁ R i2(a) lyl-bromoundecan-l-ovl, K2CO3, butanone
S ' 12(5) .. () NaOH (ag), ethanol, (i) dil. HCI
12(c) ... DCC , DMAP, dichloromethane
12(d) ... NaH, THF .
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Methyl 4'-( 11 7hydroxyundecyloxy)biphenyl-4-carboxylate (61)
This compound was prepared using a similar method to that employed in the ”
synthesis of compound 3$ using the following charge;
.compound 7, 11.0g (0.048 m‘ol)‘, ‘
11-bromoundecan-1-ol, 12.0 g (0.048mol), .
potassium carbonate, lO.VO g
butanone, 500 ml.
Yield = 16.4 g (86%) .
mp=124-125°C. . .
H Nror (CDCI3)3  1.15-1.49 (14H, m), 1.64 - 1.82 (4H, m),

3.92 (3H, s), 3.98 - 4.08 (4H, m), 6.90 (2H, t)
~.,.7.45-7.59 (4H, dd), 7.96 (2H, dj, alcoholic proton
L .. not observed . | } . | ,

Ir (KBr) Vg o'l 3410, 2920, 2860, 1740 1280, 1220, 1120
Ms. m/z= 398 (M), 228 (100%), 197, 139, 69

4'-(11-H, ydroxyundecyloxy)biphényl~4-cafboxylic acid (62)
This compound_ wés preparéd using a similar methodwto that employed in the )
synthesis of compound 9 usi_ng fhe fol‘lowi‘ng,charge;
compound 61, 16.4 g (0.041 mol),
sodium hydroxide, 13.0g, .-
~water, 30 ml, .
dllute hydrochlonc acid, 200 ml.
“”““:"Yleld Z 1395 (84%)
mp = decomposed above 300 °C
1H Nm (CDC13 + Dg DMSO) 5 ‘1..15 - 1.49 ’(1‘4H‘, m), 1.64 - 1.82 (4H, m),
S 398~ 4.02 (4H, m), 6.90 (2, 0,
*"7.45 - 7.59 (4H, dd), 7.96 (2H, d), acidic and

_ alcoholic protons not observed



121

Ir (KBr) Vimax el 3400, 2920, 2840, 1670, 1100, 1000
Ms .m/z= 384 (M+), 336, 214 (100%), 197, 69

: (R)-(~)-’4-( 1-Methylheptyloxycarbonyl)phenyl 4-(11-
hydroxyundecyloxy)blphenyl— -carboxylate (63)
This compound was prcpared usmg a similar method to that employed 'in the .
synthesls of compound 27 using the following charge; |
compound '62, 1.9g (5.0 mmol), | |
compound 14, 2.5 g (10.0 mmol),
' dlcyclohexyldlcarbodumlde, 10g (5 O mmol)
DMAP,0.1g ‘ B
dichloromethane 100ml. |
The pure product 'was  obtained by column chr{omaﬂtog‘r‘aphy using
d10hloromethane / ethyl acetate 1:1 as eluent followed by recrystalhsatlon from
1sopropanol | ‘ -
Y1eld =27¢g (88%)
K 52.0 SA 106.2 Iso °C
'1HNmr (CDC13) 5 089 (3H 1), 1.01 - 1 96 (31H, m), -

3.98 - 4.08 (4H m), 5.13 (1H, m) 7.01 (2H, d),

7.32 (2H, d), 7.56 - 774 (4H, dd) 8.13 (2H,d)

" 8 25 (2H d), alcohohc proton not observed

Ir (KBr) Vmaxcm-l 3420, 2960, 2880, 1740, 1710, 1600, 1270, 1070
Ms m/z= 616 (M*), 430,385, 197 (100%), 151, 69
Speciﬁc Rotacion . [alp=-24.0° "

-4 -PrbpylbutyloXycarbonyl)phenyl 4-(11-
: hydroxyundecyloxy)btphenyl-4 carboxylate (64)
Tlus compound was prepared using a snmlar method to that employed in the

synthesis of compound 27 using the following charge;
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compound 62, 1.9 g (5.0 mmol),
compound 15, 2.3 g (10.0 mmol),
dicyclohexylcarbodiimide, 1.0 g (5.0 mmol),
DMAPO.1g
dichlorormethane, 100ml. -
The pure product was obtained by column éhromatography' using - 1:1
dichloromethane / ethyl acetate as eluent, followed by recrystallisation from
isopropéhol.
Yield =2.2 g (72%)
K 49.7 Sp 101.0 iso °C
IH Nmr (CDCl3) §  0.89 (6H, 1), 1.25 - 1.97 (26H, m),
398 - 4.10 (4H, m), 5.15 (1H, m), 7.02 (2H, d), P
7.32(2H, d), 7.54 - 7.74 (4H, dd), 8.13 (2H, d)
.o -8.24 (2H, d), alcoholic proton not observed
- Ir (KBr) vma;ém‘,l -~ 3410, 2960, 2890, 1750, 1710, 1610, 1270, 1070 -
Ms - miz= ‘. 602 (M*), 430, 385, 214 (100%), 151, 69,55

(R)-(+)-4?(2-MethylbutyloXycarbohyl)phenyl 4'(11-

| hydroxyundecyloxy)biphényl-4-carboxyldte (65)

This compbund was prepared using a similar method to that employed in the
‘ synthesis‘of compound 27 using the folldwing charge; -

compound 62, 1.9 g (5.0 mmol),

compound 46, 2.1 g (10.0 mmol),

dicyclohexylcarbodiimide, 1.0 g (5.0 mmol),

- DMAPO.1g |

diCﬁlorofmethéhe, 100ml.

i “The purg p‘rc‘>duct was H obtained' by column chromatography using
dichloromethane / ethyl acetate 1:1 as eluent, followed by recrystallisation from

isopropanol. - ‘
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Yield =2.0 g (68%)
K 48.6 S5 99.2Ts0 °C
IH Nmr (CDCl3) 5 0.90 (3H, 1), 1.24 - 1.99 (24H, m),

3.98-4.08 (4H, m), 4.10 - 428 (2H, m),

701 @H, ), 7.32 (2H, d), 7.56- 7.74 (4H, dd),
 8.13 (2H, d), 8.25 (2H, ), alcoholic proton not
e obsexfyed |

Ir (KBr) Vs om°L 3420, 2960, 2880, 1740, 1710, 1610, 1270, 850
Ms  miz= . 574(M*), 430,385,197 (100%), 151, 69

Specific Rotation:  [a]p = +16.6°

(R)( -f;b;—( 1‘1 —{ 4’-[4;{ 1 -Méthglheptyioxycarboﬁbi)phéﬁylo}cgcorbonyU
biphenyl- -Qloxy} undecyloxymethyl)acrylonitrile (66)
To a soluuon of compound 63 (2.7 g, 4.4 mmol) and sodium hydride (60%
d1spers1on in mmeral oil) (O 2g, 4.4 mmol) in tetrahydrofuran (50 ml) was added
| cornpound 60 (1.0¢g, 4.4 mmol) and the mixture stirred at room temperature until
no furthor reaction was o_bseryed opoo examination by tlc. The mixture was then '
diluted with tetrahyd‘rofura.n‘v(SO ml) before being v‘vashe)d‘ with water (2 x 25 ml)
ar’id'dried over ‘anhyd‘rous magoosium sulphate. The solvent wés removed by
e eyaporatiop ‘u“nder reduced pressure and the pure produ&ctx obtained by column N
chromatography, osing hexone as eluent, vf‘ol‘low‘ed by reorystallisodon.
Yield =0.85g (29%)
K522SCA* 634SA897Iso°C |
: 1H Nmr (CDC13) 8 0. 88 (3H, t), 1 01 1.96 (31H m),
| 398-419 (6H, m), 5.13 (IH, m),
y 615 623(2H m) 702(2H d), 7.30 (2H, 4d),
‘ 7 54-17. 74 (4H, dd), 8. 13 (2H d), 8.25 2H, d)
Ir (KBI) Vmax em- 1 - 2940, 2920, 2850, 2120 1740, 1720, 1600, 1260
Ms m[z L 679 (M), 409 (100%), 196, 168, 138, 83, 68
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Specific Rotation:  [a]p = -21.0°

a—( 1 1 { —4 -[4 -(1 -Propylbutyloxycarbonyl) phenyloxycarbonyl]btphenyl-
’ -yloxy}undecyloxymethyl)acrylonttnle (67)
Th1s compound was prepared us1ng a sumlar method to that employed in the
synthe51s of compound 66 usmg the followmg charge
compound 64, 2. 1 g (3. 6 mmol)
compound 60, 0.84 g (3.6 mmol),
sodium hydride, 0.16 g, .\ o
tetrahydrofuran, 50 ml.
The pure product was obtalned by column chromatography usmg hexane as
eluent followed by recrystalllsatmn |
Yield = 0.65 g (27%) '_
K 49.7 Sca* 56.5 SA 79.4 Iso °C.
1H Nmr (CDCl3) 5 0.90 (6H, 1), 1.25 - 1.97 (26H, m),
3.98 - 4.14 (6H, m), 5.13 (1H, m),
6.15 - 6.23 (2H, m), 7.03 (2H, d), |
7.34 (2H, d), 7.54 - 774 (4H, dd), 8.14 (2H, d)
8.25 2H, ) o
Ir (KBr) vmaxcml 2940, 2920, 2850, 2120, 1740, 172(l, 1600, 1260
Ms miz= - 667 (M*),409, 196, (100%), 168, 138, 83, 68,

(12)?(+)-a—( 11 -—{4'-[4-(2-MethylbutyloxycarbonyUphenyloxycarbonyl]
biphenyl-4 —yloxy}undecyloxymethyl)acrylomtrtle (68) -

ThlS compound was prepared using a similar method to the one employed in the
“ | synthe51s of compound 66 using the followmg charge.

Compound 65, 1.95 g (3.4 mmol),

. compound 60, 0.79 g t3.4 mmol),

sodium hydride, 0.14 g
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tetrahydrofuran, 50 ml.
The p;ire product was obtained by column chromatography using hexane as
 eluent, followed by récrystallisation.
| Yicld =0.68 g (33%)
K 50.8 Sca* 53.2 S5 87.91Is0 °C |
IH Nmr (CDCI3)§ 0.90 (3H, 1), 1.24 - 1;99 (27H, m),
© 3.98-4.10 (4H, m), 4.10 - 4.28 (1H, m),
7.01 (2H, d), 6.15 - 6.24 (2H, m), 7.32 (H,d),
~7.56 -7.74 (4H, dd), 8.'13 (2H, d), 8.25 (2H, d)
Ir (KBr) Vmaxcm-l 2950, 2910, 2850, 212(5, 1740, 1710, 1600, 1250
Ms m/z= 627 (M+), 409, 214, 196, 68 (100%), 54

Specific Rotation :  [a]p =+14.8°
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- Scheme 13

o

.0
Br(CH2)10— C.

13(a)
BF(CH2)10 C

HO—w C ‘
b - CHzCHCHgCHg

69

Q >—(CH2>100—.—.—"< C 2,

- CHgCHCHgCHs
. CH
| j 70 ®
e -0y ¢
, | og CH2CHCH2CH3

l13(d) - 953

;w—ww o

O CH2CHCH20H3
72, X=H . ,
C73,X=CN v 72,73~~

“Reagents: ' " 13(a) ... benzyl alcohol, DCC, DMAP, CH,Cl2
s '13(b) ... KCO3,DMF =~
“13(c) ... Pd/ C, Hy (g), ethyl acetate

13(d) ... DCC, DMAP, CHyCly
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Benzyl -11-bromoundecanoate (69)
This compound was prepared using a similar method to that employed in the
synthesis of compound 27 using the following charge; |
. 11-bromoundecanoic aCid, 10.0 g (0.038 mol),
benzyl alcohol, 4.1 g (0.038 mol), - -
dicyclohexylcarbodiimide, 7.8 g (0.038 mol),
DMAP, 0.1 g, N
dichloromethane, 200 ml.
The pure product was obtamed as a liquid by column chromatography usmg ‘
drchloromethane as eluent |
Yield=12.0g 89%) . . .. . i b
THNmr (CDCl3) § = 1.21-1.44 (12H, m), 1.57 - 1.70 (2H, m),
TR 177 - 1.89 (2H, m), 2.35 (2H, 1), 3.38 (2H, t)
St 0311 (2H,'5),7.30 - 7.37 (SH, m)
Ir (neat) cml . 2930, 2880, 1740, 1160, 700
Ms mjz=  356(M*)265, 108,91 (100%), 55

: (R)-{+)-4‘-(2-methylbutylorcycarbonyl)phenyl -4'-[ ‘
o » 1fbehzyloxycarbonyl)undecyoxy]biphenyl—4-carboxylate (70)
| To a‘solution‘ of compound 54 (3.2 g, 7.9 mmol) and compound 69 2.7¢g 79
| ‘mmol) dissolved in dry dimethylform‘arnide (200 ml) was added potassium
carbonate (5.00g) and the resulting mixture stirred at 60 °C for 8 hours. The
mixture was allowed to cool to room temperature once this period was complete
and the excess potassium carbonate removed by filtration. - The solvent was
removed by evaporation under reduced pressure and the pure product obtained by
column chromatogrpahy us1ng dlchloromethane / hexane 1:1 as eluent, followed
| by recrystalhsanon .
Yield =2.4 g (45%)"
K 44.8 Sz 91.2 Iso °C



1H Nror (CDCl3) 8

Ir (KBr) cm-]
Ms m/z= "

Specific Rotation :

0.94 (3H, 1), 1.24 - 1.90 (21H, m), 2.35 (2H, 1), -
4.00 (2H, 1), 4.06 - 4.24 (2H, m), 5.12 (2H, 5),
6.91 (2H, ), 6.98 (2H, d), 7.29 - 7.40 (5H, m),
7.51-7.63 (4H, dd), 7.99 (2H, ), 8.08 (2H, d)

2960, 2850, 1760, 1740, 1710, 1600, 1240, 850 -

678 (M), 409 (100%), 196, 169, 139, 55

- [a]D +17.2°

R)-4’ -[4-(2- Methylbutyloxycarbonyl)phenyloxycarbonyl]bzphenyl -4-

yloxy undecanow acid (71) -

This compound was prepared using a similar method to that used in the

preparation of compound 20 usmg the followmg charge =

compound 70, 2.4 g (3. 53 mmol),

10% Palladium on charcoal 10 g, e

ethyl acetate 100 ml.
Yield = 1.7 g (82%)

K789 54 10231s0°C

IH Nmr (CDC13) )

0.94 (3H 1, 124-1 90 (21H, m), 2.35 (2H, 1),
4.00 (2H v, 4. 06 4.24 (2H, m), 6. 91 (2H, d),

698 (2H, d), 7.51 - 7.63 (4H, dd), 7.99 (2H, d),

Ir (KBr) el

8.08 (2H, d), acidic profon not observed

3400 - 3510, 2940, 2920, 2850, 1760, 1740, 1710,
1600, 1270 *
588 (M), 467, 452, 243, 228 (100%), 168, 82

NN

(R)-(+)- (4-[4- (2-Methylbutyloxycarbonyl)phenyloxycarbonyl]blphenyl

-4- yloxydecyl}carbonyloxyprop- -ene (72)

This compound was prepared ‘using a similar method to that employed in the

synthesis of compound 27 using the following charge;
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compound 71, 0.30 g (0.51 mmol),
allyl alcohol 0. 03 g (0.51 mmol),
dlcyclohexylcarbodmmde, 0. 11 g (©. 51 mmol)
 DMAP,001g, | o
dichloromethane 20 rnl -
The pure product was obtamed by column chromatography usmg
d1chloromethane / hexane I: 1as eluent followed by recrystalhsanon
Yield = 0.30 g (94%) | S
K47.654966150°C
IH Nmr (CDClz) 8 0.94 (3H, 1), 1.22 - 1.90 (21H, m), 2.35 (2H. 1),

4.00 (2H, 1), 4.06 - 4.24 (2H, m),

5.11- 5.3 (1H, m), 6.15 - 6.23 (2H, m),

6.91 (2H, d), 6.98 (iH, d), 7.51 - 7.63 (4H, dd),

| 7.99 (2H, d), 8.08 (2H, d)

Ir (KBr) cm-'1 2940, 2920, 2850, 1760, 1740, 1710, 1600, 1280
Ms m/z= - 628 (M+), 467, 450, 243, 228 197 (100%), 139, 82

Specific Rotation:  [a]p=+13.6°.

(R)—(+)5{4'-[4-(2-Methylbutyloxycarbbny]biphenyl_—él-

" yloxydecylcarbonyloxy methylacrylonitrile (73)

This compound was prepared using a .similar method to that employed in the
‘ synthesrs of compound 27 using the following charge

compound 71 0.30 g (0.51 mmol),

compound 59,0.04 g (0.51 mmol),

dicyclohexyldicarbodiimide, 0.11 g (0 51 mmol), _

DMAP 0 Olg,

d1¢hloromethane, 20 ml. -

The pure product was obtamed by column chromatography using

mchloromemane / hexane 1:1 as eluent followed by recrystallisation.



 Yield = 0.28 g (84%)
K 66.2 Sa 117.3 Iso °C
~ HNor (CDC13) 8 094(H,1), 122- 1.90 (21H, m), 2 35 (2H t)
" ‘[‘400 (2H, 1), 4.06 - 4.24 (2H, m),
'6.15-6.23 (2H, m), 6.91 (2H, d), 6. 98 (H, d),
17.51-7.63 (4H, dd), 7.99 (2H, d), 8.08 QH,d)

Ir (film) om-] 2940, 2920, 2850, 2120, 1770, 1740, 1710, 1600,
Ms  miz= 643 (M), 467, 452,243, 228(100%) 198,139

Specific Rotation : [a]D +12.2°
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Scheme 14
,. ‘ - Na'
o 14(a) o 0
. >  CuH )
FHZC)LOCZH5 | : so\n/u\(lLCsz
e ~ . . : O F 75
14(b)
0 14(c) ‘ o)
Tso’\/lL OCHs — HO/\HLOCaHs'
F F
g o 76
14(d)
‘ O ~14(e) \O
\HL OC3Hs 0" Na*
E F
Reagents‘: | 14(a) ... sodium ethoxide, diethyl oxalate, diethyl ether

14(b) . 40% formalin, H,O

14(c) ... p-toluenesﬁlphonyl chloride, pyridine
14(d) .. potassium phthaliinide o
14(e) ... 2N NaOH, ethanol |



Sodium diethyl_fluoro-oxaloacetate (75)

To a solution of alcohol-free sodium ethoxide prepared from sodium (4.6 g, 02

mol) in dry diethyl ether (100 ml) was added diethyl oxalate (30 ml) and éthyl :

. fluoroacetate (74) (21.2 g, 0.2 mol) dropwise. The mixture was left overnight
whereupon a yellow precipitate formed. The solid was isolated by filtration and
‘washed with dry petroleum ether (bp 40 - 60 °C)‘ before being dried in.vacuo.
This intermediate was used without further purification. = ‘ '

Yield =71.6 g (63%)

Ethyl 2-fluoro-3-hydroxypropanoate (76)
Compound 75 (20.0 g, 0.088 mol) was added slowly to a stirred mixture of 40 %

formalin (9.0 ml) and water (11.0 ml) at 0 °C. The tempcrature was maintained

for 10 minutes before the mixture was allowed to warm to room temperature and

stirred for a further 20 minutes. ' The mixture was extracted exhaustively with

diethyl ether, and the combined ethereal solutions were dried over anhydrous

magnesium sulphate and activated charcoal. - The product was isolated from the

solutlon by filtration, evaporatlon of the solvent and distillation of the product'

12 °C/ca 30 mmHg)

Yield = 13.8 g (46 %)

IH Nmr (CDCl3) 8 1.32 (3H, 1), 3.15 (H,9). 3941 (2H m),4.40 2H, q),
L 4.8-5.2 (1H, m)

Ir (KBr) Vmaxcm-1 3400, 2990, 1750, 1640, 1230

Ms mfz= 136 (M%), 121, 106, 91,77, 61 (100%), 43

Ethyl 2-ﬂubro-3-p;toluenesulphonylpropanoate (77)

Compound 76 (7.4 g, 0.054 mol) was dissolved in pyridine (55.0 ml) and the
solution was cooled to - 10 °C. p-Toluenesulphonyl chloride (14.6 g, 0.077 mol)
was added to the st1rred solution over 45 minutes. The solution was then kept at

-10 °C fora further 60 rrunutes and was left overnlght at below 0 °C. The mixture

132



was then added to a stirred solution of concentrated sulphuric acid (15 ml) gnd
wdter (150 ml) at a temperature of -8 °C. The product was then washed with
ether, and the ethereal solution dried over anhydrous magnesium sulphate and
.charcoal. The product was 1solated by filtration and evaporation of the solvent.
Yield =15.84 g (39 %)
IH Nmr (CDCl3) 8  0.89 (3H, t), 2.46 (3H, 5), 3.74 (24, @),
4.04 (2H d), 4 82-5.23 (lH m), 7.36 (2H, d),
7.81 2H, d) R
Ir (KBr) Vimaxcm-1 2990, 1750, 1640, 1610, 1230, 860
Ms m/z= 290 (M), 185, 169, 105, 91(100%), 77, 43

Ethyl a-fluoroacrylate (78)89

Compound 77 (9.72 g, 0. 035 mol) was m1xcd dry with potassium phthahmlde |

(19.7 g, 0. 105 mol) and placed in ‘a flat-bottomed reaction vessel. The mixture

was rapidly heatcd to 100 °C and then more slowly heated to 120 °C in vacuo (ca.

10 mm Hg) whereupon the product was d1stllled out of the mixture and collected

in a dry-ice trap. The ﬂuoroacrylate ester was 1rnmed1atcly stablhzed Wlth afew

crystals of quinol, and the next stage in the reaction scheme was carried out
' immediately

Yield=3.2 g (86 %)

Sodium fluoroacrylate (79)

2N Aqueous sodium hydroxide was added dropwise to compound 78 (3.1 g, 0.027
mol) dissolyed in ethanol (50‘ml)' until the ester was hydrolyzed quantitatively
‘and the resultant solution gave a positive reaction with phenolphthalein. The
sodium salt was then isolated by evaporationl of the solvent.

Yield = 3.0 g (100 %)

IH Nmr (CDCl3) 8+ 5.18 (0.5H, d), 5.23 (0.5H, d), 5.36 (0.5H, d),

| 5.53 (0.5H, d). |
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Methyl 4-(11- bromoundecyloxy)benzoate (8 1)

11 Bromoundecan-1ol (25.1g,0.1 mol), methyl 4- hydroxybcnzoate (80) (15.2 g,
0.1 mol) and DEAD (14.0 g, 0.1 mol) were dissolved in dry tetrahydrofuran (500
. ml). Tn'phenylphosphine (32;8 g, 0.11 mol) was dissolved in tetrahydrofuran

(100 ml) and added dropwise to the stirred solution. The reaction nﬁxture was

stirred at room temperature until complete as shown by tle. The solvent was
removed by evaporation under redoced pressure and the pure product obtéined by
columnﬂchromatography using dichloromethane / petroleum ether (bp 40 - 60 °C)
1:1 as eluent followed by recrystallisation.
Yield =25.2 g (65 %)
mp =51-52°C | | _
IH Nmr (CDCl3) 8 1.24-1.54 (14H, m), 1.73-1.91 (4H, m),

3.41 (2H, t), 3.88 (éH, s), 4.0 (2H, 1),

6.90 (2H, d), 7.98 (ZH, d)
Ir (KBr) vm;,; cm-l . 2930, 2920, 2850, 1720, 1600, 1250, 1170, 860
Ms mfe= 386 (M), 262, 152 (100%), 121, 55, 41

41 l-Bronwundecyloxy)benzoic acid (82)

Compo‘u‘nc‘i‘ 81 (25.2 g, 0.065 mol) was dissolved in a mixture of sodium

hydroxide (6.5 g) in water (15 ml) and ethanol (150 ml). The solution was heated
 under reflux for 8 hours. The mixture was acidified by the addition of dilute HCl
followed by water. The resulting sohd was isolated by filtration and washed with
water. The product was punﬁed by recrystalhsatlon from acenc acid.

Yield = 24.2 g (100 %)

K873SA998N 107.7 Iso °C
1H Nmr (CDC13 +D6 DMSO) 61.24- 1 54 (14H m), 1.73-1.91 (4H, m),

3.40 (2H, t),40(2H 1), 6.90 2H,d),
| * " 7.98 (2H, d), acidic proton not detected
Ir (KBr) Vnaxcm-l 3400, 2960, 2880, 1680, 1600, 1250, 850
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Ms  miz=  372(M%),336,289, 138, 121,55 (100%)
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(R)-(-)-4-Bromo-2-fluoro-(1-methylheptyoxy)benzene (84)
This compound was prepared using a similar method to that employed in the
synthesis of compound 19 using the following charge; |
. compound 83, 12.1 g (0.06 mol),
(S)-(+)-octan-2-o0l 8.2 g (0.06 mol), -
diethyl azodicarboxylate, 13.7 g (0.06mol),
triphenylphosphine, 18.2 g (0.0684 mol), . .~ .1
THF 250 ml. -
The pure ' product’ was obtained” by column chromatography using
dichloromethane / petroleum ether (bp 40 - 60 °C) 1:1 as eluent to yield the
product as a colourless liquid. " ”
Yield = 16.3 g (84.6 %) | |
IH Nr (CDCl) 8 0.81 (3H, 1), 1.35-1.50 (8H, m), 1.81 (4H, m ), 4.32 1L, 1),
S 685(H,0, 710730 @Hm)
i Ir (KBr) Vimax cm-1 . 2920, 2850, 1490, 1260, 850 -
~Ms imfz= C 304 (M), 190 (100%), 111, 83,71, 55

Specific Rotation : ' ' [o]p = -24.2 °

H ‘4;Brbrrlo—2;fllioro-1 -oc‘tyloxybenzenve‘ (85) o

This compound was prepared using a similar method to that employed in the
- synthesis of compound 19 using the following charge;

compound 83, 17.5 g (0.1 mol),

“octan-1-ol 13.0 g (0.1 mol),” "

diethyl azodicarboxylate, 21.8 g (0.1mol),

: triphenylph'osphine, 36.0 g (0.11 mol),

THE 450 mul. | N

The puﬂ‘rﬂé product Was obtained by column chromatography using
dichlorqmethane /" petroleum ether (bp 40 - 60 °C) 1:1 as eluent to yield the

- product as a colourless liquid.
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Yield = 19.5 g (64.61 %) “
IH Nror (CDCl3) & 0.85 (3H, 1), 1.32-1.55 (8H, m), 1.82 (4H, m),
| 4.0 (2H, t,), 6.85 (1H, 1), 7.11-7.30 (2H, d)
It (KBr) vgeeom-l 2920, 2850, 1490, 1270, 860
Ms  miz= 304 (M%), 190 (100%), 138, 111,71, 55

(R)-3-Fluoro -4-(1- methylheptyl)phenylboromc acid (86)

Compound 84 (6.0 g, 0.02 mol) was dissolved i in tetrahydrofuran (300 ml) and
cooled to below -70 °C under a nitrogen atmosphere. - 10M Butyllithium (2.2 ml,
0.022 mol) was added dropwise through a syringc maintaining the temperature at
-70 °C.  The reaction was followed by gc to‘qnsure complete reaction of
compound 84. On completion, trimethyl borate (60 ml) was added and the
reaction stirred overnight. - Addition of dilute hydrochloric acid was followed by
\x;ashing with ethef (3 x 200ml).  The combined ethereal solution was dried over
anhydrous .magnesium sulphate. The product was isolated by filtration and
cvaporétion and used without further purification.

Crude yield = 7.9 g (100 %)

3-Fluoro-4-octyloxyphenylboronic acid (87)

" This compound was prepared using a similar method o that employed in the
synthesis of 'compou‘nd 86 using the follbwing charge; ~,

| compound 85, 12.1 g (0.02 mol),

10 m butylhthlum 22 ml (0. 022mol)

tnmethyl borate, 6.0 ml

dil. HC], 200 ml,

THF 300 ml. |

The product was not punﬁed further.

Crude yield = 8.1 g (100 %)



1-Bromo-4-(tetrahydropyran-2-yloxy)benzene (89)
‘To a solution of 4-bromophenol (88) (10.0 g, 0.058 mol) in dichloromethane (50
ml) at 0 °.C, 3,4-dihydro-2H-pyran (6.1 g, 0.073 mdl) was added dropwise err a

. period of 10 minutes. ~ The reaction was monitored by tlc until complete,

whereupon the solution was quenched with sodium bicarbonate and the solvent
evaporated under reduced pressure. The resulting Nslurry was dissolved in ethyl
acetate and filtered through a 9 cm silica column. The solvent was removed under
reduced pressure and the resulting liquid rapidly crystallised by cooling with
liquid nitrogen. The solid was recrystallised from hexane.” ‘
Yield = 12.8 g (87 %); mp = 55°C :
1H Nmr (CI?C13) 8  1.51-2.13 (6H, m), 3.55 (2H, rp); 3.92 (1H,1),

16.85 (2H, d), 7;44 (2H, d)
Ir (KBr) Vpax cm-l 2940, 2880, 1580, 1470, 1240, 820
Ms miz= 256 (M%), 171, 85 (100%), 64, 56

(R)-3-Fluoro-4-(1- methylheptyloxy) -4'- (tetrahydropyran—2-
yloxy)blphenyl (90) - :

oM Sod1um carbonate (60 ml) and tetrak1s(trlphenylphosphme)palladlum(O)
‘(O 35 g, 1 8 mmol) were added sequcntlally to a solution of compound 89 (6408,

0.025 mol) and compound 86 (7.90 g, 0.027 mol) in 1,2-d1methoxyethane (150
ml) with stirring under a nitrogen atmosphere.‘r The rhixture was heated under

reflux until complete by gc.' The mixture was washed with diethyl ether (3 x 125

ml) and the washings then washed with water and dried over anhydrous

magnesium sulphate, before the solvent was removed under reduced pressure.

Crude yield = 9.5 g (100 %)

3-Fluorb?4—octyloxy-4'-(tetrahydropyran-Z-yloxy)biphenyl (91)
This compound was prepared using a similar method to that employed in the

synthesis of compound 90 using the following charge;
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compound 89, 6.4 g (0.025 mol)
compound 87, 8 1 g (0. 027 mol)
tctrakls(tnphcnylphosphme)palladlum(O) 0.35g(1.8 mmol)

. 2M sodlum carbonate(aq) 60 ml,

1, 2 dnnethoxyethane 150 ml.
The product was used w1thout further punﬁcatlon §

Crude yield =9.5 g (100 %)

(R)-()-3-Fluoro-4'-hydroxy-4-(1-methylheptyloxylbiphenyl (92)
Compound 90 (9.54 g, 0.025 mol) and p-toluenesulphonic acid (4.95 g, 0.0275
mol) were dissolved ‘in dichloromethanc and snrred at room temperature. The
reaction was followed by tlc until no further redction was observed and the
solvent was then removed by cvaporation under reduced pressure. The mixtureﬂ
Qas purified by column chromatography using dichloromethane us eluent to yield
the pure pfoduct as a liquid. - |
Yield = 5.5 g (70 %)
?H Nmr (CDCl3) 8 0.90 (3H, t), 1.3-1.6 (9H, m),1.75 (4H, m),
. 4.4-4.5 (1H, m), 5.4 (1H, 5), 6.9-7.0 (1, m),

| 7.22-7.32 (4H, m), 7.55 (2H, d),
| - Ir (KBf) Vimax cm-1 3410, 2920, 2860, 1610, 1480, 1210, 860
Ms m/z= 316 (M), 204 (100%), 175, 146, 127, 55

Specific Rotation:  [a]p=-7.9°

3-Fluoro-4'-hydroxy;4-octoxybiphenyl (93)

This compound wac prepared using a similar method to that employed in the
Synthcsis of compound 92 using the following charge; | |

compougd 91, 95¢g (0.025 mol), |

p- tolucnesulphomc acid, 4.9 g (0.0275 mol)

‘ dlchloromethane, 100 ml
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The pure product obtained by column chromatography "using dichloromethane as .

elucrit followed by recrystallisation.

Yield=5.1g (64.89 %); -

 K1282S513281°C | |

'H Nmr (CDCI3)3 0.8 (38, 9, 1.28-1.61 (8H, m),1.75 (4H, m), 40 2H, 1),
5.44 (1H, 5), 6.9-7.0 (1H, m), 7.22-7.31 (4H, m),
7.5 (2H, d),

I (KBr) Vmaxcm™l 3410, 2020, 2860 1610, 1490, 1210, 850

Ms m/z= 316 (M%), 204 (100%), 175, 146, 127, 55
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) Schemé 17

 Bi(CHy)1 10

1 7(a)

o O on

94 95

1 0 ' . - F

S e, 94 96; R_(R) -1- methylheptyl 96, 97,
93 95,97 ;R = octyl ey P

Reagents: ~ 17a) .. DCC, DMAP, dichloromethane
i o 17b) ... sodium ﬂu'orOacryIate‘(79),' HMPA L



(R)-(-)-3'-Fluoro-4-(1-methylheptyloxylbiphenyl-4-yl 4-(11- .'
bromoundecyloxy)benzoate (94)

This compound was prepared using a similar method to that employed in the

. synthesis of compound 27 using the following charge;

compound 82, 4.9 g (0.013 mol),

compound 92, 3.9 g (0.013 mol),

d1¢yclohexycarbod1mude 2 7¢ (O 013 mol)

DMAP,0.1g, ' =

dichloromethane, 100 ml. -

The pure product was' obtained 'by ‘column chromatography using
dichloromethane / petroleum ether (bp 40 - 60“°>C) 1:1 as eluent followed by
recrystallisation. - i

Yleld 2.7g (30 %)

K 64.6 Sc* 141 7 N* 144. 6Iso°C"
H Nmr (CDC13)5 -10.84-0.92 (3H, m), 1.25-1.55 (25H, m), 1.84 (6H, m ),

340 (2H, 1), 4.06 (2H, 1), 4.40 (1H, m),
' 6.98-7.06 (4H, m), 7.21-7.33 (3H, m), 7.55 (2H, d),
e 8.14 (2H, ).

Ir (KBr) Vmax cm-l 2920, 2840, 1740, 1600 1500, 1290, 840
Ms mfz= 670 (M*), 355, 273, 203, 121(100%), 55
Specific Rotation : [o)p=-34° | "
‘3'—Fluoro—4'-octyloxybiphenyl-4-yl 4-(11-bromoundecyloxy)-
benzoate (95)
This compound was prepared using a siriﬁlar method to that employed in the
synthcsm of compound 27 using the followmg charge;
compound 82 4.9 g (0.013 mol),
compound 93, 3.9 g (0.013 mol), '
dicyclohexycarbodiimide, 2.7 g (0.013 mol),
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- DMAP, 0.1 g,
dichloromethane, 100 ml.
The puré product was obtained by column chromatography using
. dichloromethane / petroleum ether (bp 40 - 60 °C) 1:1 as eluent followed"by ,
recrystallisation. ‘
Yield = 1. 8g(20 %) i
K6825c1269N1353Iso°C ,
1H Nmr (CDCl3) 5 0.84—0794 (3H, m), 1.18-1.56 (24H, m), 1.82 (6H, m)
. 342 (2H, 1), 4.06 (4H, dd), 6.96-7.04 (4H, m), .

I 722732 GH, m), 7.55 CH, ), 8.16 @H, d).
Ir (KB1) Vmax cm‘v1 - 2920, 2840, 1750, 1600, 1500, 1290, 860
Ms m/z =l b 670 (M'f’), 355, 273, 203, 121‘”(‘1‘0’0%), 55

R)-()-11 {4-{3fluoro-4(1 -methylheptyloxy)biphenyl—@
yloxycarbony]phenyloxy}undecyl 2-fluoroacrylate (96) ,.
Sodium fluoracrylate (79) (0.44 g, O 004 mol) and compound 94 (2 70 g, 0.004
mol) were dissolved in hexamethylphosphoramide (HMPA) (25 mi) and stirred at
| -‘5»5-‘roorﬁ”t"e'i‘nperature‘until the reaction was complete by tlc. - Addition of water
afforded the‘crude‘product Which was isolated by filtration and washed with
copious amounts of water. The pure product w‘és” isolated by column
| chromatbgraphy LiSing diéhlorqmethahé / pctfolcum ether (bp 40 - ‘60 °C) 1:1 as
eluent. | '
Yield=133g(51%) |
K 516Sc* 58254 1049150 °C
1H Nmr (CDCl3) 8 0.84-0.92 (3H, m), 1.28-1.57 (23H, m), 1.84 (6H, m),

3.22 (2H, 1), 4.05 (ZH, t), 440 (1H, m),

5.28-5.76 (2H, dd), 6.95-7.15 (4H, m),

7.22-7.32 (3H, m), 7.57 (2H, d), 8.15 (2H, d).
Ir (KBr) Vmax cml 2910, 2850, 1760, 1750, 1650, 1610, 1170, 840
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Ms  mjz= ' 662 (M*),412, 355 (100%), 203, 121,69

Specific Rotation:  [a]p=-4.4°

. 11-{4-[3"-Fluoro-4"-octyloxybiphenyl-4- |
yloxycarbonyl]phenyloxyjundecyl Zﬂuoroacrylafe (97)
‘ Th1s compound was prepared using a similar method to that employed in the s
| synthe51s of compound 27 using the followmg charge, e
compound 95,1.82 g (0.002mol), -
‘ compound 79,0.22 g (O 002 mol)

'HMPA 15ml

. The’ pure product was obtamed by column chromatography us1ng

dlChloromethane / petroleum ether (bp 40 60 °C) 1:1 aseluent.”

' Yleld =113g (83 %)

K648$c79lsA 1096Iso°C

H Nmr (CDC13)5 086—0 93 (3H m), 1.18- 157 (24H ), 184 (6H, m),’ i
| o 322 (2H t) 4.05 (2H, @), 440 (1H m) e
5.28-5.75 (2H, dd), 6.95- 7.06 @H, m),
s 722-732 (K, m),756(2H 4,815 QH,d)
KBy Vmaxcml 2910, 2850, 1760, 1750, 1650 1610, 1170, 840

M mi= 662V, 412,355 (100%), 203, 121,69



3.3 PREPARATION OF LIQUID CRYSTAL POLYMERS - :

Liquid Crystal Polymers were prepared from the monomer materials via one of the

~ two following methods.

_ Method 1

‘ Thermally initiated radical polymensanons were carned out using 5 mol % of 2,2'-

azo-bis- 1sobutyron1tnle (AIBN) as the i 1n1t1at1ng specres in dry dichloroethane (4 ml
per 500 mg of monomer) in a sealed glass tube under a n1trogen atmosphere for 48
hours at 65 °C. The polymer was obta1ned by prec1p1tat10n 1nduced by the addmon

of cold methanol to the cold reaction mixture. Punﬁcanon of the polymer was

carr1ed out by d1ssolv1ng the crude polymer in the m1n1mum volume of

d1chloromethane followed by pre01p1tatlon into ice cold methanol (25 ml) This

process was then repeated untll no further monomer was detected by tle. The :

polymer was dlssolved in the minimum volume of dlchloromethane and the solution

flltered through a 0.5 um rnembrane ﬁlter and dried in a vacuum at room

temperature.

Method 2

| UV 1n1t1ated radrcal polymensauons were camed out usmg 5 mol % Irgacure 184 as
the 1n1t1at1ng specres The monomenc materlal and 1n1t1ator were dissolved in the
. minimum volume of dlchloromethane and poured dropw1se onto cold glass plates.
'The solvent was allowed to evaporate atroom temperature before the resultmg solid

was dned in an oven at 40 °C. The plates were then sandwiched together and

polymerised in bulk for 8 hours at 80 °C under a Philips Type HB 171 / A ~

ultraviolet lamp Pur1f1cauon of the polymers was carried out as descrrbed in

Method 1
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Table 3 1 contains a summary of the monomers prepared and the polymerlsanon
procedure followed in the producuon of the correspondmg polymer None of the
polymers reported were polymerised by both methods.

.. subdivided according to the changes in molecular structure which have been

The polymers are

examined.
Mononil‘er' Polymef Polymérfsétion |
| B - | ) Procedure
31 P31 Thermal (Method 1)
32 P32 Thermal
33 o P33 | Thexmal‘
34 P34 ' Thermal
39 P39 Thermal
40 P40 Thermal
55 P55 UV (Method 2)
56 P56 UV
57 P57 uv
66 P66 uv
67 P67 uv
68 P68 Uv
72 P72 UV
73 P73 190%
96 P96 Thermal
97 P97 Thermal

Table 3.1 - Method Employed in the Preparation of Side
Chain Liquid Crystal Polymers

The molecular weights of the polymers were determined by Gel Permeation

Chromatography (GPC) [see section 3.1.1(d)] with a refractive index detector
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(G1lson Model 131). Tetrahydrofuran was used as the solvent at a ﬂow rate of l ml

rmn'I

- The number average molecular werght (Mn) and welght average molecular welght

k (Mw) were determmed relatlve to polystyrene standards, Mn and Mw are

| defmed in sectron 1. 8 3 The polyd15pers1ty (y) and number average degree of "

polymensauon (Xn) of the polymer sample were also calculated polydlspersrty o

8 and number average degree of polymensanon are defmed in sect1ons 1 8 3 and- ;f‘ .

¥

1 8 4 respectrvely

k‘ ' The results obtalned from the Gel Permeatron Chromatography of the polymers

deﬁned in Table 3 1 are shown 1n Table 3 2



POLYMER

(Mn)

(Mw)

()

P31

P32

P33
P34

3900
4050
4240
4640

4750
4940
4860
5430

122
122
1.15

117

P39
P40

9640

7130

10980
8280

114
1.16

P55
P56
P57

5060
6360
6580

9650
7210
7490

1.90
113
1.14

P66
P67
P68

6650
17230
16990

8900

9840
8280

134
136
119

P72

4730

6370
7110

o155

1.50

P73
P96

P97

- 14800
10100 . |

21600

12400 -

. 1.46
123

19

e Table 3.2“'-"GPC Results for Side Chain Liquid Crystal Polymers
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RESULTS AND DISCUSSION

......

4.1 | THE EFFECT OF THE POSITION OF LATERAL FLUORO
SUBSTITUTION ON THE LIQUID CRYSTAL PROPERTIES - -
" OF SOME SIDE CHAIN LIQUID CRYSTAL ACRYLATES =~

4.1.1 Introduction

‘,The monomeric ‘compounds 31 - 34 [Figure 4. 1(a)] and‘théir corfeépondihg '
polymefs P31 - P34 [Figurc 4.1(b)] were preparedﬁ in order to investigate the
influence of fluoro substitution on the generation of smectic phases which have

alternating tilt direction in adj acent layers.

Kw @ ¢

o 31-34

T

e w @ 3
~ P31 P34

n i

31,P31;Y', Y2 = H, R = (A)-1-methylheptyl
32,P32:Y' =H, Y2=F, R= (A)-1-methylheptyl
33,P33;Y' =F,Y?=H, R= (R)-1-methylheptyl
34,P34; Y, Y2 =H, R=t-propylbutyl

-‘ ... Figure 4.1 - Liquid Crystal Monomers and Polymers Prepared to
) i Study the Effects of Fluoro Substitution
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4.1.2 . Transition Temperatures and Phase Behaviour of Monomerlc s ;
Matenals as Determmed by Optlcal Mlcroscopy . ' e

The phase sequences and the transmon temperatures for thc monomer1c

” compounds 31 34 are hsted in Table 4 1 The results are presented as a bar

graph in Flgure 4 2
Cmpd | Iso- [ So- [ So- ] Sc<-[Scy-] Sc+ | mp ’Recrysti
| Sa] Sc* | Scan | Scy* | Sca* | Sca* ' AT s o8
31 94.74{," 65 7 | 503 ,_49.8?‘ e ‘28.4" 209
32 "90215 7'586 424 ; a8 |- |est| 56”.2 c 7
33 787] ;332 286 | 75t | -194
34 | 760 | o L ao | o | S| . |34l 237

+Obta1ned by Drfferenual Scanmng Calonmetry

Table 4 1 Transmon Temperatures (°C) for Compounds 31 -34 ,

| ’The 1nsert10n of a lateral ﬂuoro substrtuent mto a hquld crystal moleculc can have
 a dramatic effect upon the 11qu1d crystal propertles of the molecule 82 ThlS can be :
o seen from the results in Table 4 1 by examlmng the effect ﬂuoro substxtutlon has |
on the 1sotroplzatron tempcrature of the mesogens Fluoro substrtutlon reduces ’
- the clearmg pomt of the molecule srgmfrcantly showing that the’ hquld
| f ‘ ‘crystallmrty of the molecule has been dummshed ThlS is seen to occur to the
‘Or'eatest extent when the ﬂuoro subsutuent is ’facmg ‘inwards' (e.g. compound 33,
at the 2- pos1t1on) Wthh leads to the clearing point decreasing to 78.7 °C. The Sy
- Sc*wtransmon temperature is also affected by the insertion of a fluoro subst1tuent
| ‘:d‘n‘d once agam the 2-fluoro substrtuent has the greatest effect. The most
noticeable e'ffect on phase behaviour is seen, however, at temperatures below the &
| Sc* phase Wlth the ﬂuoro substrtuent facmg outwards (i.e., at the 3-position,

bcompound 32) both the ferroelectric-to- ferrtelectrlc (Sc * - Sc y*) and the

femelectnc to- ant1ferroelectnc (Scy* Sca*) transition temperatures are lowered.



However, when the fluoro substituent is in the 2-position (compound 33) the

ferrielectric phase is eliminated from the phase sequence and instead a

ferroelectric-to-antiferroelectric (Sc* - Sca*) transition is observed at 28.6 °C.

The melting points of all the molecules studied are also decreased by the insertion

of a lateral fluoro substituent.

100
90
80
70
60
50

40

s

30
20

10

31

Isotropic

Liquid
[1T Crystal
H SCA /Al
B sQ
Hi Sc*
m SA

32 33 34
Compound

Figure 4.2 - Transition Temperatures (°C) and Phase Sequences for

Compounds 31 - 34, as determined by Optical Microscopy

Photomicrographs of the textures shown by the Sa, Sc*, Scy*, and Sca* phases

of compound 31 are given in Figure 4.3.
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(c) Scy*
(50.0 °C)

Figure 4.3 - Photomicrographs of the Textures obtained for the
Phases Exhibited by Compound 31
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When the optically active 1-methylheptyl end group of the monomeric molecule
31 is replaced with an achiral 1-propylbutyl group (which is known to be capable
of generating an alternating phase in low molar mass materials90) to give
compound 34, again the isotropization temperature of the molecule is decreased.
However, on reducing the temperature below the Sa phase, unlike the optically
active analogue 31, no ferroelectric or ferrielectric phases are observed and
instead the molecule adopts a phase with an alternating structure at 41.9 °C. The
textures exhibited by the Sa and Scau phases of compound 34 can be seen in

Figure 4.4.

(@ SA
(66.3 °C)

(b) ScAtt
(40.6 °C)

Figure 4.4 - Photomicrographs of the Textures obtained for the Phases
Exhibited by Compound 34



4.1.3 Transition Temperatures and Phase Behaviour of the Monomeric
Materials as Determined by'lj)vifferent)ial Scanning Calorimetry .

Compounds 31 - 34 were examined by Differential Scanning Calorimetry (DSC)

using the apparatus outlined in section 3.1.2(b). All DSC measurements were

performed at a rate of 10 °C min-! unless otherwise stated.

At the temperatures determined by optical microscopy for the ferroelectric-to-
ferrielectric (Sc.* - Scy*) and the ferrielectric-to-antiferroelectric (Scy* - Sca™®)
transitions for compounds 31 and 32, peaks were not observed by DSC

measurements. The liquid crystal transitions, and their associated enthalpies for

compounds 31 - 34 are listed in Table 4.2. The DSC cooling thermograms for

compounds 31 and 32 are shown in Figure 4.6.
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Compound Transition

. Temperature

Enthalpy

o

31 Iso - S
| ' Sa-Sc*

Sc* - Scy*

SCy* - SCA* '

mp

93.6

- 66.6
1
g
299

412
044
2l
g

"

_s3.52 i

32 Is0-Sa
Sa-Sc*

Scy* - Sca*

mp

88.7
+60.1

148

a0

03 |

49.76

33 Iso - Sa

. SA-Sc* .

763
. 316

15

o SctiSear. . ozm2

199

o042

011 i ey

- 32.61

g 4 IsbjSA :

SA-Scan

'mp

49
39.9

798

191

070
63.11

(i f no peak observed using DSC.

Table 42. Transmon Temperatures (°C) and Enthalples (kJ mol'l) for
Compounds 31 34 observed by DSC .
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9.5-
9.0 1

8.54

8.0

Heat Flow (mW) =

7.5

7.0

6.5 1

A [o4 ’ » A

0.0 25.0 50.0 S 7.0 1000
: Temperature {*C) ' :
‘Figure 4.6-DSC Cooling Thermograms for Compounds 31 and 32
-~ The fcrroclecn'ic-to-antifcrroelecuié (Sc* - Sc A*) transition for compound 33 was
dctected by DSC measurements and th1s transmon can be seen m the DSC cooling
: thermogram shown in Flgure 4 7. The transmon tempcrature and the value

mcasurcd for the c;nthalpy of transmon are shown in Table 4 2 >

LRI

" Heat Flow (mK) .

! )] | ! 1 ]
o280 0.0 25.0 . 80.0 : 75.0 100.0

‘- Temperature (*C)

Figure 4.7 -DSC Cooling Thermogram for Compound 33
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The S - Scay transition for compound 34 could also be detected by DSC -
measurements. The transition temperature and enthalpy of transition as observed

by DSC are shown in Table 4.2. The DSC cooling thermogram is shown in

Figure 4.8. -

I
8.0~
34
z
= A
. 7.5 ,
[~
T
-~
g 7.0- } .
S, - SCAH Iso - SA
5.51
I . | ! 1 | . |
-25.0 0.0 25.0 50.0 - 75.0 100.0

.. Tempersturs (°C)

L ’Figufe 4.8 - DSC Cooling Thermogram for Compound 34

It cah be seen ffoni the DSC measurements that peziks obééfved for compound 31
‘at 29.9 c"C, 66.6°C and 93.6 °C éorfespond to transitions observed during 6ptica1
micrbvsvc;opy, thus confirming the phaseAb‘e‘haviour outlined in Table 4.1. If thé
- DSC thermogram for compound 32 (Figure 4.6) is examined then peaks at 88.7
°C and 60.1 °C  agree with the phase sequence listed in'Table 4.1 for this
| compound. Peaks observed on examination of the DSC thermograms for
éompoun‘d‘s' 33 4hd 34 ag‘ain‘ corfespohd to the phase behaviour observed by

“optical nﬁcroscopy, and outlined in Table 4.1, for these compounds.



4.1.4 Transition Temperatures and Phase Behaviour of Polymeric
Materials as Determined by Optical Microscopy

Textural studies were carried out using a sample of the side chain liquid crystal
poly(acrylate) sandwiched between a:"coverslip andv a microsccpe slide. Thc :
polymer samples‘ were annealed by heating to 20 °C aboﬁ/e thcﬁ i‘sotropization
temperature and tilc sample was cooled‘ 'sylowly, at.0.2 °C min-! until a fev; degfees
into the liquid crystalline state and then left for 12 hours to allow a texture to

develop.

Table 4.3 gives the transition temperatures obtained from optical microscopy and
the number average molecular weight, the weight‘ averagc molecular weight, the
number average degree of polymerisation, and the polydispersity of the polymers

P31 - P34. The results obtained from optical microscopy are displayed as a bar

graph in Figure 4.9.

Polymer Iso-Sa Sa-Sca*/ar  mpt _,7_!-" Mw  Xn Y
P31 996 849 424 3900 4750 6 . 1.22
P32 1134 847 . 666 4050 4940 6 . 122
P33 966 506 477 4240 4860 6 115
P34 111.6 786 559 4640 5430 7 117
§ObiainedbyDSC | | |

Table 4.3 - Transition Temperatures (°C) Determined by Optical Microscopy and

GPC data for Compounds P31 - P34
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120
110

100
o 13 Orystal

80 H
20 Sca*

50

40 m SA
30

20
10

P3t P32 P33 P34

Compound

Figure 4.9 - Transition Temperatures (°C) for Compounds P31 - P34 as
Determined by Optical Microscopy

Figure 4.9 shows the effect that insertion of a lateral fluoro substituent has on the
incidence of an antiferroelectric phase in a liquid crystal poly(acrylate). In
general, insertion of a fluoro substituent reduces the temperature range over which
the antiferroelectric phase occurs and this is most noticeable when the substituent
is in the 2-position (i.e. inner facing, polymer P33); the antiferroelectric phase
then occurs only over a few degrees range. When the chiral 1-methylheptyl end
group is replaced with the achiral 1-propylbutyl group the alternating structure of
the antiferroelectric smectic C* phase is retained and an alternating smectic phase

is obtained.

Each of the polymers P31 - P34 show a phase sequence of Iso <> Sa <> Sca™* or
ScAt- Photomicrographs for polymer P31 are shown in Figure 4.10. Figure
4.10(a) shows the focal conic texture of the homogeneously aligned Sa phase.
The dark region is due to homeotropic alignment. At 84.9 °C a phase transition

occurs when the fans, characteristic of the focal conic texture of the Sa phase,
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appear to break. The homeotropic areas also develop what appears to be small

regions of schlieren texture [Figure 4.10(b)].

(@ SA
(87.2 °C)

(b)SCA*

(53.8 °C)

Figure 4.10 - Photomicrographs of the Textures obtained for the
Phases exhibited by Compound P31
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Figure 4.11 shows the textures obtained during optical microscopy of polymer
P34. The focal conic fan texture of the homogeneously aligned smectic A phase

can again be seen. At 78 6 °C however, a four- and two-brush schlieren texture,

-“characteristic of an altematmg phase, is observed in the previously homeotropic

arcas.

The phase sequences observed by optical microscopy on the monomers (31 - 33)

and polymers‘(P31 - P3;3) give results which show that the insertion of a lateral -

fluoro substituent has a marked effect on the 11qu1d crystal propertres of these

materials. This is con31stent with prevrous work reported 3

The existance of an antiferroelectric like phase in a non-chiral ‘swallow-tailed' low
molar mass material is consistent with the work reported by Nishiyama and
~ Goodby,?? however the existance of this phenomenon in a non-chiral 'swallow-

tailed' polymeric material has not previously been reported.
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(@ SA

(b) ScAit

(62.3

Figure 4.11 - Photomicrographs of the Textures Obtained for the
Phases exhibited by Polymer P34
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4.1.5 Transition Temperatures and Phase Behaviour of Polymeric
Materials as Determined by Differential Scanning Calorimetry

r

Polymers P31 - P34 were exammed by DSC. The transition temperatures

obtamed and the enthalpies associated w1th these transitions are glven in Table 4.4

Compound ~ Transition Temperature Enthalpy
P31 Iso-Sa 1()3.2 " 459
"SA-Sca* 80 026
mp 424 6.40
P2 Io-S4 1134 80l
© Sa-Sea* 857 034
mp | 66.6 5.29
P33  Iso-Sa 96.6 | 12.27
| s',A-VsCA*,‘_ 532 05T
Cmp 417 1559
| P34  Iso-Sa S 1133 8.01
|  SasSem 785 060
mp 559 | 1592

Table 4 4 - Transition Temperatures (°C) and Enthalpxes J g'l) for
Polymers P31 - P34 Determined by DSC o

. The DSC thermograms for polymers P31 and P34 are shown in Figure 4.12.
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Heat Flaw (mW) -

Tezperature (°C) . °

Figure 4.12- DSC Thermograms for Polymers P31 and P34
4.1.6 Miscibility Studies

In order to ascertain whether the antiferroelectric phases found in polymers P31 -
P34 were of the same classification as those reported for low molar mass liquid
crystals, a miscibility tést‘was carried out with the polymer and a standard low
 molar mass material. Such miscibility stu’dies‘have beén previousiy repbrted for,
mixtures of side chain liquid crystal polymers and low molar mass materials.82.
The standard material used was (R)-[4-(1-methylheptyl)oxycarbonyl]phenyl 4'-
(11-undecyloxy)bipﬁeny1-4-carboxylate (MHP11BC) and the structure and

transitions for this compound are shown in Figure 4.13.
‘ B ‘ ?H A

C11H230 | -0

Iso 147.9 Sp 120.2 Sc* 103.3 Scy* 102.5 Sca* 57.13K

o MHP11BC
Figure 4.13 - Structure and Transition Temperatures (°C) of (R)-[4-(1-
methylheptyl)oxycarbonyl]phenyl 4'-(11-undecyloxy)
biphenyi-4-carboxylate



Figure 4.14 shows the phase diagram for mixtures of polymer P31 with the
standard material MHP11BC. The phase diagram shows continuous miscibility
across the full composition range for the Sca* and S4 phases of the polymer and
- the standard. The Sc* and Scy* phases of the standard compound however, were
found to disappear as the weight percentagé of the test polymer P31 increased to
above approximately 45 and 25 weight perceiit polymer respéctively, thus

indicating that polymer P31 does not exhibit either a Sc* or a Scy* phase.

1604 | Isotropic . . .
'~-'&- .@..-. . Liquid Iso +
1209 EE e o Sh
‘ Bl O
120 A--A Sc’ & Tvem /ﬁ.\_
U /h~A"s S ‘ N““-% \'\
° s ~a, [N
g 10 """B}I-'G:Ou B, A o I
‘ g o
5
=

- Crystal ..
0 1 I 1
0 25 . 50 75 100

Weight % Polymer P31

B ‘ CHa
‘ o- CH CGH13

o MHP11BC
CH2 O

S O- CH CeHia
) n

Figure 4.14 - Miscibility Phase Diagram for Polymer P31 and the
« " Standard Compound MHP11BC
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Figure 4.15 shows a phase diagram between the test polymer material P32 and the =~

standard MHP11BC. Again the Sc* and Scy* phases were found to disappear as

the weight percentage of the test material rose above approximately 15%.  The -

 Sca* and Sa phases again showed complete miscibility throughout the entire

composition range with the standard material.

160 Isotropic
- Liquid
140 @& %%‘A“.‘q ISO +
s jﬁwm SA
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. Figure 4.15 - Miscibility Phase Diagram for Polymer P32
and the Standard Compound MHP11BC



The binary miscibility diagram for polymer P33 and the standard MHP11BC can
be seen in Figure 4.16. The Sap and Sca* phases show complete miscibility
throughout the entire composition range, although the temperature range in which
the Sca* phase occurs diminishes when the composition of the mixture rises to
above approximately 80 % polymer." The -SC*‘ and Scy* phases disappear above
approximately 15 weight percent polymer showing that neither phase is present in

the polymer..
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‘ Figure 4.16- Miscibilify Phase Dia'g‘ram for Polymer P33 and
the Standard Compound MHP11BC
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Figure 4.17 shows the binary miscibility diagram for the standard material |

MHP11BC and the achiral polymer P34. The diagram shows that not only were
the S phase of the standard material and the Sp phase of the polymer completely

miscible, but that the alternating structure (obtained at lower temperatures for the

polymer P34) and the Sca* phase of the standard were also completely miscible.

The Sc* and Scy* phases of the standard material disappeared over approximately
35 and 15 weight percent polymer respectively, indicating that these were not

present in the polymer material alone.
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‘ Figure 4.17 - Miscibility Phase Diagram for Polymer P34 and
the Standard Compound MHP11BC
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An interesting effect can be seen when examining the miscibility diagrams for

polymers P31 - P34. The melting pointvto the Sca* phase of MHPllBC is
depressed on addmon of the side cham l1qu1d crystal polymer i.e., the addmon of
20 - 30 % of the appropnate polymer suppresses the melting pomt by
approximately 25 °C. Concurrently the normal ferroelectnc Sc* phase disappears
and a direct SA - Sc A* transition is lndnced' Therefore when practical
anuferroelectnc 11qu1d crystal m1xtures are made, antiferroelectric side chain
liquid crystal polymers could be a useful component to mclude for expandmg the

range of the Sca phase

4.1.7 Effect of Polymerisation on the Liquid‘Cr‘ystal Properties

It is already;know’n‘that when a liqnidycry‘stallinerﬂnat‘eri’alw which can be

polymerised, undergoes a polymerisation reaction then, in general, the liquid
~ crystal phase of this material is thermally stabilised.5® The transition temperatures
and phase sequences of compounds 31 - 34 (listed in Table 4.1) and those for the
corresponding polymers P31 - P34, (listed in Table 4.3) are displayed as a har
graph in Figure 4.18, and it can be seen that the isotropization temperatures and
melting points for the polymers P31 - P34 all increase with respect to the values

for the monomers.

’Closer examination of Figure 4.18 also shows another consequence of
polymerisation. Exam‘ining‘the phase sequence of compounds 31 - 34, and
comparing these to the phase sequences obtained for polymers P31 - P34 then it
can seen that in the polymeric materials the ferroelectric phases in compounds 31,
‘32 and 33 and the fernelectrlc phases observed in compounds 31 and 32 are
absent The phase sequence of the ach1ral monomer (34) remains unchanged

when the material is polymerised (P34) .
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Compound

Temperature/ °C

Figure 4.18 - Phase Behaviour of Compounds 31 - 34 and their
Corresponding Polymers P31 - P34
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4.2 THE EFFECT OF ALTERING THE FLEXIBLE SPACER
LENGTH ON THE LIQUID CRYSTAL PROPERTIES OF
SOME SIDE CHAIN LIQUID CRYSTAL ACRYLATES

4.2.1 Introduction

'fhé monomeric cbmpouhds 39 and 40 [Figure 4.19(a)], and the corrésponding

polymers P39 and P40 [Figure 4.19(b)], were prepared and their liquid crystalline

174

properties contrasted with the acrylic‘monomer‘s, 31 and 34, and polymers, P31

and P34, dcscﬁbed previously in section 4.1. This work was undertaken in order
to examine the effect of i 1ncreas1ng the ﬂex1ble spacer length of polymers by one

carbon atom on the liquid crystalhne properues

Rw O

/l\ ‘ 139,40
H-C
2 o‘
HC
O (CH2)120w
1 D ‘ : b)
P39, P40 L

39, P39 ; R = (R)-1-methylheptyl
40, P40 ; R = 1-propylbutyl

Figure 4. 19 - Liquid Crystal Monomers and Polymers with
Dodecyloxy Spacers ‘
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4.2.2 Transition Temperatures and Phase Behaviour of Monomeric
Materials by Optical Microscopy

The phase sequences and the transition temperatures of the monomeric materials
prepared, are listed in Table 4.5, with the results depicted as a bar graph in Figure
4.20. The transition temperatures and phase sequences for compounds 3 1 and 34

are repeated in Table 4.5.

Cmpd Iso - Sa - Sa- Sc*- Scyrm mp Recrysti
Sa Sc* SCAH  Scy*  SCA*
39 103.6 93.7 : 88.1 87.3 52.6 33.6
40 87.5 , 72.3 , , 57.6 25.5
31 94.7 65.7 - 50.3 49.8 28.4 20.9
34 76.9 : 41.9 : , 38.4 -23.7

i Obtained by Differential Scanning Calorimetry

Table 4.5 - Transition Temperatures (°C) for Compounds 39, 40, 31 and 34
Determined by Optical Microscopy

39 40

Compound

Figure 4.20 - Phase Behaviour for Compounds 39 & 40
Determined by Optical Microscopy
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As can be seen from Table 4.5 increasing the spacer length of the acrylate monomer
by one carbon unit has no effect on the phase sequence of the monomer. The
optically active l-methylheptyl monomeric compound 39 has a phase sequence of
Iso & Sp © Sc* <=> Scy* © Sca* <& Cryst (c.f. compound 31 which has an |
identical phase sequénce) and the achiral l-propylbutyl éompound 40 has a phase
sequence of Iso & S A 4:) SCAIg N Cryst (c.f.‘compound 34 which also has this
phase sequencé) . The mainbdifferenc‘e in fhe two sets of éompounds is that the
addition of a further carbon to the terminal chaiﬂ length has thermally stabilised the

liquid crystalline state.

Photomicrographs of the textures obtained from the optical micfoscopy of

compounds 39 and 40 can be seen in Figures 4.21 and 4.22 respectively.
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(@ SA
(96.6 °C)

Figure 4.21 - Photomicrographs obtained during Optical
Microscopy of Compound 39
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(@ SA
(79.3

(b) Scau
(40.1 °C)

Figure 4.22 - Photomicrographs obtained during Optical
Microscopy of Compound 40
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4.2.3 Transition Temperatures and Phase Behaviour of the
Monomeric Materials as Determined by Differential Scanning
+  Calorimetry

Cornpouhds 39 and 40 were examined by DSC, using the apparatus outlined in

Sectioﬁ 3.1.2(b).

At the femperaturers determined by optical microscopy for the ferroelectric to
ferrielectric (Sc* - Scy*) and ferrielectric to antiferroelectric (Scy* - Sca*)
transiﬁéns for compdund 39 no peaks coulq be observed by DSC. The is;otropic
liquid to SA and Sa - Sc* transitions were observed however, ahd the transition
temperatures, obtained from the cooling cyclé,v and cnthalpies associated with these

transitions are listed in Table 4.6. The melting points were obtained from the ,

heating cycle.
Compoimd Transition Temperature Enthalpy
"39 Iso-Sa 130 418
 sa-sScH 1001 0.29
Coreys 336 106
‘mp o 563 - 20.18

Table 4.6 - Transition Temperatures (°C) and Enthalpies (kJ mol-1)
for Compound 39 observed by DSC

.The DSC cooling thermogram for compéund 39 is shown in Figure 4.23



3.24
3.0 1
2.8 1
2.6 1

2.4

Heat Flow (mW)

2.21
2.0 1
£.8
1.6
1.4 1

1.2

Iso - S,

The DSC measurements on compound 40 showed both the isotropic-to-smectic A
and Sp - Scan transitions.
observed on the cooling cycle, along with the enthalpies associated with these

transitions are listed in Table 4.7. The melting point was obtained from the heating

. cycle.

1 i i T 1 1 ' i V
30.0 §0.0 70.0 - 30.0 140.0

Temperature {(°C)

Flgure 4.23 - Differential Scanning Calorimetry
Thermogram for Compound 39
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The temperatures at which these transitions were -



: Compoﬁnd ‘ Transition = Temperature Enthalpy -
40 Io-Sa 85.4 1.74
Sa - Scan T 0.16
 recryst . 255 2.26
mp 64.4 33.69

: Table 4.7 - Transition Temperatures (°C) and Enthalpies (kJ mol'l)
for Compound 40 observed by DSC

The DSC heating fheﬁnogram for compdund 40 is shown in Figure 4.24.

0.0 1
9.5 4
9.0 1

8.5 1

" Heat Flow (mW)

8.0 |
40

I [ ! i 1
§0.0 7.0 - 80.0 30.0 100.0  110.0

Temperature (*Cl

| Figure 4.24v-‘Differentiy1aI Scanning Calorimetry
Thermogram for Compound 40

It can be seen from the DSC thermograms for compounds 39 and 40 that peaks are
observed which correspond to the transitions observed by optical microscopy. This

data can be used as evidence to confirm the phase behaviour and transition

temperatures listed in Table 4.5 for compounds 39 and 40.
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4.2.4 Transition Temperatures and Phase Behaviour of Polymeric
Materials as Determined by Optical Microscopy

Textural studies were carried out on samples of the side chain liquid crystal

poly(acrylate). The samples were prepared using a similar method to that described

182

in section 4.1.4. The sample was then annealed for 12 - 18 hours to allow a texture

to develop.

The phase sequence and accompanying transition temperatures, obtained from

optical microscopy, the number average molecular weight, the weight average

molecular weight, the number average degree of polymerisation and the
polydispersity, obtained from gel permeation cﬁromatography (GPC), for the

poly(acrylate) comp'ounds P39, P40, P31 and P34 are listed in Table 4.8. The

results determined for the transition temperatures and phase behaviour for polymers

P39 and P40 are displayed as a bar graph in Figure 4.25.

Polymer [Iso - Sp |SaA -Sc#/c| mp | Mn | Mw | Xn | ¥
P39 | 1163 | 989 46.4 | 9640 |10980| 16 | 1.14
P40 | 1195 | 1003 | 486 | 7130 | 8280 | 12 | 1.16
P31 | 996 | .849 | 42439004750 | 6 | 1.22
P34 | 1116 | 786 | 559 |4sa0f5430] 7 | 1.17

Table 4.8 - Transition Temperatures (°C) and GPC Data
for Compounds P39, P40, P31 and P34
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Iﬂﬁm (-

25

P39 P40
Compound

Figure 4.25 - Phase Behaviour of Compounds P39 and P40
by Optical Microscopy

Both of the polymers P39 and P40 show the phase sequence Iso <= Sa <> Sc (or
Sc* when the material is chiral). Photomicrographs obtained for the smectic C
phases given by P39 and P40 can be seen in Figure 4.26. Both polymeric
materials show the focal conic fan texture of the homogeneously aligned Sa phase
with the dark region being due to homeotropic alignment. On cooling, however a
phase transition is observed when the focal conic fans appear to break and small

areas of schlieren texture appear to form in the homeotropic areas
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(a) P39
(78.3 °C)

Figure 4.26 - Photomicrographs obtained from Optical Microscopy
of Polymers P39 and P40



Comparison of the transition temperatures and phase sequences given in table 4.8
for polymers‘ ‘P39 and P40 with tho‘se for polymers P31‘and‘ P34 allows the
effect on the hqu1d crystal propernes of altenng the flexible spacer length ina hquld

‘: ‘crystal polymer by one carbon umt to be seen The hquld crystal mesophase has
| been thermally stabilised W1th both the isotropization temperature and the Sp - S¢
transitions for bo‘tbh‘ materials increasing. Closer examination, by miscibility studies
(section 4.2.6), of the Sc phase, obtained in polymers P39 and P40 reveals that

the structure of the rnolecules in adjacent layers in the S¢ phase are not of

alternating tilt. Thus altering the ﬂex1ble spacer length of the 11qu1d crystalv

polyacrylates by one unit deterrmnes whether a ferroelectnc or antiferroelectric
phase is obtained. This observatlon is con81stent with those reported by Sage et

al..’9.
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4.2.5 Transition Temperatures and Phase Behaviour of Polymeric
Materials Determined by Differential Scanning Calorimetry

Polymers P39 and P40 were also examined by DSC. Transition temperatures and
the enthalpies associated with these transitions are listed in Table 49. DSC

thermograms for polymers P39 and P40 are shown in Figure 4.27.

Heat Flow (m¥)

I } T ] 1 { i !
25.0 . 50.0 . 75.0 : {00.0 . 125.0. 150.0

‘ Teﬁuarature (°c

. ‘Figure 4.27 - DSC Thermograms for Polymers P39 & P40
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Compound Transition Temperature | Enthalpy
P39 Sa-Tso 1237 86
Sc* -‘,sA‘ o 102.6 | 0.17
‘mp 430 4414

recryst | 17.1 ‘ 15.09
P40 Sp-Iso - 1187, 6.75
Sc -‘sA 101.1 0.35
" mp 47.4 2305
recryst 15.7 9.31

‘Table 4.9 - Transition Temperatures (°C) and Enthalpies (J g-1) v
for Polymers P39 and P40 as Determined by DSC

4.2.6 Miscibility Studies

- Miscibility studies were performed with a standard compound MHP11BC (Figure
+4.13) in order to ascertain the exact nature of the smectic C phase obtainedt Using

MHP11BC it was possible to determine whether the "smectic C phase was

| antiferroelectﬁc, ferroelectric or ferrielectric as the unidentified phase would shovy

complete miscibility of the corresponding phase througnout the entire composition

range for mixtures of the test polymer and standard material.

- Figure 4.28 shows the binary miscibility diagram for mixtures between the standard
compound MHPllBC and polymer P39. The SCA and Scy* phases were
found to dxsappear once the, compos1t1on of the binary mixture reached

: approx1rnately 25 and 20 welght percent polymer respectively. The Sa and Sc*
phases were found to show complete rmsmblhty throughout the entire composition

Lo

range md1cat1ng that these phases were present in the standard material and the test

polymer.
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Figure 4.29 shows the binary miscibility diagram between the standard materjal

‘MHPIIBC and the polymer P40 The Sa and Sc phases were found to show

complete nu501b111ty throughout the entire cornposmon range. The Scy* and SCAlt

phases of the standard matenal and the polymer respecuvely were found to exist

E]

until the composmon of the binary mixture approached 15 and 45 weight percent

polymer respectively.
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Figure 4.29 - Mlsclblhty Phase Diagram for Polymer P40
and the Standard Compound MHP11BC

'4.2.7 Effect of Polymerisation on the Liquid Crystal Prdperties

Examination of the transition temperatures and phase sequences listed in Table 4.5
for compounds 39 and 40 and compan‘soxi with the values listed in Table 4.8 for
the polymers P39 and P40 shows that polymerisation stabilises the liquid crystal

mesophase with the isotropization temperature and melting points being raised. The
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values listed for compounds 39 and 40, and their corresponding polymers P39

and P40 are displayed in a bar graph in Figure 4.30.

Temperature/ °C

Figure 4.30 - Phase Behaviour for Compounds 39 and 40,
and their Corresponding Polymers as
Determined by Optical Microscopy

Comparing the phase sequences of the monomeric materials 39 and 40, and their
corresponding polymers P39 and P40 then, as with the compounds 31-33 and
their corresponding polymers, the ferrielectric phase disappears in the polymeric
materials. However, unlike the situation for compounds 31-33 and their
corresponding polymers, the ferroelectric phase remains and the antiferroelectric

phase disappears.
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4.3 THE EFFECT OF CHANGE OF POLYMER BACKBONE
ON THE LIQUID CRYSTAL PROPERTIES OF SOME SIDE
CHAIN LIQUID CRYSTAL POLYMERS

" 4.3.1 Introduction

Pl'e\)ious liquid crystal polymers reported m this thesis have been based upon a
ptily(acrylate) polymer backbone. The effect of changing the polymer backbone is
now mvesugated by altermg the low molar mass molecule on which the polymer 1s
based lrom an acryldte moiety to one based on allyl alcohol (see Flgure 4. 31) This
change in molecular structure was made in order to ascertain whether the ester
lmkmg group used ina poly(acrylate) system has a marked effect upon the liquid

uystal plopertles ofa mesogemc acrylate polymer.

H H

l
Ao OO ¢

55-57 @

H—l ) ‘ : 0 R
\—O'(CH2)11O : 0
S YT e O

cno s ‘ O-R

) P55 - P57 T |

55, P55 ; R = (R)-1-methylheptyl

56, P56 ; R = 1-propylbutyl
- 57, P57 ; R=(R)-2-methylbutyl

Flgure 4.31 - Liquid Crystal Polymers and Monomers Studied to
' Examme the Effect of Change of Polymer Backbone
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4.3.2 Transition Temperatures and Phase Behaviour of Monomeric

Materials by Optical Microscopy

The phase sequences and accompanying transition temperatures for the monomeric

compounds 55 - 57 as determined by optical microscopy, are listed in Table 4.10.

The results are presented as a bar graph in Figure 4.32. .

Cinpd 1s0 - Sa Sa mSca* Sa - Scad rnp
55 106.8 65.9 41.9
56 113.2 71.6 42.2
o7 94.6 52.7 44.6

t Obtained by DSC

Table 4.10 - Transition Temperatures (°C) and Phase Behaviour

55 - 57 as Determined by Optical Microscopy

Compound

Recryst$

4.5
-3.6

12.2

for Compounds

Figure 4.32 - Phase Behaviour for Compounds 55 - 57 as

Determined by Optical Microscopy



It is well known for polymeric systems that changing the method of ’attachment ofa
lateral substituent onto a polymer backbone has an gffect on the physical properties
of the resulting polymer system.%2 If we consider the situation for the polymers
poly(methyl acrylate) (PMA) [Figure 4.33(a)], poly(vinyl acetate) (PVA) [Figure
4.33(b)] and poly(but-1-ene) [Figure 4.33(c)] then it can be seeﬁ that by replacing
the direct linkage used in pbly(but-l-ene) by an ester group (PMA) increélses_ the
L*l‘ass transition temperature. In addition, reversing the ester group used in PMA to
attach the lateral methyl substituent to give the arrangement as in PVA, then the

glass transition temperature is further raised to 301 K.

(@) ® ©)
- 0 0-CH; - CHs '
0
Tg=276K ~ Tg=301K Tg=233K

Iigure 4.33 - Structures and Glass Transition Temperatures of Poly(methyl -
acrylate), Poly(vinyl acetate) and Poly(but-1-ene)?2

Therefore, by altering the method of attaching a mesogenic side chain to the .

| polymerisable unit in a side thain liquid crystal monomer we would expect to affect
the liquid crysral properties of the material. This effeét can be seen by examining
the p}hase sequences and transition temperatures for compounds 55 and 56 listed in
Table 4.10 and by comparing the values with those listed in Table 4.1 for

compounds 31 and 34.

 Lookin g initially at the phase sequences for the optically active materials 31 and
55, shows that by changing the linking function from the polymerisable moiety to
the flexible spacer: from an ester to an ether group, that the Sc* and Scy* phases

have been eliminated from the phase sequence and a direct Sp - Sca* transition has
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been induced; the phase sequence of the achiral materials 34 and 56 are the same.
If we examine Figures 4.2 and 4.32, which show the phase sequences for
compounds 31 - 34 and 55 - 57 respectively, then we see that by introducing an
~ ether link into the molecule not only have the isotropization temperatures and the
melting points of the molecules been increased and the thermal stability~ of the liquid
crystal phase increased, but the temperature range over which the SCA:" phase

occurs has also increased. -

The textures obtained for the phases exhibited by compounds 55 and 56 are shown

5

in Figures 4.34 and 4.35 respectively.
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(@ Sa
(104.3 °C)

(b) Sca*
(53.9 °C)

Figure 4.34 - Photomicrographs of the Textures Obtained for the Phases
Exhibited by Compound 55
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(@ SA
(92.1

Figure 4.35 - Photomicrographs of the Textures Obtained for the Phases
Exhibited by Compound 56



4.3.3 Transition Temperatures and Phase Behaviour of the
Monomeric Materials as Determined by Differential Scanning

Calorimetry

- Compounds 55 - 57 were examined by DSC using the apparatus outlined in

section 3.1.2(b). All DSC measurements were performed at a rate of 10 °C min-!

unless otherwise stated.

Table 4.11 lists the transition temperatures, and the enthalpies associated with these

transitions, observed on examination by DSC.

Comp(;und ; Transition - Temper‘zvlt'ure' Enthalpy
55 Iso-SA " 102.8 . 4.27
| S - Sca* 60.2 0.21
mp 39.9 | 14.46
56  Lo-sa 117 3.66
SA - Scalt 67.4 0.39
mp 445 17.73
57 Iso-Sa 931 469
S - Sca* | 50.3 | 0.25
mp 78 22.42

~ Table 4.11 - Tra;nsition Temperatures (°C) and Enthalpies (kJ mol-1) for
Compounds 55 - 57 as Observed by DSC

The DSC éobling thermograms for compounds 55 - 57 are shown in Figure 4.36.
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Figure 4.36’- DSd Coolirig The‘rmograms Obtained for Compounds 55 - 57

| Bvﬁ ekamining Téble 4"11 arld Figure 4. 3’6 it can be seen that the transition
: temperatures and phase behavrour observed by opncal rmcroscopy are confirmed by
DSC measurements For example if we examine the DSC thermogram for
' compound 55 we can see peaks at 102 8 60. 2 and 39.9 °C which correspond to
the transmons observed by optlcal rmcroscopy (Table 4 10) for the Iso - Sp, Sa -

Sc A* transmons and the melnng point of the compound.
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4.3.4 Transition Temperatures and Phase Behaviour of Polymeric -~
Materials as Determined by Optical Microscopy

- Textural studies of each side chain liqliid crystalline polymer were carried out using
a sample of the polymer prepared as described in section 4.1.4. The polymer

samples were annealed for 12 hours to allow a texture to develop.

Table 4.12 gives the transition tembératﬁres obtained from optical microscopy and
the number averageimolecular‘ weight, the weight average molecular weight, the
number average degree of polymerisation and the polydispersity (obtained by gel
permeation chromatograbhy) of the polymers P55 - P57. The results obtained

{rom optical microscopy are displaye‘d as awbar graph m Figure 4.37.

Polymer Iso -lSA"" Sa -Sca*/ an mPfF Mn Mw  Xn Y

P55 1245 . ... 1058 . . 36.6 5060 9560 - 8 1.90 .
Ps6 1424 . 1196 = 522 6360 ‘,7’210 10 113 -
PS7 . 996 74.3 32.5 6580 7490 11 1.14

fObtained by Differential Scanning Calorimetry

Table 4.12 - Transition Temperatures (°C) Determined by Optical
Mlcroscopy and GPC Data for Polymers P55 . P57



—1 i r—

P55 P56 P57

Polymer

Figure 4.37 - Transition Temperatures (°C) and Phase Behaviour for
Polymers P55 - P57 Determined by Optical Microscopy

The polymers P55 - P57 each show the phase sequence 1so 0 Sa <> Sca* (or
ScAlt when the material is achiral). Figures 4.38 and 4.39 show the textures
obtained during the optical microscopy of compound P55 and P56 respectively.
Each of the polymers show the characteristic fan texture associated with the
homogeneous alignment of the smectic A phase [e.g., see Figure 4.38 (a)| on
cooling from the isotropic liquid state. This texture remains until the smectic A to
smectic C transition whereupon the fans appear to break and the previously black

homeotropic areas fill in with small areas of schlieren texture [e.g., Figure 4.38

(b)J.

Comparing the values listed in Table 4.12 for polymers P55 and P56, and shown
graphically in Figure 4.37, to the values listed in Table 4.3 for P31 and P34, the

effect of changing the linking moiety on the liquid crystal properties can be seen.
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By replacing the ester group as the linkage to the flexible spacer in compounds P31 .-~

and P34, with an ether group, then the ability of the polymer to form a smectic

phase where the tilt direction of the molecules in adjacent layers alternates is not

affected. However, as the change in structure has taken place close to the polymer

backbone, then the transition temperatures in the phase sequence Iso < Sp &
Sca* (or Scan) have been affected and th1s can be clearly seen by comparmg

Figure 4.37 with Frgure 4 9

The melting points'bf polymers P55 and P56, in comparison with thbse for
polymers P31 and P34, have remained at similar if slightly loWer' temperatures
However, if we look at the 1sotr0przauon temperatures then an mcrease 1n the
thermal stability of the materlals is observed that is, the 11qu1d crystalhmty of the
polymers has mcreased Srmrlarly if we examine the SCA (or SCAIt) SA
transition temperatures then it can be seen that the antiferroelectric phase has been

thermally stabilised and occurs over a wider temperature range.
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(@ SA
(122.6

(b) SCa*
(99.6

Figure 4.38 - Photomicrographs of the Textures Obtained for the
Phases exhibited by Polymer P55
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Figure 4.39 - Photomicrographs of the Textures Obtained for the
Phases exhibited by Polymer P56



4.3.5 Transition Temperatures and Phase Behaviour of Polymerlc g ‘«,m Sy
~ Materials as Determined by Differential Scanmng Calorlmetry PR

~ Polymers PS5 - P57 were also exammed by DSC The transition temperatures e

and enthalples assocmted w1th these trans1t10ns are glven in Table 4. 13

Polymer Transition ’Ter’n‘perature Enthalpy
P55 Iso-Sa 217453
N Sa - Sca* 107.3 o8
Cmp 366 1339
PS6 Lo-Sa . 1460 . 1357
Sa-Scan 1233 o2
mp 22 2093
PST  Iso-Sa . 1050 2.98
Sa-Sca* 790 ; 074
e 35 49

Table 4. 13 - Transmon Temperatures (°C) and Enthalples J g'l) for v
‘ Polymers P55 - P57 - , ,

. The DSC thermograrris for polymers P55 - P57 are shown in Figure 4.40.



Heat Flow (mw)

P85

P&5

; ; | i : v
25.0 T .50.0 75.0 100.0 125.0 150.07

‘ Temparature (°C)

Figure 4.40 - DSC Thermograms for Pplymérs P55 - P57
4.3.6 Miscibility Studies

In order to confirm that the antiferroelectric phases found in polyrﬁers P55 - P57
were of ’the' same nature as those reported for low molar mass liquid crystals, a
miscibility iest was carried ou; with the polymer and a standard low molar mass
liquid crystal. Such miscibility studies have been reported for mixtures of side
Chain liciuid éfystal'pdlymers and low molar mass materials.?! The standard
material used was MHP11BC (see section 4.1.6). The structure and transitions

for this compound are shown in Figure 4.13.

Figure 4.41 shows the binary miscibility diagram for the test polymer P55 and the
standard material MHP11BC. The Sa and Sca* phases are shown to exist

thrdughout the entire composition range, therefore indicating that the
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antiferroelectric phases exhibited by the standard compound MHP11BC and the .~
test'material P55 were of the same structure. The Scy* and Sc* phases were
found to disappear above compositions which contained approximately 10 and 30

weight percent of the test polymer PSS respectively.

" Isotropic Liquid lsb +Sp

140 1
120 ﬂ
S;) 100 N
2 Scy"
g 80+ Cy
2.
*
: 60# Sca
e . ‘., )
@ o
40 B S SN &
nnnnn u@'
20 -
2 Crystal
0 T ) '

S0 25 50 75 100

Weight % Polymer P55

OOy

o- CHCGH13

o- CHCGH13
MHPllBC
3
H—H ¢+ v ' o
H—+~
\1 O- (CH2)110 _@_«

Hj

Flgure 4.41 - Miscibility Phase Diagram for Polymer P55 and the
‘ btandard Compound MHP11BC -

The binary miscibility diagram for the mixtures prepared containing the test polymer

P56 and the standard material MHP11BC is given in Flgure 4.42. It can be seen

)

S



from this Figure that the S5 and Sca* phases show complete miscibility throughout -~

the entire composition range indicating that again the phases obtained in the polymer
P56 are structurally the same as in the standard material. The Sc* phase
~ disappears at compositions above approximately 35 weight percent polymer. The
Scy* phase does not appear at compositions above approximatel‘y 15 weight
percent polymer. As no mixtures below this composition were made.then its

existence in mixtures of lower weight percent polymer cannot be discounted.

1604 - Isotropic Liquid '
------ - ““""““%”’“ -~
e N
‘ 120 ) SA ',-‘.SA+Isoo
<, O e A O
g 100 io
g ‘S v Sc
2 804 ©C . At
g : Sca —~~
B0,
Mh"@‘ ........... B, A
40 - ® T s eaemre &
‘ @
204 . Crystal.
0 r | :

0 25 - 50 - 75 100

Weight % Polymer P56

OOy e

‘ - CHCGH13
y ‘ MHP11BC
| | | Hs
A | |
CHAEH e | |
N~ ‘@"< (o
" P‘S C3H7

~ Figure 4.42 - Miscibility Phase Diagram for Polymer P56 and the
Standard Compound MHP1I1BC
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Figure 4.43 shows the binary miscibility diagram between the test polymer P57

and the standard material MHP11BC. The Scy* and Sc* phases were found to

disappear above approximately 15 and 30 weight percent polymer respectively.

- The Sa and Sca* phases were found to exist throughout the entire composition

range.
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o- CHZCHCZH5
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Figure 4.43 - Mlsmblhty Phase Diagram for Polymer P57 and the

" Standard Compound MHPl 1BC
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4.3.7 Effect of Polymerisation on the Liquid Crystal Properties “

Examining the transition temperatures listed in Table 4.10 for the monomeric
" materials 55 - 57, and comparing rhem with the values listed in Table 4.12 for the
polymers PS5 - P57 then an unusual effect is observed. Unlike tlre previously
rcported monomerrc materials 31 - 34, 39 and 40, and their corresponding
polymers where polymensatron thermdlly stdbrhses the liquid crystal mesophase,
the melting point of the polymerrc materlals P55 and P57 is lower than that of the
corresponding monomer. The polymer P56 has a higher melting point than its
corresponding monomer. The isotropization‘k‘temperatures of all of the polymers

P55 - P57 has increased.

The resulting antiferroelectric phase obtained in the polymers P55 - P57 is also

affected by polymerisation. Examination of Table 4.12 and comparison with the

values listed in Table 4.11 shows that the temperature range over which the Sca*
(or Scan when the material is achiral) phase occurs has increased. The phase

sequence of the monomeric material has not been altered upon polymerisation.

The phase sequence for compounds 55 - 57 and their corresponding polymers |

P55 - P57 is shown as a bar graph in Figure 4.44..
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Temperature/ °C

Figure 4.44 - Phase Behaviour for Compounds 55 - 57 and their
Corresponding Polymers P55 - P57



4.4 THE EFFECT OF ALTERING THE POLYMER BACKBONE
SUBSTITUENT ON THE LIQUID CRYSTAL PROPERTIES
OF SOME SIDE CHAIN LIQUID CRYSTAL POLYMERS

" 4.4.1 Introduction

It has previously been reported in this thesis (section 4.3.1) that the physical
properties of polymers can be affected by molecular engineering changes in the

polymer structure,’? i.e. tacticity, backbone substituent and lateral substituent.

If we consider simple ‘polymer; systems based on acrylates and methacrylates then
we see that altering the backbone substituent has an effect on the physical properties

of the polymer material end this is illustfaled by the data given in Figure 445,

) '7 CH H
BEES RS
o 0 P ocks O "OCH,

Tg=388K Tg=276K

Flgure 4.45 - Glass Transition Temperatures for Poly(methyl methacrylate)
and Poly(methyl acrylate) 2 ‘

In this section the backbone .substituent of lhe polymer has been altered and a series
of liquid crystal monomers [Figure 4. 46(5)] has been synthesised based upon o
'(hydroxymethyl)acrylomtnle along with the correspondmg polymers [Figure
4. 46(b)] The physrcal propertres of the monomers and polymers are compared
with those of the monomers (compounds 55 57) and polymers (P55 - P57)

reported in section 4.3.
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NCL o- (on)ﬁow :

(2)
66- 68
AT~
H—H
= —@—4 ®)

P66 P68
66,P66; R = (R)-l-methylheptyl
67, P67 ; R = 1-propylbutyl
68,P68; R = (R)-2-methylbutyl

Figure 4.46 - Liquid Crystal Monomers and Polymers Prepared to Study the
Effect of Changing the Backbone Substituent

4.4.2 Transition Temperatures and Phase Behaviour of Monomeric
Materials as Determined by Optical Microscopy

The phase sequences and transition temperatures for the monomeric compounds 66

- 68 arc llsted in Table 4.14. The results are presented as a bar graph in F1gure

447
' Cmgd Iso - SA SA -Sca* S,{ - Scart mp Recryst#
(6 ‘1088 71.1 - 47.9 20.61
67 93.6 - . 586 524 23.50
68 96.6 554 - 50.2 16.66

i()h( uncd by Differential Scanning Calorlmetry

Table 4.14 - Transntlon Temperatures (°C) for Compounds 66 - 68 as
B . Determined by Optical Microscopy .
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Figure 4.47 - Transition Temperatures (°C) and Phase Behaviour for
Compounds 66 - 68 as Determined by Optical Microscopy

Photomicrographs of the textures exhibited in the phases shown by compound 66
are shown in Figure 4.48. A photomicrograph of the texture of the Scar phase

exhibited by compound 67 is shown in Figure 4.49.

It can be seen by examining the values listed in Table 4.14 for compounds 66 - 6 8
that all of the compounds exhibit the same phase sequence reported for compounds
55-57, namely 1s0 <» Sa <> Sca* (or Scau) <>Crystal. Comparing these
values to those listed in Table 4.10 for compounds 55 - 57 then the effect of
increasing the size and polarity of the backbone substituent on the liquid crystal

properties can be seen.

In all of the cases reported the melting point of the material has increased by
inserting a cyano substituent. Examining the values given for the isotropization
temperatures for the chiral compounds 55, 57 and comparing them to those for

compounds 66 and 68 shows that the isotropization temperatures increases when
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increases when the backbone substituent is a cyano group. However, when we -

examine the values given for the achiral compounds 56 and 67 then the
isotropization temperature decreases. From these data it can be concluded that
~ altering the ‘backbone’ substituent has no significant effect on the liquid crystal

properties for the monomeric materials.
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(a)SA
(96.4 °C)

(b) SCA*
(59.2 °C)

Figure 4.48 - Photomicrographs of the Textures Obtained for the Phases
Exhibited by Compound 66



Figure 4.49 - Photomicrograph of the Texture Exhibited by the Scak Phase
Exhibited by Compound 67 at 56.8 °C

4.4.3 Transition Temperatures and Phase Behaviour of the

Monomeric Materials as Determined by Differential Scanning
Calorimetry

DSC was also used to determine the phase sequences and transition temperatures
lor compounds 66 - 68. The liquid crystal transitions observed, and the enthalpies

associated with these transitions, are listed in Table 4.15.
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Co-mpound Transition Temperature Enthalpy

66 Iso - Sa 110.2 3.49
Sa - Sca* 77.7 0.35

mp 50.6 24.79 |
67 Iso-Sa 96.2 5.11
| Sa - Scai 601 0,51
L mp 55.3 27.66
68 150 - Sa 97.7 6.22
SA - Sca* 58.1 ) 0.36
mp 51.3 s 26.62

Table 4.15 - Transition Temperatures (°C) and Enthalpies (kJ mol-!) for
: “Compounds 66 - 68 as Observed by DSC

The DSC heating thermograms for cofnpounds 66 -68 are shown in Figure 4.50.

On examination of the DSC thermograms for compounds 66 - 68 shown in Figure

4.50 the Sca*/ a1t - SA transitions can clearly be seen. The temperatures at which

these peaks occur are similar to the transition temperatures observed by optical -

microscopy, reported in Table 4.14.
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Figure 4.50 - DSC Heating Thermograms for Compounds 66 and 68

4.4.4 Transition Temperatures and Phase Behaviour of Polymeric
~ Materials as Determined by Optical Microscopy

Textural Studies were carried out using a sample of the side chain liquid crystal
| polymer prep‘ared as described in section 4.1.4. ' The polymer samples were

"annealed for 24 hours to allow a texture to develop.

Table 4.16 lists the values obtained for the transition temperatures as determined by

optical microscopy, as well as the number average molecular weight, weight



average molecular weight, number average degree of polymerisation and
polydispersity of each polymer sample. The results obtained from optical

microscopy are displayed as a bar graph in Figure 4.51.

Polymer Iso - Sa Sa - Sca*/aii mp Mn Mw  Xn Y

P66 112.6 82.2 55.7 6650 8900 10 1.34
P67 103.6 84.3 631 7230 9840 1 136
P68 118.4 82.1 63.3 6990 8280 1  1.19

Table 4.16 - Transition Temperatures (°C) Determined by Optical Microscopy
and GPC Data for Polymers P66 - P68

140

120

100

o

80

s

40

20

P66 P67 P68

Compound

Figure 451 - Transition temperatures (°C) and Phase Behaviour for
Polymers P66 - P68 as Determined by Optical Microscopy
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The polymers P66 - P68 each show the phase sequence Crystal <> Sca* (or
Scau) <>Sa <>1s0 (see Figure 4.51). Photomicrographs of the smectic C phases

exhibited by polymers P67 and P68 are shown in Figure 4.52

(@) P67
(72.9 °C)

(b) P68
(79.6

Figure 4.52 - Photomicrographs of the Smectic C Phases
Exhibited by P67 and P68



Comparing the values listed in Table 4.16 for polymers P66 -'I;68 to those in
Table 4.12 for polymers P55 - P57, then the effect of increasing the size and
| polarity of the backbone substituent on the liquid crystal properties.ca'n be seen.
The values listed for the melting points of the polymers P66 - P68 show’ that the
meltiﬁg point of each material has increased compared to polymers P55 - P57.
Normally the melting point or Tg of a non-liquid crystalline polymer would be
expected to increaso |as the size and polarity of the backbone substituent is
increased. This is due to the backbone substituent affecting the ability of the
polymer main chain to rotate due to the increased volume of this substituent, as well
as the increased polarity and reduction in ﬂex1b1hty of the backbone substituent?2

This effect is also true:‘ for the SCLCPs reported here (see also section4.7).

The isolropization temperatures and Sca™ (or Scar) - SA transition appear to be

unrelated to this change in structure and are generally lower than the correspondirlg

values for polymers P55 - P57.

4.4.5 Transition Temperatures and Phase Behaviour of Polymeric
Materials as Determined by Differential Scanning Calorimetry

Polymers P66 - P67 where studied by DSC. The transition temperatures obtained

and the enthalpies associated with these transitions are given in Table 4.17.
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Compound ‘Transition Temperature Enthalpy

P66  Sa-Iso 116.9 1750
Sca* - Sa 91.3 014

 mp 56.5 225

P67 Sa - Iso 1075 1531
Scarn - SA 87.1 0.17

- mp 65.86 2.37

PGS Sa-o 1155 1732
| Sca*-Sa 771 016
Cmp 683 444

.. Table 4.17 - Transition Temperatﬁres (°C) and Enthalpies (J g'1) for
Polymers P66 - P68 as Determined by DSC

'l;h:e DSC heating thermogramé fbf‘pdlyfners P66 and P68 are shown in Figure
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Figure 4.53 - DSC Heating Thermograms for Polymers P66 and P68



4.4.6 Miscibility Studies

Confirmation of the exact nature of the smectic phases found in polymers P66 -
P68 was obtained by creating binary mixtures of the test polymer with the known
standard MHP11BC. Its structure, phase behaviour and transition temperatures

can be seen in Figure 4.13.

Figure 4.54 shows the binary miscibility diagram for the mixtures prepared from
the test polymer P66 and the standard material MHP1 1BC It can be seen from

this diagram that the S A and SCA phases show complete rn1sc1b111ty throughout the

entire composition range indicating that the phases obtained in the test polymer are

structurally the same as those shown by the standard material. The Sc* materiali_

exists for mixtures up to approximately 42 weight percent polymer, but is not
exhibited in mixtures above this composition indicating that it is not present in the
polymer ?66 The Scy* phase exhibited by MHP11BC was not observed in any

of the m1xtures prepared however its ex1stence in mixtures below approxunately 15

weight percent polymer cannot be discounted as mlxtures below this composition '

were not prepared.
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Flgure 454 - Miscibility Phase Diagram for Polymer P66 and the

Standard Compound MHP11BC

P66

Fx gure 4. 55 shows the bmary m1sc1b111ty dlagram for the polymer P67 and the
standard mater1a1 MHPllBC The S and Sca* phases can be seen to exist
Ithroughout the entlre composmon range, therefore indicating that these phases are
‘ present in both the standard rnaterral and the test polymer. The Sc* phase was
tound to drsappear when the mlxture contarned greater than approximately 20
‘wexght percent polymer The Scy phase was not found in any of the binary
mixtures prepared, however its presence in mixtures which contain less than

approximately 15 weight percent polymer cannot be discounted.
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.. Figure 455 - Miscibility Phase Diagram for Polymer P67 and the
.. Standard Material MHP11BC

The miscibility phase diagrarn for polymer P68 and the standard material

MHP11BC is given in Figure 4.56. The Sa and Sca* phases can be seen to exist

throughout the entire composmon range 1nd1cat1ng their existence in both the test:

| matenal and the standard material. The Sc* phase was found to disappear when
the composition of the binary mixture rose to above approximately 25 weight
percenf polymer. The Scy* phase presént in the test material did not appear in any

of the mixtures prepared.
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Flgure 456 - Mlsclblllty Phase Dlagram for Polymer P68 and the Standard
Compound MHP11BC ;

4.4.7 Effect of Pdlymerisation on the Liquid Crystal Behaviour

It has previously been stated in this thesis that polymerisation of a liquid crystal

~ monomer to yield a liquid crystal polymer haS the effect of stabilising the liquid

crystal mesophase (e.8- section 4.1.7).52 By consideration of the data listed in
Table 4.14 for the monomeric materials, and comparison with the values listed in
Table 4.16 for the polymeric materials, it can be seen that this holds true for the

pblymers P66 - P68. This data is 1'epresented as a bar graph in Figure 4.57.
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Figure 4.57 - Transition Temperatures and Phase Behaviour for the
Monomeric Materials 66 - 68 and their Corresponding
Polymers as Determined by Optical Microscopy

Examining Figure 4.57 shows that upon polymerisation the isotropization
temperature and melting point of each material is increased. It can also be seen that
the temperature range over which the alternating smectic C phase occurs increases

when the material is polymerised.
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4.5 THE EFFECT OF INSERTION OF A REVERSE ESTER IN
. THE FLEXIBLE SPACER ON THE LIQUID CRYSTAL
PROPERTIES OF SOME SIDE CHAIN LIQUID CRYSTAL
POLYMERS

4.5.1 Introduction

Previous work on the structure required to generate an antiferroelectric smectic C
phase in a liquid crystal material has postulatéd that the ester groups within a
molecule should be valigned in the same direction (see Figure 1.22).43. 44 This
section (dcalls with some molecules which were synthesised with‘a reverse ester
located at a position away from the rigid core of the mesogenic side chain. The

monomeric materials synthesised, and their corresponding polymers, can be seen in |

Figure 4.58.
HoH
(a)
|
o- c (CH2)1OOw
, ST C -CHZCHCQHS
H—H | VCH
X—__
0- C—(CH2)1OO
\
= D CHZCHCZHs
‘ P72 P73
CH3
72,P72;X=H
73,P73; X =CN

‘l’lgure 4.58 - Liquid Crystal Monomers and Polymers Contammg a Reverse
Ester Linkage in the Flexible Spacer



4.5.2 Transition Temperatures and Phase Behaviour of Monomeric
Materials as Determined by Optical Microscopy

The phase sequences and transition temperatures of the monomeric materials 7 2

and 7 3 are listed in Table 4.18. The results are displayed as a bar graph in Figure

4.59.
Compound Iso - Sa mp Recrysti
72 96.6 47.6 12.9
73 117.3 66.2 22.0

iDetermined by Differential Scanning Calorimetry

Table 4.18 - Transition Temperatures (°C) and Phase Behaviour
for Compounds 72 and 73

Coni|X)und

Figure 459 - Transition Temperatures (°C) and Phase Sequences for
Compounds 72 and 73 as Determined by Optical

Microscopy

Both the materials prepared exhibit the phase sequence Iso <> Sa Crystal.

When the backbone substituent is changed from hydrogen (7 2) to cyano (7 3) then
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the thermal stability -of the liquid crystal mesophase increases. This is consistent

with the results presented in section 4.4.

Comparing the values listed in Table 4.18 for compounds 72 and 73 with those for .

compounds 57 and 68 (Figure 4.60) listed in Table 4.19 then we see the effect of

inserting a reverse ester link into the liquid crystal molecule.

- Compound ~_TIso - Sa SA - Sca* mp
57 966 527 44.6
68 ' 117.3 ‘ 55.4 50.2

Table 4.19 - Transition Temperatures (°C) and Phase Behaviour for Coinpbunds

67 and 68 as Determined by Optical Microscopy

L ¢
O— (CH2)1 1 Ow
= CH2CH02H5
L’ CH3
NC — (CHy) 110—-"—( :
: = CHQCHCgHs
CH3

(b)

Figure 4.60 - Structure of Compounds 57 and 68

By comp‘aring‘ the phase sequences exhibited by compounds 72 and 73 with the
phase sequences exhibited by compounds 57 and 68 then we see that compounds
~ 72 and 73 do not exhibit a tilted smectic phase whereas compoundsy 57 and 68,
both exhibit a Sca* bhase. Previous work reported by Nishiyama46 into the

incidence of antiferroelectric phases in low molar mass materials has postulated that

in materials which contain more than one ester group in the rigid core of the
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molecule, the ester functionalities must be aligned in the" same direction. Molécules
in which one of the ester groups in the rigid core is oriented in the reverse direction
(reverse esters) do not exhibit antiferroelectric phases. The data given in Table 4.18
suggests that this postulation is also true for materials where the reverse ester is

situated away from the rigid core.

Photomicrographs of the SA phases obtained for compounds 72 and 73 are given

in Figure 4.61.
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(@ 72
(90.8 °C)

(@ 73
(104.5

Figure 4.61 - Photomicrographs for the Phases Exhibited by Optical
Microscopy by Compounds 72 and 73
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4.5.3 Transition Temperatures and Phase Behaviour of the
Monomeric Materials as Determined by leferentlal Scanning
Calorimetry

Compounds 72 and 73 were examined by DSC; the transitions observed, and the

enthalpies associated with these transitions are given in Table 4.20.

Compound * Transition Temperature Enthalpy
72 Iso - Sa 992 7.23
mp 4‘9."9 47.63
Recryst 129 36.49
73 Iso-Sa 188 6.86
‘mp 68.0 40.09
| REcryst 22.0 37.73

Fable 4.20 - Transmon Temperatures (°C) and Enthalpies (kJ mol1) for |
. Compounds 72 and 73 as Determmed by DSC

The values listed in Table 4.20 for the melting points and isotropization
lcmpcratures of compounds 72 and 73 are similar to those listed in Table 4.18
which were obtained by optical microscopy.  The DSC heating and coohng '

lhcrmograms for compound 72 are g1ven in F1gure 4. 62
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Figure 4.62 - Heating . and Coolmg DSC Thermograms Obtained
for compound 73 -

4 5.4 Transition Temperatures and Phase Behaviour of Polymeric
Matenals as Determined by Optical Mlcroscopy

Textural studies were carried out on a sample of liquid crystal polymer as
previously described (section 4.1.4).

Table 4.21 gives the transition temperatures obtained by optical microscopy for the
polymers P72 and P73. The number average molecular weight, weight average

moleéular weight, the number average degree of polymcrisation and the



polydispersities of the polymer samples are also listed in Table 4.21. The results

obtained from optical microscopy are displayed as a bar graph in Figure 4.63.

Polymer Iso mSa  nipi Mn Mw Xn Y
P72 107.2 56.4 4120 6370 155 7
P73 126.6 70.1 4730 7110 1.50 8

~Obtained by Differential Scanning Calorimetry

Table 4.21 - Transition Temperature (°C) Determined by Optical Microscopy
and GPC data for Polymers P72 and P73

140
120

100

80

40

20

Compound

Figure 4.63 - Transition Temperatures (°C) and Phase Behaviour for
Polymers P72 & P73

The polymers P72 and P73 show a phase sequence of Crystal Sa Iso.

Photomicrographs of the Sa phase obtained for polymers P72 and P73 are given

in Figure 4.64.
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(@ P72
(93.5 °C)

(@ P73
(116.4 °C)

Figure 4.64 - Photomicrograph Obtained for the Sa

Phases of P72 and P73
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4.5.5 Transition Temperatures and Phase Behaviour of Polymeric
Materials as Determined by Differential Scanning Calorimetry

Polymers P72 and P73 were examined by DSC. The transition temperatures
| observed and the enthalpies associated with these transitions are listed in Table

4.22. The DSC thermograms for polymers P72 and P73 are shown in Figure

4.65.
Polvmer ‘ "‘I‘ransition Temperature Enthalpy.
P72 Ioo-Sa 1096 1.33
' mp 58.2 30.16
P73 © Iso- Sa | 1279 594
O mp 713 29.66

| Table 422 - Transmon Temperatures (°C) and Enthalples J g1 for
. Polymers P72 and P73 Determined by DSC

‘5.5" ' SA o
| /\ P73

5.0

Heat Flow (mW)

P72

50.0 75.0 " 100.0 125.0 - 150.0
Tempersturs (°C)

Figure 4.65 - DSC Heating Thermograms Obtained for Polymers P72 and P73



4.5.6 Miscibility Studies

Examination of the phase sequences listed in Tables 4.21 and 4.22 shows that
| polymers P72 and P'73 do not exh-ib’it a Sc phase. Studying the samples by
optical microscopy clearly shows the characteristic fbcal conic fan texture associated
with the Sp phas’e ‘(Fig’uré 464) There was therefore no need to perform
miscibility studies’()nv the samples.‘ |

4.5.7 Effect of Polymerisation on The Liquid Crystalline Properties

The transition temperatures and phase sequénces for the low molar mass

compounds 72 and 73 (Table 4.18) and their corresponding polymers P72 and

P73 (Table 4.21) have been depicted as a bar graph in Figure 4.66. Examination

of the values listed in these tables shows the effect that polymerisation has on th.esew

materials. It is clear that upon polymerisation the isotropization temperature and the

melting point of the samples increase, thus thermally stabilising the liquid crystal

phase.?
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Crystal

SA

Figure 4.66 - Transition Temperatures and Phase Behaviour for the Monomeric
Materials 72 and 73 and their Corresponding Polymers



4.6 EFFECT OF POLYMERISATION ON SOME
LIQUID CRYSTALLINE o-FLUOROACRYLATES

4.6.1 Introduction

Previous work by Sage er al.’ has shown the existence of an antiferroelectric

phase in a liquid crystalline poly(acrylate) (Figure 1.41). The phase appeared ata |

relatively high temperature and it was deemed desirable to reduced the temperature

of the appearance of the antiferroelectric phase'. One way in which this could be

done was to reduce- the glass transition temperature of the polymer system by
frustrating the packmg of the polymer chams, thus reducmg the crystalhmty of the

polymer.92 It was thought that the insertion of a fluoro substituent onto the

polymer backbone could have this effect 82 The materials to be studied were

prepared by takmg the hqmd crystal 51de cham used by Sage et. al. and attaching it

it to sodium oc-fluoroacrylate to give the ﬂuoroacrylate monomers, 96 and 97,

shown in Flgure 4.67(a). These monomers were subsequently polymensed to glve

the poly(ﬂuoroacrylates), P96 and P97 shown in Fxgure 4.67(b).
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O
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H=H |
F— o | F |
N 0<CH2>110—@—-’< '
- o o o
| | P96, P97

96, P96 ; R = (R)-1-methylheptyl
97, P97 ; R = 1-octyl - ..

Figure 4.67 - Fluoroacrylate Monomers and Polymers Studied

4.6.2 Transition Temperatures and Phase Behaviour of
o-Fluoroacrylate Monomers by Optical Microscopy

The phase sequences and accompanying transition temperatures for the o-
fluoroacrylate compounds 96 and 97 are listed in Table 4.23. 1The results are

presented as a bar graph in Figure 4.68.

Cmpd Iso - SA SA -Sc* Sa -Sc mp ~ Recrysti

96 1049 82 - 516, 427
97 109.6 - 79.1 64.8 54.4

1 Obtained by Differential‘Scanning Calorimetry

Table 4.23 - Transition Temperatures (°C) and Phase Behaviour
for Compounds 96 and 97
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96 97
Compound

Figure 4.68 - Phase Behaviour of Compounds 96 and 97

Both compounds exhibit a phase sequence of Iso 0  Sa Sc <>crystal, with
compound 96 displaying a Sc* phase due to its chiral nature. Compound 97
shows greater mesophase stability. This is probably due to the longer terminal

chain of the molecule and the absence of branching in the terminal chain.

Textures exhibited by the Sa and Sc* phases of compound 96 and the Sc phase of

compound 97 are shown in Figure 4.69.
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(@) 96, SA
(911 °C)

(b) 96, SC*
(54.3 °C)

(c) 97, SC
(72.8 °C)

Figure 4.69 - Photomicrographs Obtained by Optical Microscopy
of Compounds 96 and 97
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2.5+
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'Dﬂ"e"ae.:r‘e (°c
Figure 4.70 - DSC Heating Thermograms for Compounds §6 and 97

4.6.4 Transition Temperatures of Poly(a—fluoroacrylates) Studied
by Optical Microscopy

Samples of poly(a ﬂuoroacrylate) were prepared for textural analysis by optical

mlcroscopy as descnbcd in section 4.1.4. The polymers were annealed for 72

hours.

The phase sequence and accompanying transition temperatures for the poly(a-

fluoroacrylate) compounds P96 and P97 are listed in Table 4.25 with the results

presented as a bar graph in Figure 4.71.
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Polymer Iso - Sa Sa- Sc* Sa- Se V
P96 155.3 142.7 - 77.6
P97 209.1 - 195.6 102.3

iDetermined by DSC

Table 4.25 - Transition Temperatures (°C) and Phase Sequence
for Polymers P96 and P97

P96 P97

Compound

Figure 4.71 - Phase Sequences for Polymers P96 and P97

Examination of Figure 4.71 shows that by changing the nature of the end group of
the polymer side chain the phase sequence of the polymer has been affected, i.e. by
replacing the chiral 1-methylheptyl group in polymer P96 with an achiral 1-octyl
moiety (P97) the chiral Sc* phase has disappeared. In its place a higher ordered

crystal E phase (E) is observed. The higher temperature Sa phase is observed in

both materials.
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Photomicrographs of the phases observed for polymer P96 and polymer P97 are

given in Figure 4.72.
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(@) P96, SA
(150.5 °C)

(b) P96, SC*
(139.4 @)

(a) P97, SA
(202.6 °C)

(@) P97, E
(187.6 °C)

Figure 4.72 - Photomicrographs of the Textures Observed by Optical
Microscopy of Polymers P96 and P97
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4.6.5 Transition Temperatures and Phase Behaviour of Poly(o.-
~ Fluoroacrylate Materials Determined by Differential
Scanning Calorimetry .

Polymers P96 and P97 were studied by DSC and the transition temperatures

obtained and enthalpies associated with these transitions are listed in Table 4.26.

folymer ‘ Transition . Temberaturé ~ Enthalpy
P96 Iso-Ss 149.6 2.27°
| Sa-Sc* - 1417 168
T 716 0.19

P97~ Tso-Sa 2045 762
 SA-E 194.4 1.59
Te 997 016

Table 4.26 - Transition Temperatures (°C) and Enthalpies (J g‘l)
' .. for Polymers P96 and P97 as Determined by DSC

The DSC thermograms for polymers P96 and P97 are shown in Figtire 4.73. The

transitions observed are consistent with those obtained by optical microscopy.



250

P87

Heat Flow (mW)

. T T T
5.0 100.0 - 125.0 150.0 175.0 200.0 225.0
Temperature (°C)
2

Figure 4.73 - DSC Thermograms for Polymers P96 and P97
4.6.6 Miscibility Studies = -

Texfural studies performed upon the poly(oc-ﬂuoroacryléte) polymer P96 showed
the presence of a opti‘cally active smectic C phase. Howev’er, thé exact 'nature of
this phase was hard :“.to determine by microscopy alone due to the very poor
aiignment obtained. ‘Miscibility studies weré therefore carried out on mixtures of
the polyfner P96 and ﬁ standard low molar mass compound MHP11BC (Figure

4.13) with initial compositions of approximately 25, 50 and 75 weight percent

polymer.

Textural studies performed on these mixtures proved initially inconclusive due to
the very poor alignment obtained in all three compositions. The samples were then

annealed by heating to 20 °C above their isotropizatioh temperature and cooled ata -



rate of 0.2 °C min'1 to a temperature just inside the liquid crystal phase. The
samples were then left at this temperature for 48 hours, however agam no

distinguishable texture was obtamed and the stud1es proved inconclusive.
4.6.7 Effect of Polymerisation on the Liquid Crystal Behaviour

The transition‘ temperatures an’d phase ‘sequences listed in Table 4.23 for
compounds 96 and 97 , and those listed in Table 4.25 for polymers P96 and P97
have been depicted as a bar gtaph ‘in Figure 4.74. If we examine this bar graph we
can sce that the melting poirtts and isotroppizatiou temperatures of the polymeric

malerials have substantially increased (i.e., the thermal stability of the molecule has

increased substant1a11y) It is also seen that by replacmg the 1- methylheptyl |

terminal chain with a 1- -octyl moiety affects the phase behaviour of the molecule,

with the smectic C phase observed at lower temperatures in P96 d1sappeanng and .

an E phase being observed in P97.

Insertion of a fluoro substituent onto the polymer backbone increases the glass

transition of the polymers obtained. This effect is observed in non-liquid crystalline

polymers and is explained by the increased size and polarity of the fluoro backbone
substituent causing restriction to the rotation of the polymer main chain?2, High
transition tentperatufES and very poor alignment indicate a more rigid backbone in

. the poly(a-fluoroacrylates) compared to the poly(acrylate) materials.3!
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Temperature/ °C

Figure 4.74 - Transition Temperatures and Phase Behaviour for
Compounds 96 and 97 and Polymers P96 and P97



4.7 DISCUSSION OF THE SYNTHETIC ROUTES TAKEN TO
- THE TARGET MONOMERS

4.7.1 Introduction

The reactions reporteq in section 3 to obtain the target monomers are widely used in
synthetic liquid cr‘ystfal chemistry [e.g., the protection of the hydroxy group of 4-
hydroxycarboiylic,.'a‘cid with methyl chlorofoﬁnate86 (Scheme 3 and Scheme 9)]
and do not requireuzi'n extensive discussion. There are, however, some notable
exceptions and these are discussed in the foll.owing section.

4.7.2 Synthesis of Laterally Fluoro Substituted Acrylates
(Schemes 1-6) | ,

The liquid crystal monomers described in this thesis all contain a biphenyl moiety as
part of their rigid core. . This biphenyl unit was synthesised via a palladium
catalysed cross-coupling reaction (for example see Scheme 1). The mechanism for

this rcaction was proposed by Suzuki and is outlined in Figure 4.75.93

The mechanism for the cross-coupling reaction can be divided essentially into three
steps. These are the oxidative addition of the palladium catalyst involving the ary]

bromide, the transmetallation of the boronic acid and the reductive elimination of the

~ catalyst complex.



Step 1 - Oxidative Addition

N
SA\h

Step 2 - Transmetallation

—

L\>/jf" A L\ /L

L=PPh;

anure 475 - Mechamsm Proposed for a Palladium Cataly.éed
' Cross-Coupling Reaction?3 ;

The acid group of the biphenyl core was protected from further reaction by
égtér1f1cat1on with methanol, prior to the addition of the ﬂex1b1e spacer through a

simplemalkylation.’ The free acid was obtained by hydrolysis in strong base

(Scheme 2).

Hydroxyberiioéte ést‘evr‘sn(e. g., compound 14) were prepared by the widely used

mefhod outlined in Scheme 3.8 Fluoro-substituted hydroxybenzoates (e.g.,
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compound 20) were prepared by the more complex routes outlined in Schemes 4~

and‘ 5. The bromo-substituted phenol was protected at the phenol moiety, with a
benzyl group, before being treated with butyllithium followed by carbon dioxide
and dilute acid to yield the corresponding carboxylic acids. These acids were then
esterified using the Mitsunobu reaction® and the benzyl group waé removed by

catalytic hydrogenolysis (Schemes 4 and 5).

Thesc substitﬁted anfi unsubStituted hydroxybenzoates were then esterified (e.g.,
Scheme 6) with the biphenyl acids?7 and the products from these reactions stirred at
room temperature w1th sodium acrylate in hexamethylphosphoramide (HMPA) to
yield the required monomeric materials. - .

4.7.3 Synthesis of Ci12 Spacer Acrylates
(Scheme 7) :

Methyl 4'-hydroxybiphenyl-4-carboxylate (compound 7) was alkylated with 12-
bromododecan-1-ol in order to attach the desired length of flexible spacer to the
biphenyl core. The free acid was obtained by hydrolysis in strong base and this
acid was esterified With the hydroxy benzoate compounds prepared in scheme 3.
These compounds were rez}_cted with acryloyl chloride, in the presencé of an organic
base, to yield the required acrylate materials.

47 .4 Synthesis of Monomers Based on Allyl Alcohol
(Schemes 8 - 10)

11-Bromoundecan-1-ol was protected at the alcohol group by reaction with 3,4-
dihydro-2H-pyran and the product was then reacted with allyl alcohol via a
Williamson style etherification to give compound 43. The tetrahydropyranyl

protecting group was removed by reaction with a molar equivalent of weak acid

(Scheme 8) to give compound 44.
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Methyl 4'-hydroxybiphenyl-4-carboxylate (compound 7, Scheme 10) was
benzylated by reaction with benzyl bromide in the presence of a weak base and the
resulting compound hydrolysed at the ester group. This acid was esterified with the‘ |
hydroxybenzozité compbunds prepafed in schemes 3 and 9. The benzyl group was
removed by catalytic hydrogenolysis and these products were reacted with
compound 44 in a Mitsunobu reaction to give the required target molecules.

'4.7.5 Synthesis of Acrylonitrile Monomers
(Schemes 11 and 12)

o-Hydroxymethylacrylonitrile (§9) was prepared via a Wittig-Horner reaction of
the comfnercially available phosphonaté ester with aqueous formaldehyde in basic
conditions.88 The product was esterified with 4-nitrobenzoic acid to produce a

molecule with a good leaving group, as required in a subsequent reaction (Scheme

11).

The flexible spacer was attached to the rigid core and esterified with a
hydroxybenzoate, in a similaf manner to that described in section 4.7.3, to give
compounds 63 - 65. These compounds were treated with a strong base (sodium
hydride) to give the alkoxide ion, and o - (4
nitrophenylcarbonyloxymethy)acrylonitrile, (60) was then added to yield the
monomeric compounds 66 - 68 (Scheme 12). |

4.7.6 Synthesis of Monomers Containing a Reversed Ester
(Scheme 13)

11-Bromoundecanoic acid was esterified with benzyl alcohol and the ester was
reacted with compound 54 under mildly basic conditions to give compound 70.
The benzyl group was removed by catalytic hydrogenolysis and the resulting

carboxylic acid was esterified with either ally alcohol or o-

hydroxymethylacrylonitrile to give the target monomers 72 and 73 (Scheme 13).



4.7.7 Synthesis of o-Fluoroacrylate Monomers
(Schemes 14 - 17)

o-Fluoroacrylic acid is not a commercially available material and its sodium salt

was obtained by the synthetic route reported by Tolman et al.8? (Scheme 14).

Compounds 9_2‘ ahd 93 (Scheme 16) were prepared by alkylétion of 4-bromo-2-
| ﬂuorophénol (83) using the Mitsun‘obu reaction, followed by the formatioﬁ of a
boronic acid,”‘" which was coupled with 1-bromo-4-(tetrahydropyran-2-
yloxy)benzene (compound 89) usin'g the palladium catalysed cross coupling

reaction outlihed in Figure 4.75. The tetrahydropyranyl group was removed in

acidic conditions.

The target monomers 96 and 97 were obtained by a similar route to that described

in section 4.7.2 (Scheme 17)..
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CONCLUSIONS

5.1 INTRODUCTION

259

In this thesis the effect of several structural variations in side chain liquid crystal

polymers (SCLCPs) has been reported.  Figure

5.1 gives a schematic

~ representation of a side chain liquid crystal monomer, with particular emphasis on

the structural changes which have been considered in this thesis. This section

examines the effects of the structural variations systematically and draws

conclusions from the results obtained.

‘ Linking Group

ester
ether

0040

-CO,-
-O-

Polymerisable
Unit

‘ H ‘ } Backbone

Substituent
H Side Chal

B

Flexible Spacer

in
, (lateral Substituent)

m, o | /

CORE

Terminal Chain

Polymerisation

Linking Group

ester -CO,-
ether -O-

Antiferroelectric * Ferroelectric

‘Fig’ure 5.1 - Schematic Representation of the Generalised Moleéular
Structural Features Investigated in this Thesis



The results arising form the work reported in this thesis are as follows.

5.2 THE EFFECT OF LATERAL FLUORO SUBSTITUTION ON
~ THE LIQUID CRYSTAL PROPERTIES OF SOME SIDE
CHAIN LIQUID CRYSTALLINE ACRYLATES :

(a) The msertron of a lateral ﬂuoro substituent into the ngld core of a 11qu1d
crystal acrylate and poly(acrylate) has the effect of reducing the transrtlon

temperatures of the monomeric and polymeric materlals prepared (Secnen 4.1).

(b) In the monomerlc materials the 1sotroprzat10n temperatures and meltmg
points of the matertals decrease Th1s occurs to the greatest extent when the fluoro

substltuent 1s 'facrng 1nwards (1n the 2-position). The Sa - Sc* transrtlon

temperature 1s , also decreased by the insertion of a lateral fluoro substituent; the

effect is greatest when the ﬂuoro substrtuent is 1n the 2 posmon The fernelectrtc
phase is affected by the 1nsert10n of a lateral ﬂuoro substttuent with the substttuent
in the 3-position the temperature at whrch the phase occurs IS decreased and with
the substltuent in the 2 pos1t10n the femelectnc phase is completely suppressed

(Sectron 4. 1)

(c) Polymerlsatlon of these monomers suppresses the ferroelectrrc and
femelectnc phases and appears to stablhse the antlferroelectnc phase (Secuon 4.1).

(d) 5 Insertlon of a 1atera1 fluoro substituent into the rigid core of a liquid crystal
poly(acrylate) reduces the temperature range over which the antiferroelectric phase
occurs. This effect is most pronounced when the fluoro substituent is in the two-

position (Secuon 4.1).

(e) Liquid crystal acrylates and poly(acrylates) containing an achiral, swallow

tailed terminal group have been prepared and they generate an antiferroelectric-like
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structure. These molecules do not show ferroelectric or ferrielectric phases (Section
a.1). . ‘
5.3 THE EFFECT OF ALTERING THE FLEXIBLE SPACER

LENGTH ON THE LIQUID CRYSTAL PROPERTIES OF
SOME SIDE CHAIN LIQUID CRYSTAL ACRYLATES

(a) Increasing the length of the flexible spacer (Figure 5.1) in a liquid crystal -

~ acrylate by one carbon unit (from Cy; to Cy2) has no effect on the phase sequence
for the low mbylar mass materials; each of the monomeric Cj2 materials has identical
phase sequences to those for the Cy1 analogues. The liquid crystal mesophases are,

however, thcqnally stabilised by the increase 1n lerigth of the spacer (Section 4.2).

(b) - Polyrﬁeﬁsation of the monomers of increased spacer length (Cip) stébilises
the ferroelgcu:ic phase and suppresses the ferrielectric and antiferroelectric phases,
of the polymers and reveals an odd / even effect. That is, when the spacer length
between the p;)lymer main éhain and the rigid core of the mesogen contains an odd
number of carbons‘(Cu), the resulting smectic C phase is antiferroelecuic, but
when the spacer contains an even nﬁmber of carbons (Cj7) then the smectic C

phase is ferrdelectric (Section 42).

(¢) Liquid crystalline acqlates and poly(acrylates) containing an achiral,
swallow tailéd terminal group and a Cyo flexible spacer Jhave been prepared. The
monomeﬁc materials exhibit an antiferroelectric mesophase but no ferroelectric or
* ferrielectric properties. The polymeric material§ show a ferroelectric phase but no

antiferroelectric or ferrielectric phases (Section 4.2).
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5.4 THE EFFECT OF CHANGING THE POLYMER BACKBONE
ON THE LIQUID CRYSTAL PROPERTIES OF SOME SIDE
CHAIN LIQUID CRYSTAL POLYMERS =

(a) Changing the linking group between the flexible spacer and the .

polymerisable unit (Figure 5.1) in vinylic Hquid crystalline materials, from an ester

link to an ether link, affects the phase sequence of the resulting monomer. In -

optlcally active matenals w1th an ether lmk no ferroelectnc and fermelectnc phases

are observed (Sectlon 4.3).

(b) Liquid crystal monomers containing an achiral, swailow tailed terminal

group and an ether moiety linkin g the ﬂexible spacer to the vinylic unit, have been
prepared and these exh1b1t an anttferroelectnc mesophase These molecules show

no ferroelectnc or ferrielectric phases (Sectlon 4.3).

(c) Insertlon of an ether m01ety as the hnkmg unit between the ﬂex1b1e spacer
and the polymensable group appears to thermally stablhse the 11qu1d crystal phase in
the monomenc matertal when compared to acrylate matenals of similar structure. In
addmon the tendency of an antiferroelectric phase to form is mcreased (z e., the

temperature range over which the phase occurs is 1ncreased) (Sectton 4 3)..

(d) Polymerisation of monomers where the linking group is an ether moiety
increases the isotropization temperatures, but lowers the melting point in the case of

the optically active materials.(Section 4.3).
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55 THE EFFECT OF ALTERING THE POLYMER BACKBONE
SUBSTITUENT ON THE LIQUID CRYSTAL PROPERTIES
OF SOME SIDE CHAIN LIQUID CRYSTAL POLYMERS

(a) Increasing the size and polarity of the backbone substituent

(i) - has no effect on the ability on the formation of an antiferroelectric |

mesophase (Section 4.4).

(ii)  suppresses the formation of ferroelectric or ferrielectric mesophases

" (Section 4.4).'{;.‘

(iii) increases the thermal stability of th¢ liquid crystalline phase slightly (Section -

4.4).
(iv) does ﬁot affect the formation of an antiferroelectric mcsophaéé, in materials

with a 'swallow-tailed' terminal chain (Section 4.4).

‘ (b) ‘ Polyrrierisation of materials with a cyanb backbone substituent and an ether
link to‘ the flexible ‘sp’acei; results in polymers with an identical phase ‘sequence to the
'monomeric materials. The thcrmgl stability and the temperature range over which

“the alternating phases '6f the materials occur is increased. Increasing the size and

polarity of the backbone substituent increases the thermal stability of the polymeric

materials (Section 4.4).
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5.6 THE EFFECT OF INSERTION OF A REVERSED ESTER IN
THE FLEXIBLE SPACER ON THE LIQUID CRYSTAL
PROPERTIES OF SOME SIDE CHAIN LIQUID CRYSTAL
POLYMERS

(a) Insertion of a 'reversed ester’, at a point away from the rigid core, in the
monomeric material suppresses the formation of a smectic C phasc: Polyineﬁsatidn
- of these materials gives polymers where the formation of tilted smectic phases is
suppressed. The mesophase obtained for the polymer matenal is thermally

stabilised w1th respect to the monomeric material (Section 4 5).

5.7 THE EFFECT OF POLYMERISATION ON THE LIQUID
- CRYSTAL PROPERTIES OF SOME SIDE CHAIN LIQUID

CRYSTAL o-FLUOROACRYLATES

(a) Liqui& crystal poly(a-ﬂuoroacfylafe) materials appear to contain a high
degree of rigidity in the polymer backbone, which appears to suppress alignment‘ of

the polymer side chains (Section 4.6).
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APPENDIX

Plate 1 - Smectic A Texture Exhibited by Compound 27 (104.4 °C)

Plate 2 - Smectic Ca* Texture Exhibited by Compound 29 (53.1 °C)
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Plate 3 - Smectic Cy Texture Exhibited by Compound 30 (79.2 °C)

Plate 4 - Smectic A Texture Exhibited by Compound 51 (176.6 °C)



268

Plate 5 - Chiral Nematic Texture Exhibited by Compound 94 (142.2 °C)
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