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a.l A brief survey o chiral smectic phases

The compounds that form the smectic A (Sa) and smectic C (S¢) phases have
fairly rigid and straight aromatic cores. The alkyl chainsa the two ends which have the
lowest energy in the extended all-trans configuration make an angle with respect to the
rigid core. In the S¢ phase the chainswould prefer to make a smadl angle with respect
to the layer normal, i.e., in Fig. I1a.1, position 2 has higher energy than position 1. It
means that there is a rotational bias in the S¢ phase. However, because of the mirror
plane, thereis no net polarisation in the smectic C phase. Introduction of chirality into
the system, either by doping acompound showing Sc phase with a chiral material or by
integrating a chira group into the molecule, breaks the mirror plane symmetry leading
to theformation of Sc¢» phase. In Fig. 1.5, the molecular dipole now can point out of or
into the plane of the paper with equal probability and there is a quadrupolar symmetry.
We get polarisationif the dipoles are rigidly attached to chiral centresin the molecule.
If 1?7 is along k x7, where k is a unit vector aong the layer norma and # the
director, 1? is considered to be positive and when it is in the opposite direction, it is
considered to be negative.

In practice, P isfound to be negativein most of theferroelectricliquid crystals.
These are fluid ferroelectrics with ferroelectric polarisation in the plane of the fluid
layers. Polarisation measurements indicate that the effective dipole moment B, per
molecule is quite smal (P, =102 Debye). This is due to a weak polar bias in the
rotation of the molecules around their long axesin S+ phase. The dipolar energy (PmXx
2/a =10'% J), wherea is the intermolecular distance, is much smaller than the thermal
energy ksr = 10 joules. This means that the dipolar interactions do not produce the

transition from S, phase to Sc» phase. The ferrodlectric polarisation P is merely due to
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Fig.Ila.1 Position 2 hashigher energy then position 1 (after N.A. Clark.")



the symmetry of the C* phase. Hence the primary order parameter in the S, to Sc+
phase transition is the tilt angle as in the case of S, to Sc phase transition of a non-
chiral substance. The polarisation P isonly asecondary order parameter.

In the Sc» phase the tilt direction twists around the layer normal, resulting in a
helicoidal structure. The polarisation 2 which is coupled to the tilt also twists around
the hdlical axis 7 (Fig. l1a.2). The polarisation averages out to zero when the helix
makes one full 360° turn. Hence, in a macroscopic undisturbed sample which is free
from any of the external forces, the polarisation averages to zero. However, if the helix
is unwound by external forces such as surface interactions or by compensating the
helix in a mixture, the phase will have a net non-zero polarisation. It is because of this
reason that the S¢» phase has often been described as helielectric.

Ever since the first ferroelectric liquid crystal synthesised by Meyer et al.,?
many properties of these ferroelectric liquid crystals have been investigated as they
have some advantagesover nematic liquid crystals in display applications. Based on an
argument similar to that for ferroelectricity in chiral smectic liquid crystals, Garoff and
Meyer’* predicted the existenceof the eectroclinic effect in the smectic A phase of a
liquid crystal composed of chiral molecules. In this phenomenon, by applying an
electricfield ‘E’ paralle to the smecticlayers, amolecular tilt isinduced relative to the

layer normal in aplaneorthogonal to E.

Ila.1.1.1 Theferroeectric-sub phases

The antiferroelectric S¢ N phase and other sub-phases such as ferrielectric Sch

and Scr phases were discovered by Chandani et al’® in  4-(1-
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Plate ITa.1 Photomicrographof sample (K-4) showing Blue phase.

Plate 11a.2 Photomicrographof sample( K- 4) showing Cholesteric phase.




methylheptyloxycarbonyl) phenyl 4'-octyloxybiphenyl 4-carboxylate (MHPOBC). In
the antiferroel ectric phase, moleculesin adjacent layers aretilted in opposite directions,
as a result of which, the spontaneous polarisation is averaged to zero for the bulk
unwound antiferroelectric phase, in a zero electric field. In the ferrielectric phase
molecules aretilted in opposite directions in a random way and because of this random
arrangement there is a resdua spontaneous polarisation. The mesophase observed by
Levelut et al.,) designated as 'Smectic O’ phase, in 1-methylheptyl terephthalidene
bisarninocinnamate, was infact the same as the antiferroelectric phase observed in

MHPOBC.

Antiferroelectric phase shows tristable switching from ferroelectric phase to
antiferroelectric phase and back to ferroelectric phase, in an electric field, while a
ferrielectric phase exhibits tetra-stable switching under an electric field. Hence, these
materials can be utilised for fast switching display device applications.® The structure

of Sck phase is not yet very clear though a large number of models have been

proposed and it is now known to be helicoidal.’

Il1a.l.21nfluenceof molecular structureon mesomor phism

While discussing the structure-mesophaseréationshipsof the chiral mesogens,
particularly those exhibiting Sc+ phase, a mesogen can be divided into three parts (Fig.
IIa.3), viz., the tail, the core and the chiral group, and the influence of each on the

liquid crystallinebehaviour is discussed in thefollowing sections.
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Fig.lla.3 Schematicfigureshowing variouspartsof a chiral mesogen.



Plate Ila.3 Photomicrographof sample (A-8) showing Smectic A (partially aligned) phase.

Plate IIa.4. Photomicrographaof sample (A-8) showing Sc; (partially aligned) phase. Note

thedark linesalong thealignment direction.




lla.1.2.1 Variationin the hydrocar bon chain length

Gray and his co-workers '°"!' have shown that a smooth curve relationship
exists while plotting the mesomorphic transition temperatures, the enthalpies and
entropies of transition versus the alkyl chain length, for sufficiently large number of
homologous series,” while the melting points show no regularity. In a chiral series
exhibiting smectic phases, the higher homologues tend to exhibit the Sc« phase. In
many series of compounds the therma stability of the Sc« phase is found to increase
with increasing number of carbon atomsin the chain.' This increase per methylene unit
becomes less and less as the chain length increases. However, exceptions to this
general trend are known."™

Januliset al."* replaced the hydrogen atomsin the chain by fluorine atoms and
observed an increasein the melting points and a reduction in the thermal stability of the
Sce phase. It was shown by Kdly et al. ** that introduction of a double bond at the
termina end of the chain not only causes a depression in the melting points but also
results in the reduction of therma dability of the Sc« phase. The spontaneous
polarisation doesn't show a genera trend unlike the therma stability or the transition

temperatures. Its value can increase or decrease as we go along a homologous

series. !¢’

[la.1.2.2 Variationin thecore

Introduction of an ether linkage between the core and the hydrocarbon chain
increases the thermal stability of the Sc» phase.'® "> However, little change in the value
of spontaneous polarisation was observed.?’ The enhancement of the thermal stability

due to ether linkage could be attributed to the increased lateral dipole moment. And



this being distant from the chiral centre, the vaue o spontaneous polarisation is
unaffected. Kitamuraet al.*' have reported an example where a monotropic S« phase
and an enantiotropic S, phase observed in the dkoxy compound are totally suppressed
in the analogous alkyl compound, which was found to be non-mesogenic. When an
akoxy group in a compound exhibiting a monotropic Sc¢+ phase and an enantiotropic
Sa phase was replaced by an alkanoyloxy group,?? the latter exhibited enantiotropic
Sc+ phase with an increased thermal stability and an additiona ferroelectric phase
below the Sc- phase. In lieu, the S, phase had vanished. This change generally brings
about an increasein the thermal stability of the Sc« phase."

Inversion of centrally situated ester linkage has dramatic effects upon the phase
sequences.' > #* |t was observed that whenever the chiral moiety isin conjugation
with the ester group linked to the core, the Sc» phase goes over to the N* phase and
when it is not, the S+ phase goes over to the S, phase on increasing the temperature.'”
When an ester was replaced by a thioester, the thermd stability of the Sc« phase was
found to increase.'* The replacement of central -COO- linkage unit by a-CH,O- group
causes the Sc+ thermal stability as well as the value for spontaneous polarisation to
decrease.”

When an aromatic ring from the core was substituted by a cyclohexyl ring the
polarisability gets reduced and often the Sc- phase disappears altogether.'*'* A change
from cinnamoyloxy to a-methylcinnamoyloxy moiety lowers the mesophase transition
temperatures.”®’ In some cases the value of spontaneous polarisation also gets reduced
considerably.”’ Similarly, o-cholorocinnamoyloxy group reduces the mesophase
temperatures and the a-cyano group increases the melting point, while reducing the

thermal stability of the Scs phase.?®



Introduction of a nitrogen atom in the phenyl ring affectsthe S+ phase thermal
stability depending on the position of the nitrogen atom in the ring.”’ A lateral
substituent on a phenyl ring can affect the breadth as wel as the lateral dipole of the
molecule. Hence it can play a mgor role in influencing the thermal stability as well as
the spontaneous polarisation of the Scx phase. If the polar groups are accommodated
within the rotational volume of the molecule so that they do not increase the breadth
then they tend to stabilise the smectic phases.*® Thus, when a hydroxyl group was
substituted on the benzene ring in such a way that it can form an intramolecular

hydrogen bond with a carbonyl group® or nitrogen aoms of the

29,32

benzylideneamino,”*? or benzalazine group,”’ it was found to favour the Sc. phase s

wel as increase the vaue of spontaneous polarisation.”> The same authors have
reported the formation of Sc« and S, phasesinstead of the N* phase, present in the
unsubstituted parent compound.

When a halogen was introduced on the phenyl ring meta to a carbony! group,
the value of spontaneouspolarisation increases, however, if this halogen was present at
the ortho position to a carbonyl group the value was found to decrease.®** This has
been attributed to the fact that the carbonyl and the haogen groups are likely to liein
opposite directionsdue to electrostatic repulsion, which, effectively reduces the dipole
acting at the chiral centre.

The effect of introduction of afluorineatom at various positionsin compounds
exhibiting the Sc+ phase has been studied by Gray et al.*® The effect of mono-, di-, and
tri-fluorination in many phenyl and biphenyl carboxylates have been investigated by

Chambers et al.*® The S+ phase seems to be a predominant phase in these compounds.



[1a.1.2.3 Variation in the chiral moiety

Studies by varying the chira moiety are manly directed towards achieving
relatively high values for spontaneous polarisation. An increase in the dipole moment
at the chiral carbon atom was found to result in an increase in the value of the
spontaneous polarisation. This has been observed in compounds in which a methyl
group was replaced by achloro group.” It has been observed that the thermal range of

the Sc x phase increases in compounds in which a methyl group was replaced by a

trifluoromethyl or a pentafluoroethyl group.® In this case there was a direct transition

from S, phaseto S¢ x phase. An epoxy group® was also found to enhance the value

of spontaneous polarisation; on the other hand an ethoxy group was not as effective.*
When methylene groups were introduced in between the chiral centre and the core, the
value of spontaneous polarisation was found to decrease.***° This has been attributed
to the weakening of the interactions between the core and the chiral centre. This
however has littleeffect on mesomorphism.*' The hdlical twist present in the Sc+ phase
flips from one handedness to the other aong a homologous series obtained by
introduction of methylene units between the chira centreand the core.*

The sign of optical rotation and the direction of spontaneous polarisation also
alternates. However, Otterholm et al.** have synthesised some compounds where this
odd-even effect on the sign of polarisation related to the chira centre moving away
from the core of the moleculeis not observed. Reducing the distance between the core
and the chiral centre resultsin the reduction of the pitch.*

Goodby et al.** have studied the effect of damping the motion of the chiral
centre and its effect on polarisation. They observed that as the termina chain was

extended on the external side of the chiral centre the rotational motion of the chiral



group was restricted which resulted in an increase of the value of polarisation. This
damping a so enhances the steric repulsive effects and depresses the liquid crystalline
phase.

Yoshino et al.* have synthesised compounds in which the chird moiety is
flanked by two ester groups and by an ester and an ether linkage respectively. The
value of spontaneous polarisation in the latter compound was found to be four times
the value of the former. This has been explained by considering the relative orientation
of bond moments around the chiral carbon atom. Geelhaar*® has reported that, when
the 2-methylbutyl group in trans-1(4”-n-alkoxybiphenyl)-4-(2-methylbutyl)-4-
cyanocyclohexane attached to the cyclohexane ring is replaced by methyl isopropyl
ether, isopropyl acetate or isopropyl pentanoate, the vaue of spontaneous polarisation
increases gradually. For the last compound the mdting point gets considerably
depressed and a wide temperature range for the Sc+« phase was obtained.

From the analysis of ’CNMR spectra and the relaxation times of the carbon
atoms, Yoshizawa et al.*’ observed that the rotational frequency of the chiral carbon
atom does not change much during transition from S, to Sc+ phase. However, the
mobility of the polar group adjacent to the chira carbon atom (carbonyl in this case)
decreases remarkably during the phase trangitions. Generally, the enantiomers have
identical melting points,* and the same appearsto be true for mesomorphic transitions
aswell.” In S¢- phase the compounds of opposite absolute configurationsform helices
of opposite twists (handedness) and have polarisation vectors pointing in opposite
directions but of same magnitude.** The racemates differ by a few degrees in the
mesomorphic transition temperatures as compared to the enantiomers and have non-

helical and non-ferroelectric phases. Goodby and Chin*® have reported that chirality by



itself can induce additiona ferroelectric phases below the S+ phase to occur in pure

chiral compounds which need not be present in the racemic mixture.

[la.2 Synthesisand characterisationof monomers

All the monomers synthesised were mesomorphic. The transition temperatures
along with their associated enthal pies where ever measurable, are given in Tab.Ila.1 to
Tab.lla.4. The sub-phases could be detected using the highest sengitivity available on
the DSC-7 instrument. A DSC thermogram for compound N-8 is shown in Fig. l1a.4,
and MMa.5. The newly synthesised ferroelectric materias, displayed the novel
antiferroel ectric phase behaviour also.

The synthesis of these compounds were carried out according to the schemes
shown in Figs. lla6 toTa.11.

The naphthalene portion of the target materia was prepared starting from 2-
methoxynaphthalene (Fig.lla.6). This compound was acetylated using anhydrous
auminium chloride in carbondisulphide. The 2-acetyl 6-methoxynaphthal ene obtained
was oxidised to the corresponding carboxylic acid by using sodium hypobromite, and
then demethylated with agueous 48% hydrobromic acid to give 6-hydroxy 2-naphthoic
acid, which was protected as ester by refluxing with ethanol and a smal amount of
concentrated sulphuric acid as catalyst. The free phenol was condensed with m-alkene
alcohol by using diethylazodicarboxylate and triphenyl phosphinefollowing a procedure
described by Mitsunobu and Eguchi.” The acid was then deprotected by refluxing in
aqueousalkaline medium.

The 3-chloro 4-benzyloxybenzoic acid portion of the target compound was

prepared from ortho-chlorophenol (Fig.Ila.7), which was acetylated with



PRSI

Gl
L

0Ll
L

ori

{9,) sinymedws )
Ol
1

ozl

1

113
1

08

- 06t

I SSt

- 091

T
i

W
0w
-

'

St

T
<
3
2

- 684

- 061

- §61

—— —— (MW} dn opu3 Mo 183




gersid

(9.) sinjmiadwae} .
sZi ozt St [+ SOl 001 [
L 1 1 J I I . L 0581
S50l
- 0991
- S99l
B/rss0°0

BrrzeLo
08'¥2)

0s'ee

- 0L 94 mu

4

Al

- 0881

- S8 81

——— ——— Mwldnopuz »a

- 069t

|- s661

- 14806}




HO @ NaOH/(CH3),S0, H;CO @
@ Ethanol - @ (1)

CH3COCI/AICI3

Nitrobenzene
H3CO

COCH; (2)

©

Brz, KOH, Dioxane

o Q)
@
48% HBr
CH3COOH /A
Q)
@ COOH (4)
EtOH,H,SO,
O

CH2=CH(CH2)n_20H
DEAD,TPP,CH,Cl,

E

(CH2)a0 OQ

6,n=4)
COOC,Hs §7m=83
8,n=9
‘ H,0,KOH
(CH2)5-20 @ 9,n=4 )
2 @ COOH 10,n=8
11,n=9

Fig.Ila.6



Plate Ila.5 Photomicrographof sample (A-8) showingSc« (partially aligned) phase. Note

the small lines perpendicular to the alignment direction.

Plate Ila.6 Photomicrograph of sanpl e (A-8) showing Sc; (partially aligned) phase. Note

thelong bright lines lines perpendicular to the alignment direction.
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acetylchloride in the presence of pyridine. The resulting acetate, was then converted
into the 3-chloro-4-hydroxyacetophenone, by Fries rearrangement using anhydrous
aluminium chloride. The hydroxy compound was benzylated with benzylchloridein the
presence of anhydrous potassium carbonate. Sodium hypobromite oxidation resulted in
the formation of 3-chloro 4-benzyloxybenzoic acid.

The opticdly active chloro acids, viz. [S]-2-chloro-4-methylpentanoic acid and
[2S, 3S]-2-chloro-3-methylpentanoic acid were obtained from I-leucine and 1-
isoleucine respectively, vi a their diazonium chloride solutions (Figs. 11a8, 11a.9). The
chloro acids were converted to their respective methyl esters by refluxing them in
methanol in the presence of catalytic amount of concentrated sulphuric acid. The
purified methyl esters were then reduced by lithium auminium hydride to the
corresponding acohols. None of the reactions involved affected the absolute
configuration of the chira centres. The optically active alcohols were condensed with
4-benzyloxybenzoic acid. The products of these reactions were subjected to
hydrogenolysis with 5% palladium on charcoal as the catalyst. The phenols obtained
upon debenzylation were reacted with w-alkeneoxy naphthoic acids or with 4-
benzyloxybenzoic or 3-chloro 4-benzyloxybenzoic acid in presence of N,N’-
dicyclohexylcarbodiimide (DCC) and N,N’-dimethylaminopyridine (DMAP). The
products obatined from the latter two cases were again subjected to hydrogenolysis
with 5% palladium on charcoal as the catalyst. The phenols obtained upon
debenzylation were reacted with w-alkeneoxynaphthoic acids in presence of
dicyclohexylcarbodiimide and N,N’-dimethylaminopyridine.

The biphenyl portion of the target material was prepared starting from 4-

methoxybiphenyl (Fig.Ila.10). This compound was acetylated using anhydrous



auminium chloride in carbondisulphide and then demethylated with agueous 48%
hydrobromic acid to give 4-hydroxy-4'-acetylbiphenyl, which was protected with
benzylchloride as a benzylether. The 4-benzyloxy-4'-acetylbiphenyl was oxidised to the
corresponding carboxylic acid using sodium hypobromite. This carboxylic acid was
esterified with [R]-[-]-2-octanol in the presence of N,N’-dicyclohexylcarbodiimide and
4-N,N’-dimethylaminopyridine. ~The resulting ester was debenzylated Ly
hydrogenolysis reaction using 5% Pd-C as catalyst.

The 4-benzyloxybenzoic acid was prepared by etherification reaction between
benzylchloride and ethyl 4-hydroxybenzoate, followed by saponification and
acidification. Its esterification with [R}-[-]-2-octanol was accomplished in the presence
of a dehydrating agent such as N,N’-dicyclohexylcarbodiimide and 4-N,N’-
dimethylaminopyridineas a catalyst as described earlier. Etherification reaction of 4-
benzyloxyphenol with [R]-[-]-2-octanol was performed following a procedure
described by Mitsunobu and Eguchi and inverson in absolute configuration was
observed after the reaction (Fig.1la.11). The deprotection of the phenolic group was
achieved through a 5% palladium on charcoal catalysed hydrogenolysis reaction. The
phenol was esterified with 4-benzyloxybenzoic acid and the same procedure was
repeated in order to lengthen the molecule by another phenyl ring. The final
compounds were obtained by a smilar esterification reaction as shown in schemes
Fig.1la.12 to Fig.lla.18. Experimental details of the reactions described above along
with the relevant references are included in part 111

The transition temperatures were observed as a thin film by sandwiching the
samplebetween aglassdide and a cover dip, under a polarising microscsope equipped

with aMettler FP-80 heating stage. The enthalpiesof transitions were determined from
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thermograms obtained on a Perkin-Elmer, Model DSC-4 or DSC-7 instrument for the
monomers and Rheometric Scientific Differential Scanning Calorimeter for the
polymers. The heating and cooling rates were 5.0 °C/min and 3.0 °C/min respectively
for monomers and 10.0°C/min or 20.0°C/min for the polymers. The calorimeters were
calibrated using pure indium as a standard. All experiments were conducted using
samples sandwiched between ITO-coated glass plates. Mylar spacers were used to
define the thickness of the cdl (typicaly Sum for the polarisation and tilt angle
measurements). For spontaneous polarisation (P,) measurements the triangular wave
method was employed. To identify/confirm the presence of antiferroelectric and/or the
"sub-phases™ a low frequency (0.9 Hz) probing field had to be used. However, the
measurements as a function of temperature were carried out at a higher frequency
(10Hz) to avoid conductivity problems associated with low frequency large magnitude
fields. The tilt angle (6) of the moleculeswith respect to the smectic layer normal was
calculated from the difference in the extinction positions of the sample between
crossed polarisers under a near-DC (0.1 Hz) switching field. The field had to be high
enough to unwind the helical structure.

The mesophases were observed as a thin film by sandwiching the sample
between a glass dide and a cover dip. On cooling the isotropic liquid of monomer
homologues N and A, the homeotropic and focal-conic texture of a S, phase was

observed. The SC; phase was hardly detectable by microscopic observation becauseits

textureissimilar to that of the S, phase. The ferroelectric phase appears with a striated
fan shaped or pseudo-homeotropic texture. As the temperature is decreased further,

the antiferroel ectric phase appears which looks like aferroel ectric phase only.



A planar dignment of the sample alowed to distinguish antiferroel ectric phase

from ferroelectric phase. It also reveals an intermediate phase Sc& between S, (Plate
1Ia.1,2,3,4,5 and 6) and smectic C* phases. In Sck phase, the homogeneous coloured

regions of the S, phase becomes striated with thin, dark and clear bands paralld to the
rubbing direction. At the transition to the smectic C* phase, little perpendicular lines
appear. The transition to the antiferroel ectric phase was detected as a clear change of
the texture. The new texture appears with large stripes growing perpendicular to the
rubbing direction.

In the homologues of series K, R and |, the cholesteric phase appeared first
from isotropic phase with a focal-conic or Grandjean plane texture. On further slow
cooling, the transition N*-S , was observed via a helicdl TGB4 phase. The TGB, phase
existed for a very short temperature range (= 0.1°C ) and was identified as such by the
observation of filament texture analogous to texture for TGB, phase reported in
literature. At lower temperature, the ferroel ectric smectic C* phase appeared both with
broken fan shaped and plane textures in case of series| and K while in the case of

series R no further change was observed.

lla.2.1Liquid crystalline properties of monomers

Naphthalene moiety has invoked attention because of some very interesting
properties such as high optical birefringencein the nematic phase,” formation of glassy
states,"* and quasi-bookshelf ferroelectric liquid crystaline order™® in case of low
molecular weight liquid crystals and important high performance polymeric fibers, e.g.

VECTRA™ owe its propertiesto the ‘crankshaft' geometry of this moiety.”



Naphthalene moiety offers important structural properties such as molecular
length and polarisability that postively influence the intermolecular interactions
favouring the mesophase formation. Thus, the compact unit has been successfully used
to promote the liquid crystal phases most suitable for display devices, i.e. nematic0r
chiral smectic C phase.”’

Comparison of the mesomorphic properties of compounds containing a
naphthalene moiety with other cores such as the phenyl or biphenyl systems has not
been widely reported in literature.’®

Here we make an attempt to study the efficacy of the naphthalene moiety in
yeilding mesophases as compared to the other well known systems. A series of minor
modifications were made on the parent structure R, shown in Fig.Ila.12, in an attempt
to elucidate structure property correlation. The theme was to keep the naphthaene
core unit untouched while modifying dl other parametersin astepwise fashion to study
their effect.

It was reported by Goodby et al.,” that the naphthalene moiety if present at
one end of the core promotesthe formation of asmectic A phase; and if it is present as
a central ring system of the core i.e. joined by another aromatic system atleast on one
side promotes the formation of the smectic C phase. Thereit was argued that when the
naphthalene moiety isin the central position of the core it produces an overal zig-zag
shape that is conducive to the formation tilted phase, but when it is in a terminal
position within the core its structure tends to bend or kink the core out of line.
Effectively, the breadth of the naphthaene ring in the termina position is being
experienced more in interactions with neighbouring moleculesthan it would if it were

in acentral position. This has been illustrated by the following figure (Fig I1a.19).
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We report here severa series of compouds that contain naphthalene unit as a
termina unit of the core. All, except the lower homologues, show a chiral smectic C
phase. Some of these aso show the novel antiferroelectric phase as well. It is
interesting to note that the antiferroel ectric phase seems to get stabilised, displaying a
fairly wide temperature range as compared to the corresponding phenyl unit containing
core® It is also worthwhile to note that none of these novel compounds display the
ferrielectric phase.

We propose the following model to argue how the ferroelectric phase gets
stabilised in the compounds that we report here. All the compounds synthesised have a
termina alkene group. It isfelt that this terminal akene playsan important role. The &-
electrons of the double bond has its own polarisibility which tend to stabilise the
antiferro like configuration of molecules. Thus, it aids in tilting of the molecules in
alternate layers stabilising first the ferroel ectric phase then the antiferroelectric phase.
This may aso be a reason why there is a total eimination of the ferrielectric phase,
which in the norma circumstances would have been expected to exist between the
ferroelectric and antiferroel ectric phase as in the case of analogous biphenyl substituted
cores. This implies a strong interaction between the alternating layers in the smectic
phase structure. It can still be observed that, as per Goodby’s arguement, delocalised
electrons of the core would stabilise the smectic A phase. The temperaturerange of the
smectic A phaseis very wide in amost al the compounds synthesised.

Unusua stabilisation of the antiferroelectric phase has also been reported by
Wu et al.®" in some naphthalene compounds. In those cases the naphthalene moiety
was a terminal end of the core close to the chiral center viz. the chiral group was

directly attached to the core of the molecule. Interestingly their core structure was the



reverse of the ones reported for one of the series, A, here. Though, direct comparison
of resultswould be inappropriate, it is significant to note that the P; values and the tilt

angle measured by usis higher for compounds of similar terminal chain length.

The tables (Tabs.Ila.1-4) reved that the parent R series compounds do not
show a chiral smectic C phase. Infact, these show less ordered cholesteric phase.
Varying the core by introduction of a chloro group in the central ring (the K series),
reveals a very short temperaturerange of TGB4 phase. The identification of this phase
was done by observation of textures and comparing with analogous ones reported in
literature. It isa smdl but structurally important fact that a TGBa phase was observed
in a compound that shows predominantly smectic A phase. It iswdl known, as noted
earlier, that for the formation of TGB phase strong fluctuationsfrom the cholesteric or
the blue phase should penetrate the lower lying smectic phase. Also, the smectic phase
should be of smal temperature range so that it can easly be disturbed by the
penetrating fluctuations from the cholesteric phase. Both these factors contribute to
stabilise the TGB phase. Here, in the K series, the smectic phase has a fairly long
temperature range. Thus, it is possible that the fluctuations induced by the cholesteric
phasein thiscompound is very strong.

The | series of coumpounds show the smectic C* phase. The only difference
between the | series and the parent R seriesisin thechiral centre. R series has 2-chloro
4-methylpentyl unit while the | series has 2-chloro 3-methylpentyl unit. Effectively, a
methyl group has been moved one carbon atom closer to the core of the molecule in
case of the | seriesas compared to the R series. This, perhaps, causes an increasein the
effective chain length and enables the formation of a tilted smectic phase. Converdly,

the protruding methyl group in the case of R seriesincreasesthe overal breadth of the



Tab.IIa.1 : Transition temperatures(°C) and enthalpies(Jg™*) of monomers.

Monomers K Sa TGBa4 Ch BP

R-4 o 104.80 . 210.60 - 210700 o 212.60 - 213.20
50.80 7.93 0.85

R-8 . 95.80 . 199.50 _ - 200.50 - 201.10
51.91 742 0.98

R-9 o 88.50 . 197.00 _ - 201.50 - 202.00
57.65 543 1.34

K-4 . 77.10 . 133.60 . 13370 167.70 - 168.20
55.23 8.74 1.03

K-8 . 6550 e 149.10 _ - 159.70 - 161.20
52.45 5.64 1.45

K-9 . 63.80 . 148.20 - - 158.30 - 158.60
66.88 6.45 1.22

# - The enthalpy for the transition could not be measured.
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Tab.ll1a.3: Trangtion temperatures(°C) and enthalpies
(Jg") of monomers.

M onomer n K Sa I

S4 4 o (79.20) e 80.70 o
25.74

S-8 8 o 78.00 o 85.20 °
34.48 8.32

S9 9 o 70.70 o 88.20 °
29.27 7.75

H-4 4 - _ 45.20 o
271.25

H-8 8 e (40.05) e 60.05 -
5.22

H-9 9 o (4310) . 6120 .
4.96




Tab.lla.4: Trandtion temperatures(°C) and enthalpies (Jg™ ) of monomers.

Monomer [ n K Sci Sc Scg Sa
N-4 4 - 118.20 - - (101.00) - 199.30 ° 200.00
27.22 0.03 0.10 5.12
N-8 8 o 97.40 ° 119.20 ° 132.20 ° 132.70 ° 177.50
28.14 0.03 0.02 0.07 7.50
N-9 9 e 91.20 ° 98.30 ° 139.10 ° 143.20 ° 175.90
29.30 0.05 0.03 0.07 6.90
A-4 4 - 128.30 - _ _ - 183.90
33.25 8.27
A-8 8 o 92.50 ° 101.30 ° 123.30 ° 125.50 ° 164.90
30.77 0.04 0.02 0.09 7.93
A-9 9 - 80.80 ° 102.80 ° 127.40 ° 132.70 ° 166.10
30.10 0.06 0.05 0.06. 7.90




molecule and the resulting steric interactions stabilises the smectic A phase over the
tilted smectic phase. Such observations have been made earlier in the literature.*

It can also be seen from Tabs ITa. 1-4 that if the core length is reduced then the
tilted smectic phase vanishes completely. As can be seen in the case of H series, even
the smectic A phase becomes monotropic for example compound H-4, and exists
enantiotropically over a smal temperature range in the higher homologues. The
compound of seriesS show a higher thermal stability when compared series H, though
both have only three ring systems in the core. The differencelies in the chiral moiety.
The S series has 3-chloro 4-methylpentyl unit while the H series has a 1-methylheptyl
unit. It is not clear as to why the stabilisation of the smectic phase occurs, although an
indication can be gathered from the fact that the chloro group present in the chiral
centre of the S series would induce a lateral dipole, which could in principle stabilise
the smectic ordering.

The remaining two series of compounds, series N and A, are quite interesting.

Higher homologuesof  both these series show asequence of S, - Sc* - Scx - Scx - K.

The effective stabilisation of the tilted smectic phases over the smectic A phase by the
terminal alkene has already been discussed earlier.

Both the series show lower thermal stability compared to the other four ring
(considering the naphthalene unit as two rings) series synthesised. This enabled the
measurement of spontaneous polarisation and tilt angle easy. It can be seen from
Fig.lla.20 that the N series has a higher polarisation value and tilt compared to the A
series. In both the cases the polarisation saturates at about 85nC/cm?. The maximum
observed was for compound N-8 = 90nC/cm®. A look at the temperature dependent

optical tilt angle measurements show that the tilt saturates at about 22°. This holds
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good for both series A and N. The maximum tilt was observed for compound N-8, 24°.
Thus, there is not much differencein the value of polarisation or the tilt angle between
the two series of compounds though structurally one ester group has been eliminated
from the core of the A series. It can therefore be implied that the role played by the
central ester group is minimal i n determining the polarisation or optical tilt angle of this
compound. Thisis because the particular ester group is deeply embedded into the core
of the moleculeand its steric and dipolar contribution is effectively cancelled by steric

averaging due to fast rotation of the molecule around itslong axis.

[la3 Physcal measurements
Ila.3.1 Spontaneouspolarisation

The magnitude of spontaneous polarisation, Py, is of fundamental importance in
the study of ferroelectric liquid crystal (FLC) devices®™® In order to synthesise a
ferroelectric liquid crystal with large P, thereby achieving lower operating voltages, it

Is essential to know the relationship between magnitude of Ps and molecular

structure.” The interplay between molecular structure and the magnitude of P is not
yet clear (symmetry considerations do not give any information regarding the
magnitude of P, it only predictsthe existencedf ferroelectricity in liquid crystals) and
only general rules can be discussed, athough many studies have been made.®® The
followingfactors seem to play an important role in determining the magnitude of Ps.

1. The size and nature of the lateral dipoleat the chiral centre.®’

2. The degree to which the rotations of the molecules especialy the chiral centre

are hindered.®®



3. The degree of coupling between the dipole at the chiral centre with any other

dipolesin the molecule.”
4. The distance between the chiral centre and the central rigid core.™
5. Theaky chain length.”
In addition, for the side chain ferroelectric polymers:
6. The extent of decoupling of the side chain from the main chain.
7. The rotational viscosity of the polymer in itsliquid crystallinestate.

Even though several studies have been carried out to confirm the above
empirical observations, concrete links between the molecular structure and the physica
properties have ill not been established, especialy on the effect of polymerisation on
electro-optic properties. Towards this, in the present investigations, a few selected
monomers and polymers were examined so that relation between molecular structure
and property, including the effect of polymerisation on the magnitude of polarisation
could be understood better.

The following sections describe, in detail, the experimental set-up including the
apparatus used to measure Py, the techniques employed for aigning the sample and the

method of data acquisition and anaysis, followed by the results obtained for the

monomersand the polymers.

lla.3.1.1 M easur ement of spontaneous polarisation (Py)

Severa methods employed for the measurement of P in solid ferroelectrics,
have been used in the case of FLCs also.”* In addition, a few techniques have been

developed specifically for liquid crystals.” Among these asuccessful and very versatile

method is the triangular wave method.” Another popular method to measure the



spontaneous polarisation directly is the field reversd method, wherein, the induced
current is measured by rapidly reversing the applied field. But difficultiesarise from the
large conductive and capacitive current which are comparable to the current arising
due to the polarisation realignment. It is not easy to draw the base line unambiguously
because of the contribution of these unwanted currents, and hence it is difficult to
measure polarisation accurately.”” The principle and advantages of using triangular
wave method are described below.

Liquid crystals (including polymeric liquid crystals, PLCs), are not good
insulators. The presence of ionic impurities make them fairly conductive. PLCs can
also act as dielectrics when they arefilled in acdl of the type described above. Thus,
such acell can be regarded as aresistor (R) and a capacitor (C) connected in parallel.

The current I(t) induced in aferroelectric liquid crystal cdl by applying a field V(1) is

written as a sum of thefollowing three contributions:

o the first due to the charge accumulation to the capacitor I,
J the second due to the polarisation realignment I,, and
. the third due to theion flow I,.

Thus, we obtain,

I=1.+1,+1 :Cd—V+£]l£+—‘i
dt dt R

where Pis the amount of charge induced per unit area by the polarisation realignment.
The following diagram (Fig. 11a21) shows the current induced by rapidly
reversing a field (a) and by applying a field with a triangular form (b). Here, three

contributions, 1,, 1, and I; and the overall profilesof the induced current expected are
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shown for each case. In case (b), it is assumed that the helix remains unwound between
Hh< t< 2t and the reversa of the polarisation is completed between 21i< t< 3t;.
Therefore, the area S, is twice the spontaneous polarisation, and should be identical to
the area S, in case (a). The difference between the two cases prominently appears in
the base-line to separate the contribution I, from the overal signa |. When a rapidly
reversing field is applied, the voltage remainsconstant between the interval 2t,< 1< 3,
and hence the current varies. This current contributes to the peak observed for
polarisation reversal current in a complicated fashion. Hence, it is difficult to separate
the capacitive contribution. Whereas, when a triangular wave is applied, the net
capacitive effect is shifting of baseline, which brings about the advantages of the
triangular wave method. This is especially important when the operating frequencies
are low. Hence, the triangular wave method becomes the method of choice when

polymers are subjected to polarisation studies (where the responsetimes are large).

lla.3.2 X-ray studies

The mode of packing of molecules and the types of order present in a
rnesophase are revedled by X-ray diffraction studies. The well-known Debye Scherrer
technique was used for powder samples. It does not provide information regarding
gpatial orientation but gives dl the reticular spacings which are usualy sufficient to
distinguish between broad classes of liquid crystdline phases. For complete
characterisation however, well-oriented samples are required.””"® Orientation of
sample in capillariescould be achieved by application of strong magnetic field accross

the isotropic-nematic or isotropic-smectic phase transition. An alternative procedure



was to draw afiber of polymer sample from out of the mesophase and quenching the

LC array in the glassy state so that it could be examined at room temperature.

lla3.2.1 Powder samples
The diffraction pattern of a powder sample can be divided into inner rings at
small angles, and outer rings at large angles. Small diffraction anglesare of the order of

3' and correspond to distances of about 30 angstroms. The large diffraction angles are
of the order of 20° and corresponds to distances of about 4.5A for the usua
wavelengths (CuKq = 1.54 A). The inner rings are indicative of longer layer spacings

while the outer rings correspond to short preferred spacings occuring in the latera

packing arrangement of the molecules. The appearance of a broad halo or a sharp ring

indicatesthe degreedf order qualitatively.

lla3.2.2 Oriented samples

The marked anisotropy of the molecular organisation in oriented nematic
samples is shown by two symmetrica wide angle crescents arising from spectral
correlation between mesogenic units. In the case of oriented smecticsthe patterns are
much like those of nematics but they are more intense and with a less pronounced arc.
Strong sharp reflections seen at small angles show the extensivelayer-like correlations.

X-ray diffraction can be used to determine the tilt angle of the molecules in
ferroelectric phases.”” But the tilt obtained here is averagetilt of the whole molecule
and not just the core of the molecule. Thisis defined as the steric tilt angle. The optic
and steric angles usually differ because the molecules are not linear in shape. The steric

tilt angleis determined by the expression



cos8 =d/l
where 8 isthe steric angle, d is the lamdlar spacing measured by X-ray and 1is
the length of the molecule. The length of the moleculefor a compound showing Sa-Scx

phase transition is assumed to be equa to the lamdlar spacing at the Sa-Sc+ phase

transition.

I1a.3.3Optical tilt angle

It isdifficult to definethe optical tilt angle in ferroel ectric mesophases because
it depends on the position of a reference coordinate system. Assuming the normal to
the layer planeto be one of the reference directions, the angle between the optic axis of
an ensemble of molecules and this axis is termed the optical tilt angle. For most
materias the optic axis is determined by the relative positions of the core of the
molecules and strongly dipolar functionalities that effectively determine the axis. Thus
the optic axis can be used to investigate the inclinations of the cores relative to the
layer planesof the phase.

The optical tilt angle can be determined in ferroelectric liquid crystals by
electrical studies. The ferroelectric phase is poled by a strong DC fidd so that the
materid aligns in a single direction. The cel is placed on a microscope stage and
oriented under crossed polarisers of a microscope such that extinction is obtained. The
polarity of the applied DC field is then reversed and the field of view becomes lighter
as the molecules are reoriented through an angle equa to twice the tilt angle. The cell
on the microscope stage is rotated in order to bring the field of view back to
extinction. This angle of rotation is divided by two to give the optical tilt angle. The
temperature dependenceof this optical tilt angle can be determined by placing the cell

inside an oven whose temperature can be controlled accurately.”®



The tilt angle obtained both from optical and X-ray diffraction patterns, can be
used as a probe to study the internal structure of the tilted phases. The results indicate
the location of the cores of the molecules, how their position change with temperature

and how they are affected by the structura changes.
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