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CHAPTER X

INTRODUCIION

HMany organio compounda are known to fom |nter-
mediate phases between the cryetalline solid and the
Isotropic liquid phase by the aotion of heat. The
intermediate phases (oalled mesophases) have some proper-
ties of the arystal,like optical and dielectric anisotropy
and also the mechanical properties of aliquid. They

are hence called thermotrople liquid crystals.l

Liquid erystalline phases are also foxmed in
solutions Of amphiphilic molecules in water or other
polar solvente over a range of concentrations. These

are called |lyotropia liquid erystals.

The organic compounds which form mesophases have

moleoulee which are geometrically anisotropie. The
moleoulee mey be either elongated Or disc shaped. Liquid

orystals composed of elongated or rod like moleculss are



common. The thermotropic mesomorphism i N disc like
molecules WS discovered only very recently by
Chandrasekhar et al.® e structure suggested by them
is columnar, the different columns foxrming a two-

dimensional lattice~like array (figure 1.1).

In this thesis, we are concerned With thermotropic

liquid erystals Of rod |ike molecules.

Fri e&elg

classified mesophases |nta three types
depending on the molecular arrangement. They are

(1) nematic, (ii) cholesteric, and (iii) smectic.

Nematics.

There i s NO long range translational or positional
order for the molecules i N this phase. But there is an
orientational order i N that the molecules i N this phase
tend {0 align themaelves parallel { O some common axis
called the director ( n ) (see figure 1,2a). Hence an
orientational order parameter & 18 defined, the value

of which is characteristic Of the material and is a



FIGURE 1,1

Schematio representation of columnarx
phages of disc-like molecules
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function of temperature. [f & | a the angle between
the long molecular axis and the director,

8 = <%(30062 9 - ’i}> where the outer brackets denote
the atatistical average. The value of @ = 1 for an
ordered sample where the molecules are exactly parallel

tO one anather and | a serc for On isotropic liquid.

In a nematic, 2 and -n are indistinguishadle,
f1.0., 11 IS apolar. ¥Fven though the direction of ?1
varies from pPoint to point i N a nematic, an allgnment
of the molecules where B has the same direction through-
out is often required in experiments. If the molecules
are aligned parallel tO the surfaces Of the container,
the alignment is called homogeneous (figure 1.7%3). It
is obtained Dy unidirecotional rubbing Of the surfaces
of the sontainer, Or by oblique coating Of silicon

monoxide O some other material ON the glass surfaces,
or by the application Of a strong magnetic fieldina
direction parallel to the surfaces, An aligmment of the

molecules perpendicular to the walls of the container
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ZIGURE 1.3: Schematic representation of (a) homogeneous

and (b) homaegtropie alignments of liquid
orystals.



is called hameotropic (figure 1.3b). This is achieved
by the application of a strong magnetic field perpendi~
cular t0o the surfaces or by treating the surfaces by

surfactants.

The X-ray diffraction pattern of & randomly

oriented nematic consiats of one 'inner ring' (close
to the centre of the diffraction pattern) and one
'outer ring*. The immer riNQg i s faint and diffuse and
the outer ring IS also diffuse. The diffraction angle
corresponding to the inner ring is of the order of a

f ew degrees and that corresponding to the outer ring
is of the order of 20. Isotropiec phases also have
diffraction patterns similar tO nematics but the inner
NNg is generally more diffuse. To distinguish the
tWwo phases by x-ray means, One can use aligned sauples.
Bax an aligned nematic, the rings split UD iNtO crescents
Or spots whereas an isotropia medium camnot De aligned

and will always dow rings.

The diffraction maximum at smaller angles



{inner ring) iz related %o the length of t he molecule.
The way | N which this xing splits up for an aligned
nenatic indicates the degree of short range order.

The diffraction maxima Al larger angles (outer ring)

iz due t0 the breadth of the molecule. The line jolning
the centres of the outer waxima is therefore normal to

the direction o the molecules i N an aligned sample.

By x-ray diffraction studles, de Vries? nas
established that | N many nematic phasae there also exints
a short ranpge smeotic like order. (We Will disouss
amectles in the next section.) Thus, for a group of
molecules in the nematie phase, called the oybotuctic
group, a short range translational order exists. The
molecules | N the group are arranged i N lagexs., If the
angle between the long molecular axis and the layer is
significantly different from Y0®, the group is called
skewed cybotactic. If the angle ip Y0¥, it is called

nomal eybotactle.

For cybotactic nematics, the intensity of the



X

inner ring i s far greater than that of the outer ring.
Aligned samples of skewed cybotactic nematics give four

discrete spots whereas normal cybotactia nematics give

only two spots.

Cholesterics

The cholesteric phase is also of the nematic type
except that the molecules i n this phase are optically
active which results i n a helical arrangement of the
director (figure 1.2b). Thermodynamically, this phase

| S usually considered to be identical to the nematic

phase.

The X-ray diffraciion pattern of a cholesteric

phase is similar to that of a nematic phase. But for a

monodomain sauple Of a cholesteric the pattern obtained
are rings whereas an aligned nematic glves two outer

erescente and two i Nner spots.

Smectios

Smectic liquid crystals are stratified structures,

g



the molecules being arranged in well defined parallel
layere. Smectics are olsssifisd lonto several types
depending ON the order within a layer and on the inter—
layeyr corvelation. In We amectic 4, the molecules

are upright and are unequally spaced within the layex
(figurs 1.2c¢). Theare is thus a positional order | N one
dimension i N addition to the orientationsl order. An
oriented smectic 4 i3 optiocally uniaxial, the optic axis

being nomal t0 the plane of the layers.

The x-ray diffraction patterns of randomly oriented
smectic A phases have an ilnner ring which is sharp and an
outer ring which is quite diffuse. (There may be more
than one inner ring also, but these correspond to the
differant orders of diffraction.) For an aligned sample
the imner ring condenses imto two s,0t8 and the outer
ring into two exescents. The line that ia drawn through
the spots atands perpendioular to the preferred dirsction
of the smectic planes. The |ine one can draw between the

centree of the maxima I N the outer ring stands perpendicular



t0 the preferred direction of the long exis Of %he
moleoules. From the xX-ray pattern of an aligned
smectic A it can be seen that the moleoules are more

or leas perpendicular tO the smectic planes.

The dlameter of tr2 imner xing (or the distance
between %he apots) isS uUSed to calonlate the layer
spacing 4 Of the smectic 4 phase. | N many oases,
this corxresponds to the molecular length, Johelength
beirng ealeulated from tho all trans configuration with
extended chains., 3But i N some oases, this | S egual %o
approximately 1,4 times the molecular length We will

disouss this | N soze detall later.

The outer ring in the smectic A phase corresponds
tO the lateral distanves between the molecules. The
diffuse nature of the ring indicates the random diptri-
bution of the molecules in the layex, i.¢., there is no
order with reaspect [D the centres of graviiy of the

molecules | N the plane of the layers.

Gmectio C 1o a tilted form of smectio A. The



molecules | N this phase are inclined tO the layer rD——
(figure 1.:). The tilt angle © in many cases is

dependent on temperature. dmectic ¢ is biaxial.

For an unaligned sample, the X—ray diffraction
pattern of the smectio A and U are more OX |ase simllar,
But for a well aligned smectic A tho line through the
| Nner maxima {spots) and that through the outer maxima
(orescents) are perpendicular to each other whereas in
the pattern for aligned smeotie ¢, they are at an angle..
From the x-ray diffraction patterns, the tiXt angle can

be determined.

Several other types of smectics like amectlc E, D,
E, ¥, eta. are know. From x-ray studies, thar structures
are being established. The appearance Of outer ring (Or
rings) gives A al W towards the nature of molecular order
within the layer., Thus smectic B is known tO have hexa-
gonal close packed ordsr i N the plans of the layer and
smectic D i S reported (O be cubioc. W shall NoOt discuss

the structural details of these Bmectics here.



o1 dequence of Phase Tranalitions

Some typlcal examples Or mesophase tranaltlions
I N thermotropic liquid crystals are given below. The

transitions which ocour during both the heating and
cooling modes are referred to as enantiotxropic While
t hose which occur only in the eooling mode are called

monotropic.

(1) 4'-n-Pentyl-4~cyancbiphenyl (5CB)

22.5% 35°C
golid <ee—d nematic €———> igotropic

(11) KN-p-Oyancbenzylidene-p-octyloxyaniline (CBOOA)

13.2°%C 82.8%C 107.3%C
solid ¢——> smectic A ¢-ew—> mematic €-w—> isotropic

(151) Cholesteryl nonanoate

8.6 °¢C 9t.2 *¢
solid ~w-w—e> gholesteric =————w—> jgotropic
Looling

91.2°% 75.5%C

isotropic =~ cholesterio —~% gmactic A —-> solid



it) #-Biphenylyl~§"~n-gctyloxybengoate

120%C 130.8°C
a0lid ~——> nematic ———> isotropic

130.8°C 98°q _
isotropioc > mematiq > smectic A -~ sOlid.

Froza the above examples, It oan be seen that with.
inorease | N temperature., usually transitions take place
from a Well ordered phase (like the sdlid) to a less
ordered phave (like the smeotio Or nematic)}. 4s the
teuperature i S inecreased further, the transitionis
finally to the isotropic liquid phase of maximum disorder.
This is wha is expected generally from the principles of
theruodynanics,. 4Also, while cooling the sample from the
isotropic phase, one expects transitions from the nematie
to the smectic and thersafter (O the well ordewed Bolid
phase. The reversal (O the golid phase ls usually acocompa—

nied by supercooling.

When a gample in the nesatic phase is cooled, a



short range emectic |ike translational order sey develop
i N the phase. The presence Of such eybetactic groups,
referred 1O esarlier, can ba directiy verified by x~ray
studies. |If there is A nematic-smectic A transition,
with the deorease i N temperature in the nematie range,
the imner ring in the X-ray diffreection pattern bdecomes
sharper SO the smectic A phase iz approached. This iS
due tO the smectic like short range ordering developed
| N the nematic phase and is o pretransitiomel effeot.
Many related properties Of the system change as a
congequence and We shall have occasion %o refer to such

effects observed i N our studies i N the nsxt few chapters.

12 The Re—antrant Behaviour

Recently, c:.amaﬁ made an interesting discovery

while working with mixtures oOf p~[ (p~hexyloxybensylidene )~
aminojbhengonitrile (HBAB) and N~p-cyanobengylidene-p—ne
octyloxyaniline (GBOUA). She observed that the nemaiic-

smectic A transition temperature of these mixtures

bacomes multivalued with inoreasing concentration Of HBAB.



The sequence of transitions that she observed on cooling

the myl‘ 1”,

isotrapic ~? nematic > smectic A-> nematic > solid.

Thus the nematic phese ocqcurs agaln, at a lower
temperaturs then the smectic phase. This lower tempe-
rature nematic¢ phase has besn designated as 're-entrant
nematic phase! i N analogy to similar phases observed at
the normmal %o supercondueting phase boundary | N materials

6 and in one of the He’

containing magnetic fmpurities
phase transitian&? The Pend elastic cunstant k53 in
HBAB-CBOOA mixtures behaved similarliy on both sides of
the smectic phase ~ | t exhibited sharp pretransitionmal
increases as the smectic phase is approached from bath
gidea. It was concluded that there is NO macroscopic

difference hetween the higher temperature (nommal) nematio

and the re-entrant nematic phases.

8

Subsequently, Cladis e% al.” found that re-entrant

nematic transition could be induced under pressure. In a



pure compound like 4‘'~n-ootyloxy-4-cyancbiphenyl (8 (CB)
the re-entrant nematic phase was obaerved by Cladis et al.
over A range Of high pressures (about 1.6 %0 1.6 kbars)
in the esoling mode. They al#o observed t he re~entrant
nematic phases | N UBOUA, mixtures of (BUOA with HEAB and

i N mixtures of H-p-oyanobenzylidene~p~nonylaniline (CBNA)
with Nep-cyancbenzylidene-p-heptylaniline (CBHA) under

high pressures.

In all these high pressure investigations where

the re-entrant nematic phase 1s abasmcd.g

there is an
unusual departure | N the behaviour oOf the nematic-smectic A
phase boundary, | N the ocooling mode. In the P~T phase
diagrame obtained, the mematic-smectic A boundary is

found ta be *re~entrant®, f.e., it curves round towards

the pressure axis resembling the arc of an ellipse.

Vey recently, re-entrant nematic phases have been

discovered |in pure compounds at zimospheric nregsure by

10

Madhusudana et al. in our laboratory. Hardouin et al.“

from France also reported {he re-entrant behaviour | N pure



compounds at atmospheric pressure at about the same time.

The pure compounds showing the re~entrant nematic

phase, synthesised by Sadashiva'®

IN our laboratory are:
4~cyanophenyl~3~methyl-4 (4-n-undecylbengoyloxy)benzoate

(11 ¢pMBR) and 4-cyanophenyl-—3~methyl-4(4-n-dedecyl-
benzoyloxy)benzoate {12 CPMBB). The transition temperatures

of these nematogens are:

(1) 11 cpMBB (ON cooling)

152.5%C 127°¢C 78.5°C ~65°Q
I ~—> N ——> 81, ——> [ —> §

(11) 12 cpMBB (On cooling)

148°C 138,5°C 59.8%¢C ~56°C
I o> R orce— 3‘& —— § e— 3

The nematogen reported by Hardouln et al. is 4-octyloxy-
benzoyloxy~-4'~cyanostilbene (#8). The transition temperatures

are:

94%¢c 96.4“0\ 138.9°C 247°¢ 283°C

S-‘""‘-—)SBA( > N < ).&&MHMI

[I - isotropic, N ~ nematic, Sm

A = smectie A, 8 ~ solid].



1
Pollowing thias, Nguyen Huuw Tinh and Gasparoux 5

nave also reported the discovery of pure compounds showing

the re-entrant behaviour at atmospheric pressure.

There have bean some attempts to give a theoretical
explanation for the experimental results obtained in the
re-entrant phenomena and tO understand the thermodynamics
of the smeetic A = re-entrant transition. Pershan and

}?rastu

have h0WN that the smeotic A - re-entrant nematic
phase transition follows from the Landau theory if one
assumes the existence 0f an optimum density for smeotic
ordering. 'The shape Of the smeectic A-nematioc phase boundary
I N the P-7 plane for 8 OCB (iN the cooling Node) appears
to f£it exactly With that evaluated from theory. A thermo-
dynamical model wilech accounts for the elliptlcal shape of
the phase boundaries and which fucilitates determination
of the verious parameters determining the phase boundary

| S presented by Clexk 2, Klug and le‘ﬁ havae shown
that the smectic A-nematic phuose boundaries that resemble

aros Of ellipses can be analysed by quadratic expansion



| N temperature and pressure of the Gibbe fLree cnergy.
Heppke and Sahnoiderﬁ have given & thermodynamic theoxry
af re-entrant nematic mixtures which describe the phase
diagraus, l.e., the temperature versus concentration

diagramse,

It IS thus Seen that the re~entraut phenomenon in
liquid erystals, both at elevated pressures and at atmos-
pheric pressures, is ons of the rare examples where a
phase transition takes place from an apparently more
ordered smectic atate al a hizher temperature {0 an
apparently |eas ordered lower temperature nsmatic. The
interesting discoveries have therefore opened up an entirely

naw field of investigation.

TO understand the phenomenon of the ocourrence Of
re-gntrant nematic phagse ON A molecular level, a study Of
the physieal properties of the phases of the asyastem exhi-
bit& % the re-entrant bebaviour becomes necessary. wWith
this i N view, a variety of experiments have becu taken

up by the author. The studies include high pressure and



roam pressure X—ray studies, dielectric studies and
conductivity studies. The results of these investiga-

tiona form the subjeoct matter Of this thesis.

The oumpounds which exhibit the re-entrant nematic
phase have molecules with a cyano (C & N) group at one
end, along the long molecular axis. This terminal group
has a large dipole moment p » 405 ﬁabya.’a The contyi—
bution from this cyano group to the dipole mument Of the
molecule makes it highly polar. fherefore, all the
compounds W th a eyano end group are stronmgly polar i N

nature.

Kadhusudana and mmndraaek};arm have theoretically
shown that sueh polar molecules arrange themeelves I N an

antiparallel configuration with their neavest neighbours.

Gray and laydan,zo

| N their x-ray StUudies of 4'eneoctyl-
4-cyanobiphenyl (8UB - a compound which has a oyano end
group) noticed that the layer spaeing in the amectic 4

phagse 18 far i N exveuss compared to the molecular lengih.

Later, Lydon and %ak’laym and also Leadbetter et a’l.gz



found in their x-ray investigations of eyanobiphenyls
that the measured layer spacing | N the smectic A phase
IS egqual t O nearly 7.4 times the moleculaxr length.

To explain these results, a bilmoleculaxr layer struocture

21-24 . this

of the smectic A phame was proposed.
model, the polar arouatic cores with the oyano group
overlap | N the xiddle of the layers and the nmon~polar
aliphatic chains extend outwards in both the directions
t0 the layer houndaries (see figure 1.4). The esssntial
feature of the structure is that the strong dipoles due
{0 the oyano groups tend t0o be opposed and give efficient
packing o the cores. In the Leadboutter ma&el,QE the
aliphatic chaing are held in the all trans conformation

24

whereas in ths model proeposeld by Cladlis™  the chains are

in 'melted* configuration.

T™his interdigitation Or head-to-tuil arrangement
of tha molecules where the aromatic segments overlap | S
oalled the bilayer smectic A The antiparallel correlation

between neighbouring molecules | N compounda With oyano end



ZIGURE 1.4

‘ Schematio diagran of the bimolecular unit
oell for B0B according to Leadbetter et al.2>
The moleocules here a n shown with kinked alky)l
chain oconformation. Tor the brat experimental
£it of the neutron soattering data, g » 0.



B0

groups | S now very well established by Leadbetter at 81,22
I N neutron scattering studies. The bilayer structure is

suggested as being essential for the re-entrant nematiec

behaviour.

According to Cladis et a1.8 the short range

attractive interactions Of the non polar tails stabilise

the smectic layers. Applying pressure results in the

core region trying t O pack even closer together and the
onget of a strong repulseive force resisting this compression.
Asouming that the polar-polar and non polar-non polar
interactions must he maintained {0 ensure the stability

of the bilayer smeotie A under mressure, Cladis et al.
proposed that the? layer gpacing probably expanie with increa-
Sing pressure. 'This according (O them accounts fOr the
trangltion between the less dense smeetic and more dense
nematic phases which geour ON the hizh pressure aids of

the re-entrant phase diagrass. “he prediction eould be
teated only by a high pregsure x=-ray study of the compound

showling the re-egntrant behaviour.



1 3 A high pressure x-ray ocell

High pressurs studies of ligquid ovystals have
yielded several interesting results | N recent ,mam.%
The pressure induced mesomorphism | N certain compounds
which are normally non-mesomorphic, change of the nature
of transition from monotropic %o enantiotropic by the
applioation of pressure, obgervation of bounded phase,
triple, points and trieritical behaviour are but afew
exauples. The discovery of the re-gntrant nematio

behaviour al high pressuras itself is one morg example

of a new phenomenon observed | N high pressure studies.

While & number of such high pressure experiments
have been conducted dn ligquid orystals, NO high pressure
x«aray study, which is the only method oOf probing the changes
at the molecular level, had ever been done At the time when
the present writer undertock these investigations. 4 niph
pressure x-ray cell which is useful for liyuid crystal

studies was therefore developed for the first time

After congidering the applicabllity of several



possible cells, an opposed dlamond anvil cell, with special
features of relevance to x-ray study of liguid crystals at
high presasures was designed and fabricated in OUr laboratory.
It 1a essentially of the same type as that designed at the
National Bureau Of Standards by Plermarimi and 310@1:.2?
4ll the components of tho ecell, except the parts which
seat the dimmonds, were made of stainless Steal 310. 7The
translating plate and the pieton hemisphere, 1O which the
diasnond anvils are cemented Dy epoxy, ware uade of high
carbon high chrowium {HO-IIC) steel, heat treated tO A
hardress of about RWd £0-65 in order to take the load when
the dismonds are pressed together. A spring loaded lever
arm assenbly generates A uniform and contimuously wvariable
force as A pressure Dolt | N rotated and this yressurises

the sample in the gosket | N betwesn the two anvils,

The anvils were brilliant-cut gem quality diamonds
whose culets were removed by grinding and the fuces re—
polished. Both the translating plate & the piaton hemi~

aphere which seat the dismonds facilitate the axial and



$11ting aligmuents whioch are necessary fOX getting
parallelism Of the anvil surfaces normal t0 the common

axia. This parallelism was ascertained optically.

The anvils ware used i N the gasketed configuration.

Inconel and nickel, which wsre often u.esam

as gasket
materials were found tO be unsuitable for containing the
liguid crystalline sample at the relatively lovw pressures
of a few hundred bars. After experimenting 'with several
naterials, 1t wag found thot sluainiws is best suited
for the purpose. The anvil faves vere made slightly
unequal | N areas B0 thet the flow of the gusket material
around the conical surface of the smaller area anvil acts
a8 a supporting belt t O the gusket. Thus, two important
functions have been achieved. (i) The ligquid orystalline
gample is maintained | N hydrostatic conditions for: long
periods of time without any pressure lesks, and (ii) The
cell, which is nomally used for pressures beyond a few

tens of kilobars only, ia found suitable for pressures as

low a3 a rew hundred bars. Typically the gaskete were

about 1 mm thick with a eentral hole of 1 mn diameber INtO

23



which the sample iN the powdered form was packed

avoiding air pockets.

For the determination of the pressure experionced
by the sample i N the cell, the conventional ruby fluore-

scence techni quaaa »29

gould not be employed. This is
becauge the pressure shift of the ruby line is quite
small end the acouraey of the method is 1300 bars. Since
we were interested in fine warietions of pressure, an

I ndirect but =+ill accurate method was adopted., In this,
an aecurate 'An situ' optical deteruinatian of the % ami-
tlon temperature of the sanple was made @ follows. At
any fixed pressure, the tenperature was varied slowly and
the intensity of a leser beam transmitted by tho sample
wag monitored by a photocell. %he intensity was fed tO
the ¥ axis and the tenperature to the X axis of a high
sensitivity X¥ reoorder. At the phase tranaition, there
was an abrupt change i N intensity. The pressure experienced
{(by the sample) was then road out from an accurate P-T

dlagram of the sample, The transition temperatures at any



pressure could be reproduced to an accuracy of +0.2%C.
The presepure values were estimated {0 be acourate {0
+15 bars. These constructional and operational details

of the cell are desoribaed | N chapter II.

1.4 High Pressure X=tay-Siudy

The ~ € | War-used for the x-ray investigation of
the pressure wvariation Of the layer spaeing i N the smeotic A
phase of 8 00B, which, ar mentioned earlier, showa a
re~entrant nematic phase IiN the pressure range of 1.6 to
1.8 kbars. PFor measuring small variations in the layer
spacing acourately, (i) the sample~to-film distance was
kept large and (11) Ni-filtered Cuk radiation fram a
fine focus tube was used despite the fact that the intensity
of the beam was attenurted { 0 A large extent ON passuge
through the diamonds. The time fOr each exposure was
around 100 hours and the temperature was maintained cone
stant {0 within 10.25%C. The transition temperatures of
the sample under pressure were shecked after each exposure.

They were found t 0 be the same as that defore starting the



exposure, indicating that the pressure wae constunt

during the exposure. Also, the transition temperatures

of the sample used weae checked after sach exposure at
atmospheric pressure {0 detect any decomposlition Of the
compound. |t was found that the temperatures did not
change from thelir initial wvalues measured eariler, proving

thereby that the compound did not undergo any decomposition.

A nen gasket packed with fresh paumple was used for
the experiment at each exposure. At every preassure, the
photograph was taken 3"C below the normal nematic-smectic A
transition POint taminimise the effect of temperature on
layer spacing. The diameters of the rings were measured

acourately using a microdensitometer and a comparatosr,

It was found that «s the pressure ie increased, the

spacing decreases more or | eas linearly at We rate of

&
about 6.6 A per kilobar till the pressure reaches & value
of about 14 kbar. Bsyond this pressure, the spacing

increases.

To see whether there i S a temperature contribution



to this variation, the layer spacing was determined at
atmospheric pressure OVElr the entire smectic range at
different temperatures. There was NO change | N layer
spacing With temperature within the 1imits of our experi-~
mental aseuracy (40,1 X). Hence we Oan conclude that the
re—entrant behaviour of 8 OB, observed At elevated
pressures, is assvciated with un expansion of the smeotio A
layer Spacing as anticipated by Cladis et al.® me

experimental details and the results are presented in

chapter I1I,

1.5  Room Pressure X-ray Studies

How that the wariatlon of layer spaocing with
pressure for A pure compound exhibiting re-entrant pheno-
menon was established, It was felt that 41t would be
interesting {0 carry out ral accurate determination of
the temperature variation of layer spacing in the smeoctie 4
phase in pure compounds exhibiting re-entrant nemetic

phase at atmospheric preasure. Chapter IV deals With

these investigntions conducted on two pure compounds



4~oyanophenyl--methyl-4(4-n~dodecylbenzoyioxy) benzoate
(12 CPMBB) and 4~cyanophenyl-3-methyl—4 (4~n~undecyl
bensoyloxy)benzoate (11 CPMBE). Beth the compounds have

a wide smectie range.

A8 the changes in the layer spacing involved were
expected to be very small, a bent quartg crystal mono-
chromator was set up and a new X-ray cell was designed.
Alsc, the sample~to-film distance was kept large. The
sample was taken in a Lindemam capillary which was
subsequently evacuated and sealed t 0 prevent the decompo-

gition of the compound.

The x~ray photographs wera tuken for aligned
sauples. ‘The experimental net up and the procedure
Followed gave sharp X-ray reflections. Bach exposure was
ground 20 hours and the tewperature during the sxposure
could be maintained tO +0.25%0. ‘he transition tempe~
ratures of the sample in t he eaplllimry were checked after
each exposure to detect any decamposition. The diameterse
of the ringe were accurately measured using a microdensito-

meter and an accurate comparator. The relative accuracy



29

L4

of the measurements io estimated tO be better than +0.1 A

Phe vbserved behaviour is similer i n both the

compounds studied. when the teuwperature 1s decreased

from the normnl nematic-smectic A transition point, the
layer smpacing decreases initially. On further cooling,

the spucing inereases from the middle region of the smectio
range %ill the region near the smectic A -« re~entrant
nematie transition point. The wariation is about 34 for
12 CPMBB over a temperature range Of about 80%°C and 1.4%
for 11 CPMBR over a range of 50%C. The experiment thus
clearly szhows that some kind Of structural change in the
smectlie Lilayer takes place we o precursor %o the Torma-

tion of the re-enirant nematic phassg.

1.6 Exparinent {0 prove the antiparallel coxrelation

LT SRt

X1 h a been mentioned earlier %her%l N compounds
with a terminel cyano group, the near neipghbour corre~
lations are antiparallel and the molecules form a bilayer
I N the Bmectic A phese. A direct confirmation Of the

antiparallel correlation was provided by tho following



oxperinent. A pure compound with a oyano end group,
4'=n-~ponsyl 4~cyanobiphenyl (5Cd) was chosen for the
study. “The disglectric conebtant and the relractive index
of solutions of 5B Iin & non polar sadvent (benzene)
ware meabured over & rapge of concentrations at a tempe—
rature 3°C above the nematic-isotropic transition point
of pura 508. The effective dipole moment per moleculs

was oslculated from these measurements.

It was found that for vary dilute solutions the
value of the dipole mament is 5.3 debye, which 1u the
dipole moment of an isolate8 molecule of 5CBs The dipole
moment was found to deorease with the inorease | N con—
centration, the effective dipole moment | N the isotropic
phete of pure 5CE being 3.3% debye. This conclusively
proves that tho near neighbour correlations are anti-
parallel in such sompounds. The results form the firat

part of chapter V.

1.7 &tatic Dielactric Consinnts

We recall an earlier ouservation that the contribution



of the ¢ & N end group tO the molecular dipole moment
along the long molecular axis is 4.0% J. Dhla affects
the dieleotric properties of the medium. Lhe dielectric
anisotropy ae = (e, ~€,), where ¢, and ¢, are the
principal dielectric constants measured parallel and
perpendicular to the optie axis, becomes positive and hao
a large value. Hence strongly polar compounds are aleo

charascterised by a strong’y positive diclectric anisotropy.

une ol the lmportant congegquences of the antipurallel
near nelghbour corvelstion i N the bilayer structure, au

¢
pointed OUt by Madhusudana and Chandrasekhar®

i s that the
averajze Gielectric conctant g = %(%* 2g, ) should be less
than the exlrapolated isotropic value {s:-w). This hus
been verified experimenislly I N a numbe of cyanc compounds
by Astna and Shashidhar.”° They showed that & ag well
as e, decrease With decrease of temperature, which mey
be attributed to the inorease of antiparallel ordering at
lower temperatures. Hence a study of the dielectric

properties of the c.mpounﬁg ’s&tiwing re-entrant behaviour

| a expacted tO reveal informations regarding the changes



that take place i N the bilayer, prior {0 the formation

sf tho re-entrant nemaitle phaoss,

The x-pay studies established thut subtle changea
I N the bilayer structure \We responsible for the formation
of the re~entrant nematic phase. Since the dielectric
studies are importantd i n understanding the nature of
molecular associations | N different phases, a study of
the StaticC dislectric constante was taken UD i N the two
pure compounds 11 CPMBB and 12 CPMBB and i N a binary
mixture 6 0CB/8 OCB, all of which show the re-entrant
behaviour. The results are discussed | N the latter part

of chapter Y. Both ¢, and ¢, were measured in the

I
presence Of a strong magnetic field (15 KGauss) which was
ugsed for obtsining good alignment as the sample wos cooled
from the igotrople phase. A Woyne Kerr bridge (B642) was
used for the measuraements. The temperuture could be
messured 1O within +0.025%0. The accuracy of the relative

wariation of the static diclectric constants is O.1%

and the abaolute acoursacy is reckoned %o be 24K,

32
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The study Of the wariation of the principal dieleotrio
constants of the systems | N their isotropic, normal nematic,

smectic A and re-entrant nematic phases has given Ve inte~

resting results.

(i) With decreasing temperature, ¢, increasee and ¢
decreases, thus showing the normal behaviour exhibited
by polar cempounds.

(11) The average dieleetric constant g, evaluated from the
measured values of €, and ¢, {which is |less than
the extrapolated isotropic value (ei.s) due to the anti-~
parallel ordering Of the molecules] showa quite an
unexpected variaticn. A4s the temperature is decreased,
t decreases throughout the mematic range and wer a part
of the smectic range. (n further cooling, € starts
increaping. This is perhaps related in some way to the
reversal i N sign Of the thermal expansion of the layer
spacing discussed in chapter IV, The inoreasing trend
in € gontinues right through UD tO almost the lowest tempe-
rature Of the re-entrant nematic phase, where it practiocally

merges With the extrapolated value of € This inorease

in £ signifies A decrease | N antiparallel ordering as the



re-entrant nematic phase ls approached.

1.8 Dieleotric Iisperaion

The dielectric constants ¢ and &

’ | of liquid

orystals are frequency dependent. €, exhibits the normal
Debye type relaxation which usually occurs | N the GHz region
whereas ¢  shows an additional dispersion in the|ow
frequency region. This |[OW frejquency dispersion of g

has been extensively Studied for anumber of polar compounds
notably by Ratna and Shashidhar. ' It was f£irst ShOWN

by Meler and Saupe - that the relaxation time is
proportional 10 the exponential of (g + qn)/k_T where ¢

IS the nematic potential and 3, ig the activation energy
due to viscosity of the mediws. The total activation
anergy w=(q + qn) therefore can be determined by measuring
the temperature varistion Of v, of ¢ . Henve the low

frequency relaxation of &, in the normal nematic,

I
smectic A and the re-entrant nematic phases wuz studied
| N both the pure compounds 11 CPMBE, 12 CGPMBB and 1N the

mixture 6 OCB/8 GUB,



The dispersion Of ¢, inthe frequency reglon
1 KHg tO 20 KHz was messursd by a Wayne Kerr bridge
(B642) using an externmal source and detector. Bar
meagurements | N the frequency range 100 KHz (0O 10 MHz
another Wayne Kerr bridge (B602) was used in conjunction
Wwith a Wayne Kerr (SR268L) source and detector. The
maxizum €rror i N the determination of the frequency of
relaxation (f,) of €, iS estimated {0 be 74  Te
significant results which emerged Out of these astudies
are discussed | N c¢hapter YI, Some of the interesting

observations wade are:

1 The activation energy fOr dielsctric relaxation
is high in the normal nematic phase than that in
the smectie phase. Druon and Ws.umnmrw have
also made similer cobserwvationa ON 8CB. This is
sontrary (O what one would expect since the amectic
phase is more ordered and has higher viscosity
than the nematic phase. Perhaps the bilayer structure
of the suwectic phase somehow makss the reorientation

of the molecules easler.
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| & the smeotic phase, %he plot of the frequency
of relaxation versus 1/7 gives two distinct
straight lines with different elopes (or diffe-
rent activation energies) indicating a kind of
structural change | N the system. A point 4o be
noted is that the tesperature at which the slope
c¢hanges roughly corresponds {0 the tenperature

at which becomes & nminimum.

The re-entrant nematic phase has a much higher
aotivation energy (the inorease being more than

60#) t han the normal nematic phase. This clearly
ghows that the hindrance (O the reorientation of
the, molecules | S more i N the re-entrant nematic
phase. This is the first experimental evidence

to show that the molecular associations are diffe-
rent in the two nematic phasss, |t may be
mentloned here that many of the previous theoretical
discussions of re-entrant behaviour have assumed

that the two nematic phases are identical.



1.9 Conductivity Studies

It 1S worthwhile to recall an earlier discussion
regarding the temperature variation of £ in the three
re—entrant nematogens studied which is indicative of some
structural change i n the system. |nN the study of the
dielectric dispersion, It was noticed that there are
differences i N the normal nematic and the re-entrant nematic
phases. |t is fustruoctive and intereating tO find out
whether the changes are reflested i n the transport properties.
Hence a study oOf the temperature dependence of the principal
electrical conductivities Of the pure compound 12 CPMBE and
of the binary mixture € 0CB/8 OCB was taken up. The experi-
nental set UD used for measuring lhe static dielectric
constants was used (0 measure the conductivities @, and ¢,.
The accuracy oOf the rela%ive variation of ¢, and a, was
+ 0,2%, and the absolute accuracy was estimated tO he

about 3 to 44  The results form chapter ViI.

The ratio of the conductiivities R = o,/¢, shows

an interesting wariation with temperature i n both the
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syatems sStudied. 4s the temperature iz decreased from
We nematic-isotropic transition point, R increases
throughout the nematio range. It reaches a maximum
value at o temperature olose to the nematic-smectic A
transition point. oOn further cooling, K decrsasses over
part Of the ameotic range. Similar decreeae Of R I N the
smectic A phase have DEAN obmexved for several bilayer

34 After this deorease,

smectiocs by Mirceu-Rounsel at al.
R increases with further decrxease of temparature, the
rate of inorease becoming very fast i N the vioinity of
the re-entrant nematic-smeoctic A transition temperatire.
The increase continues even | N the re-entrant nematic
phase. This sharp increase Of R ON approaching the
emectic A T re-entrant nematic transition pegion is
significant. It indicates A nematic like behaviour mani-~

fested as A pretransitional effect even in the smectic

phase.

Some of ihe results Of these investigations have

bwn published in the following publicutions of whieh the



prenent writer is a co-author.

1 The re~entraunt phencmenon in 4‘'=-n~ootyloxy-—4-—
cyancbiphenyl: A high pressure x-ray study of the
smectic A layer spacing (in collaboration with
3. Chandrasekhar and R. Shashidhar) = Paper presented
at the Third Ligquid Cryatal Conference of Sociallst
Countries, Budapest, Hungary, August 1979
(to be published i n the Proceedings of t he Conference,
Academic Press).

2 A high pressure x~ray cell for liquid crystals:
Pressure dependence of the smeotic A layer spacing
of B OUB iN relation t0 ite re-entrant behaviour
(in colleboration with R. Shashidhar) = Proceedings
of the International Liguid Crystals Conference,
Bangalore, 1979. Xd. S.Chandrasekhur, Heyden,

Londom, p. 115.

3 Temperaiure dependence af the smectic A layer spacing
I N two re-entrant nematogens. (in collaboration with
3. Chandrasekhar and XK.A.Suresh) - Proceedings of
the International Liquid Crystals Conference,
Bangalore, 1979. ¥d4. 3. Chandrasekhar, Heyden, London,
pe 131,



4 DMelectric studles of some re-~sntrant neaatogens.
(in sollaboration with B.R.Ratna and R.Shashidhar).
Proceedings of the International Liguid Cxystala
Conference, Bangalore, 1979. Ed. S. Chandrasekhar,
Heyden, London, p. 135.

5 Experimontal studies on the electrical conductivity
of two re—entrant nematogens. (in collaboration
with B.R.Ratna and R. Shashidhar} = Presented at
the Eighth International Liquid Crystals Conference,
Kyoto, Japan, June~July 1980, %o be published in
the Proceedings of the Uonference, in Moleculay
Crystals aul Liguid Ceystals.
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