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INTRODUCTION

Definition and Nomenclature @

A crystal is generally thought of as being a
rigid séiid. Solids, in general melt to give isgtrOpic
liquid on heating. The molecules in a erystal are fixed
in a regular three dimensional array whereas, molecules
in a liquid , if ot as randomly distributed as those in_
a gas, are not arranged in any order that extends over a
distance greater than a few molecules across.

Yet, there do exist substances which form one
more liquid phase possessing some of the properties of
both liquids and crystals.

Thus, when certain solids e.g. p-azoxyanisole,
are heated, they do not pass directly into the liquid
state, but adopt a structure which has properties
intermediate between those of a true crystal and those
of a true liquid. At a certain temperature the solid
undergogs transformation to a turbid condition that is
both birefringent and fluid, the consistency varying
with different compounds from that of a éaste to a freely
flowing liquid. At a higher tempefature, the turbid
Phase melts sharply to a clear isotropiec liquid. On
cooling, the changes take place in the reverse direction,
although some supercooling may oceur when mesomorphic -
$011d transition iemperatures are reached, as in the
case of ordinary crystallization. Such an intermedisate

state has been given the name liguid erystal since the



timé of its discovery.

The phenomenon of liquid erystallinity was first
observed in 1888 by the Austrian botanist F. Reinitzer (1)
who nofed that solid cholesteryl benzoate melts at 145.50C
to a cloudy liquld and at 178.500 the liquid becomes clear.
Shortly thereafter, the German Physicist O.Lehmann (2)
after a systematié study of such substancgs, showed that
the cloudy intermediate phase seemed to have a crystal-like
structure. He suggested the name 1iquid crystal or
crystalline liquid in order to describe this intermediate
state of substances, which is liquid in its mobility and
erystalline in itg optical properties. The first property
(1iquid) suggests that the substances in this phase are
readily disturbed though the mesophase may be readily
renewed, while the latter property (crystal) suggests some
degree of arrangement of the component molecules. Although
the term \1iquid crystall is simple and suggestive and has
been used since its inception by Lehmann, objections have
been raised to this nomenclature j there have been many
controversial discussions regarding the relative advanBages
Of the names liquid erystal and crystalline liquid. However,
both the names are unsatisfactory, as the state is neither
crystalline nor liquid in the true sense of the words.
Crystals have a three dimensional order, whereas phases
may have one or two dimensional order. The word liquid
is also not very appropriate as the phase in some cases may
be crystalline in hardness as in the case of lecithin.

Owing to the birefringence of the turbid liquid



observed through crogsed nicols, the terms ‘anisotropic
liquid’ or ‘anisotropic melt are also used.

As more and more properties of these liguid
crystals became established which obviously, supported
for a new state of matter, Friedel (3,4) in particular
stressed that though this state possesses some of the
properties of a liquid as well as of a crystal, liquid
crystals were neither genuinely cerystalline nor liquid.
He described this state as a mesomorphic state ( Greek-
mesos, intermediate § morphe, form ) which means the
intermediate state between the crystalline and the
amorphous states. This term and the associated terms
‘mesomorph’,’ mesophase’ and'mesoform’ are also generally
used today. |

Rinne (5) has criticized both the terminologies
on the basis that they do not convey any structural
meaning. He classified matter as exhiblting elther ataxy
( a disordered or amorphoué structure ) or eutaxy ( an
ordered structure ). The mesomorphic and crystalline states
will belong to the class of eutactites, since they possess
ordered or regular strugtures. Amorphous matter like
lsotropic liquids and gases will fall into the category of
atactites. Rimne suggested the term para crystals for
substances exhibiting mesomorphism. The term ‘crystal
emphasizes the natural proximity of the state to the
crystalline condition of the turbid state and the prefix
‘para’ reminds us that most of the organlc compounds which

possess this type of eutaxy are para-substituted benzene



derivatives. Thus, the classification is :

1. Atactites - Isotropic liquids, gases and
other amorphous matter.
2. Eutactites - (a) Crystals - Three dimensional
order.
(b) Para Crystals - one or two

dimensional order.

However, Rinne,s nomenclature hgs not been adOpf:ed to any
significant extent.

Brown and Shaw (6) consider the term‘mesomorphic
state'%referable and have used it as the title for their
recent réview. Inspite of many subsequent arguments about
nomenclature, the name liquid crystal is still fPequently
employed and will be used in this thesis.

~ The mesomorphic gtate has been further classified

considering the way in which it is obtained. The formation
of the mesomorphic state by virtue of heating is referred to
as thermotropic mesomorphism by Friedel (3), Lawerence (7)
and Jelly (8), while lyotropic mesomorphism has been
defined as that type of mesomorphism obtained by solvation,
the solvent generally being water. Further, as a result of
his detailed optical studies, Friedel was able to distinguish
clearly three different types of mesophases. They are :
l. The smectic mesophas@..... a turbid, viscous state, with

certain properties reminiscent of those found for s0ap .

The ternm smect;c ( soap-like ) was coined by Friedel‘(9)

from Greek GUEYMO meaning grease or skime,
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2+ The nematic mesophgse..... a turbid but mobile states
The term nemgtic is glso coined by Friedel (9) from the
Greek unma meaning thread. On surfaces like glass this
mesophase frequently adopts a characteristic threaded
texture which can be clearly observed by a miceroscope.

3+ The cholesteric mesophase e.esee a turbid and mobile
phase, having unique optical characteristics different
from those of smectic and nematic mesophases. The
majority of compounds exhibiting this type of mesbphase
are derived from cholesterol or other sterol systems and
hence the name.

Mesomorphic State s ‘

Reinitzer (10) was the first person to discover
that the crystals of‘cholesteryl benzoate melted sharply at
145.5°C to a turbid liquid which is birefringent and it
remained so until the temperature was increased to 178.500
when thé turbidity disappeared suddenly giving a clear
isotropic liquid. Two years later in 1890, Gattermann (11)
observed that, very similar phenomenon occured in the case
of pe~azoxyanisole and p-azoxyphenetole which possessed
double melting points. The discovery of these mesomorphic
states attracted the attention of a number of chemists in
the early 20th century. Notable émong these were O.Lehmann
(12) and Vorlander (13,14) who, in a short period,prepared
over 250 compounds exhibiting this phenomenon. It soon
became evident that all these substances possessed one
common feature -~ g very long molecule ~ which has been

attribﬁted as a property most'fgvourable for this



phenomenon of mesomorphism.

- Despite the number of cases of mesomorphic
behaviour which were soon reported; many years passed
before it was universally accepted that the mesomorphic
state is a true state of matter intermediate between the
normal solid and normal liquid state. Tamman (15), Nernst
(lé) and Quincke (17) deseribed these melting phenomena as
arising from the colloidal effect of minute crystals held
in suspension in the isotropic liquid or from the presence
of impurities in the compounds, giving an emulsion of two
liquids. All attempts to separate the alleged emulsion
into its constituents by Bredig and von Schukowsky .(18 )
and A.Coehn (19) by electrostatic and centrifugal
processes were futile. Schenck (20) and Vorlander (21)
have also criticiged the emulsion theory and argued in
favour of the exlistence of crystalline liquids. A.C,
de Kock (22) on the basils of hig work on liquid mixed
erystals has supported %e the view that crystalline
liquid is a homogeneous phase and not an emulsion of
two liquids. He also repeated Tamman' s sedimentation
experiments without success. Pawloff (23),.wulff (2)
and Voigt (25) have also discussed the nature of liquid
crystals. The mesomorphic behaviour being observed in
large number of compounds, often in a compound of simple
chemical constitution, the attempts to explain the origin
of mesophases in terms of impurity became untenable and
were ruled out completely when it was found that a

mesophase gives a clear field of view in the



ultramicroscope. So far, no proof qf heterogeneity has
been reported and the homogeneity of liquid erystals has
been generally accepted.

Lehmann (26) conducted a large number of
experiments in order to illustrate the properties and -
formation of 1iquid crystals from the isotropic liguid.

He considered that the phenomenon was due to the formation
of crystals in the liguid condition, which appeared
perfectly transparent under the microscope., The turbidity
which usually accompanies the phenomenon, he attributed to
the different orientation of the individual crystals which
scatters the light to a more or less extent, just as marble
appears opaque when observed en masse, eventhough it is
really composed of a mass of transparent crystals of
caleite, Vorlander believed that the substances were truly
ltquid crystals and had a fixed space lattice (27).
However, further microscopic examination of the liquid
erystals, carried out by Mauguin (28), Friedel and
Grandjean (29,30) soon dispelled these ideas and
established that the liquid crystalline state is a truly
physical state intermediate between the crystalline solid
and the isotropiec liquid.

Generally, the three states of matter may be

expressed as under @

Solid /= Liguid T——— Vgpour or Gas
On the basis of structural orderliness the matter
may broadly be said to exist in two common states -

erystalline and amorphous. Solids in general, belong to



the category of erystalline substances while liquids and
zases are put under the category of amorphous substances,
Glasses, however, form an intermediate state giving a
gradual transition from one to the other. Liquid crystals
will form another such intermedizste state. They consgist of
molecules that are elongated and in some cases flattened

as wéll, possessing one or more polar groups. This shape

of the molecules favours a parallel alignment to one
another like a bundle of short tooth picks or pencils. In
the erystalline state of a mesomorph:the molecules lie
parallel to one another anl are held together by attraction
through the polar groups and also by the unspecific Van der
Waals attraction. When the solid is heated, thevweaker
bonds break first, leaving the solid with some degree of
relative movement before sufficlent thermal energy has been
acquired to overcome in any great degree the tendency for
them to set themselves parallel to one another. Thus the
solid melts to fluld but remains birefringent because of
the preferred orientation of the molecules. The gradual

thermal breakdown may be represented as @

£y t,
Crystalline — Liquid 7 Amorphous
State Crystalline Liquid

State State

Inereasing temperature

Y



These transit%ons take place at definite
temperatures and are precisely reversible. Owing to the
application of heat the perfect orientation of the solid
crystal 1s disordered and if molecular conditions are
sultable, the solid crystalline state, at the melting point
direetly passes over‘to the amorphous liquid state. If,
however, conditions are favourable to mesomorphism, the
order breaks down'in stages, first passing into liquid
erystalline state at temperature tioG; This state has
certain degrees of freedom and hence acquires anisotropie
properties. Purther heating to tzoC destroys the
orientation of thé mesophase and finally gives asmorphous
liguid. Thus, the action of controlled heat is responsible
for bregking down the aligmment and is sgimilar to the
action of solvent in lyotropic mesomorphism. The
representation of matter into three states in the cagse of
such anlsotropic melts is inadequate and hence a modified

way may be as follows ¢

Solid —_ , Liquid 5 Isotropic ____ . Vapouwr or

-+—-.—~——-—' . ‘é—-——- +—-—
(Crystal) Crystal Liguia Gas

(Mesophase) -

The mesomorphic transitions so far discussed
oceur on heating the substances and these transitions
reverse in the opposite direction on cooling. Such a

megophase is called the enanttotropic mesophase. Quite



frequently, however,’the solid melts normally to give
liguid at tioc, but when the isotropic liguid is cooled,
supercooling may occur and a mesophase appears just below
the melting point at tgoC and before crystallisation ‘
oceurs. Such a mesophase is given the name monotropic
mesophase. The sequence of changes of state for a

compound exhibiting monotropic mesophase may be represented
as @

£y
Crystals >Isotropic Liguid

t2

Mesophase

Thus, a monotropic mesophase is observed only on cooling
but, if the temperature can be raised before
crystallisation occurs, the isctrople liguid will be
obtained at &, C.

Lyotropic Megomorphism @ ‘

Ziquid erystallinity formed by solvation is
referrad to as lyotropic mesomorphism. The action of a
solvent on a solid also involves a disruption of the
crystal lattice, by the attraction of solute molecules
from the ordered crystai}attice into the disordered state
of solution. Just as most compounds meit, the majority
of the compounds pass quite normally into solutiona
However, certain compounds on treatment with the solvent
give a state which is neither a true solid nor a true

solution, but which is intermedlate in character between
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these ﬁwo extremes. Sych states are found to have liquid
crystalline properties and since the effect of solvent is
responsibleifor their occurence, the phenomenon is termed
as lyotropic mesomorphism. One of the first liguid
erystalline substances discussed by Lehmann (31),

ammonium olegte, belongs to the category of iyotropic
liquid crystals. An excess of solvent will of course

cause the lyotropic mesophase to pass over into a true
solution, and the evaporation of such a solution will give
first the ligquid c¢rystalline state, followed by the solid
magsse Lyotropic mesophases are always strongly birefringent,
although their physical nature may vary widely from that
of a waxy substance to that of a clear gel. Taking the
‘example of ammonium oleate the gradual breakdown of the
crystal lattice by the addition of water or in general

a solvent, may be represented as :

Crystalline.... Water——=Liquid.... Excess — > Solution or

Ammonium (solvent) Crystal Water Colloidal

Oleate~¢-———-Dehydration..State~r~—-Evaporation... Solution
Substances like'SOaps, soap-like glkali salts

of naphtheniec acids, resin acids, 9-chloro- and 9-bromo-

phenanthrene-3-sulphonic acids show mesomorphic state

under the controlled action of water (32). Alcoholie

solutions of these compounds do not generally show

anisotropic behgviour and a high degree of hydration

appears to be a necessary prerequisite for the occurence

of many lyotropic mesophases. MeBain (33) has discussed

~—
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the forms of mesomorphism in soap solutions. Some of the
soap systems have been studied with solvents other than
water, e.go.liquid paraffin (3#), glycerol, isopropanol
and diethylene glycol (35) and in these cases also
lyotropic mesophases are found to occur.,

A number of cationic and non-ionic detergents
have also bezen shown to give anisotropie phases when
they are treated with solvents and in particular with
water (36,37)« A close relationship obviously existing
between these liquid crystalline states agd the truly
colloidal states, has been discussed by Ostwald (38).
Recently, Palit, Moghe and Biswas (39) have during their
study of solubilization of water by cationic detergents,
come across liquid crystalliine phases, particularly in
systems which are ¢loge to the solubilization maximum.

Zocher and Coper @0) have shown that methylene
blue, neutral red and also other dyes gave orientation on
rubbed surfaces. Dreyer (41) has discugsed the behaviour
of films from the agueous solutions of amaranth and
naphthol yellow 'S, as well as the dyes of thé other classes
vhich exhibit a mesomorphic phase. Sheppard’s work (42)
on 1,1’ -diethyl-2,2lcyanine salts (diethyl-/-cyanine)
proposes a new type of nematic molecular phase, that of
pluri-molecular filaments rather than elongated molecuies.
The structure proposed involves intermolecularly
coordinated water molscules between opposite terminal
nitrogen atoms along parallel resonance chains,

Lyotropic liquid erystalline states analogous



to the smectic and nematic thermotropic mesophases have
been clearly dsmonstrated, the change from smectic to
nematic state being brought about by the addit@on of
further solvent.

More recently, Robinson (43) has reported the
interesting observation that viscous solutions of
poly -y ~benzyl -L-glutamate are anlisotropic in certain
organic solvents and show a number of characteristic
properties similar to those observed in the thermotropic

cholesteric mesophase.

Smectic, Nematic and Cholesteric Mesophases :

As a result of t he detailed microscopic
examination by Friedel, liquid crystals are conveniently
divided into three types - smectic, nematic and cholestefic
(9). Of the three, smectic and nematic are the most common
types of mesophases and based on their optical properties
structures have been assigned %o them. These structures do
not, however, extend uniformly throughout the melt, but
the whole melt is composed of the random orientations of
groups or swarms of molecules as proposed by Bose,s
Swarm theory. Vorlander (4%) has, however, criticised this
nomenclature but he has not suggested anyvsatisfactory
alternative and these names have been generally accepted.

Many compounds are known to show one or the
other of these megsophases. Some examples are given in

the table 1.



Type

' Smectic 3

Ethyl p—aquybenzoate
Sthyl p -azoxycinnamate
n-0ctyl -p-azoxycinnamate

Ammonium oleate

Nematic @
p-Azoxyanisole

p -Azoxyphenetole
Anisaldazine
p-Methoxyeinnamic acid

Dibenzalbenzidine

Cholegteric :

Cholesteryl benzoate

Amyleyanobenzalaminocinnamate

Melting
o
Point C

114.0
140.,0
9%4.0

14

- Transition

0
Point C

122.5
249.0
175.0

Smectic at ordinary

temperature.

118.0
'137.0
169.0
173.5
234.0

14545
92.0

136.0
168.0
18240
190.0
260.0

178.5
105.0

Ammonium oleate shows a smectic phase at

ordinary tempemature but it being a lyotropic mésomorph,

no transition temperature can be given for it. Most of

the liquid crystalline substances which.have been studied

are exclusively either smectic or nematic. However, some

can exist as both types of phases and in these cases there

are always definite transition temperatures defining the

stability of different phases. The change with increasing
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temperature may be represented as :

t t, t3
Crystal——>Mesophase I——> Mesophase II——>Amorphous

Liquid
A few substances have veen found to possess
more than one phase of the same type and even here
the temperature range of stability of the different
phases 1s sharply defined. Such an example is that
of ethyl p-aminocinnamate which possesses two smectic
-phases and one nematic phase.

0 ‘ 0 o - o
83 ¢ 9 ¢ 118 ¢ 139 ¢
Crystal———=Smectic —=8mectic T——Nematic Z——=Isotropic

Phagse I Phase II Phase Liquid

The situation in this particular case, however, is
complicated because the stable modification of the
solid melts at 10800 and so forms smectic phase II
directly, thus keeping smectic phase I in metastable
condition.

Lyotropic mesomorphs (7) also exhibit a similar
behaviour as exhibited by thermotropic liquid crystals.
The most notable example is Sandquist’s 10-bromo~
phenanthrene -6 -sulphonic azeid (45) which shows both smectic
and nematic phases. With sufficient water to be a paste,
it appears to be a typical smectic phase and with more
water it changes to nematic and fihally passes to a true

solution with excess of waters
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water T More excess
Solid ——> Thick ———> Thin — >  True
water water
Paste e Paste Solution
Smectic Nematic

It is thus cliear that the crystal space-lattice breaks
down in stages by thermal agitation or solvent effect
and transforms finally into isotropic liguid or a true
solution regpectively. The change from ordered solid

erystal to smectie and then to nematic, takes place
with increasing breakdown of orientation until finally
a completely disordered state 1s reached. These

transitions may b2 oubtlined as follows :

1. Three-dimensional crystal. Apart from vibration,the
centres of gravity of all lattice units are fixed ;
rotations are not posgsible.

2. Crystal with rotating molecules. The centres of
gravity of all lattice units are fixed j rotation about
one or more axes is possible.

3.+ Smectic structure. The centres of gravity of the units
(molecules) are mobile in two directions ; rotation
about one axis is permitted.

4, Nematic structure. The centres of gravity of the units
(molecules) are mobile in three directions j rotation
about one axis is permittied.

5. True liquid. The centres of gravity of the units are
mobile in three directions ; rotation about three axes

perpendicular to one another is possible,
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This brings home the 1ldea that the smectic phase

possesses a more highly ordered structure than the nematic

phase. A very convenient nomenclature for the transitions

representing equilibrium between phases has been

suggested by Brown and Shaw (6) and is given below in

table 2.

Table

Equilibrium Between

Structures

Crystal——>Megomorphic state
( Smectic or
Nematic )

Crystal_— Smectic structure

Crystal—=Nematie structure

Smectic structure IT™Smectic

structure II.

Smectic structure II Smectic

structure 11X

Smectic structure —— Nematic

Homenclagture

Crystal -
Megomorphic
Point
Crystal -
Smectie
Point
Crystal -
Nemgtie
Point
Smectic I-
Smectic II
Point
Smectic II
Smectic III
Point
Smectic -
tNematic

Point

Abbreviated

Nomenclature

¢-M Point

C-5 Point

C~N Point

S2-53
Point

S-N

“"Point -
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Table 2 (Contd,)

Mesomorphie ——=Tiquid state Mesomorphic - M-L
Liquid Point
Point

Smectic structure_——"Liquid Smectic - 8-L
Liquid Point
Point

Nematic structure_——Liquid Nemgtice N-L
Liguid Point
Point

The detalls of mesomorphic structure was

established by Friedel. The smectic phase has a

stratified structure, the long molecules being arranged

in layers with their long axes approximately normal to

the plane of layers. The structure greatly resembles the

layer structure of long chain substances except that in

the smectie phase the layers glide over each other as

liguids. Substances forming three-dimensional crystalline
layer structures such as the paraffinic substances, fatty
acids etc., do not pass through a smectic mesoform on
heating. It seems that the lateral adhesion of the chains
is not sufficient to form smectic layers. In the smectic
phase, the layers of molecules are guite flexible. If a
single sheet could be suspended in space, free from
gravity, it would take the form of a perfectly flat

surface and side to side attraction of the molecules in



the sheet would be the strongest on it ( figel ).

[ —  re2 v st

arrangement in two plane

H ”l representing the molecular

smectic stratae

Obviously, the cohesions between these layers will be
. relatively weak thus accounting for the characteristic
layer flow observed in the stepped drops.

Imagine a number of such smectic sheets laid
on top of one another like the leaves of a book. They
would now tend to adjust themselves still further, so
that the ends of the molecules 1n one sheet would fit
in some characteristic way‘to the ends of the molecules
in the adjacent sheets. Thus a solid erystal would be
formed in which there would be order and repetition in
every direction in space. In the smectic phase the
temperature is just enough to ease the bonds between
sheets but not high emugh to break up the sheets
themselves. In some cases, the crystalline structure
within a sheet may even break down to give the nematic
phase.

Nemgtic phése is not so highly orde®ed as the
smectic phase. Although the molecules in the nematic phase
are arranged with their long axes parallel they are not

separated into layers. A helpful analogy, here, would
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be a long box of short tooth pieks or pencils which are
all free to roll ground and slide back and forth but,
which remaln parallel to the long axis of the box.
However, this structure does not extend throughout the
whole melt. The molecules exist in the nematic phase, in
the form of parallel groups or swarms, each swarm
containing thousands of molecules. The name swarms and
the theory, called the ‘swarm theory wepe first proposed
by E.Bose (46) in 1909, in order to explain the molecular
arrangement and order in the nematic phase.

The majority of éhe meso@érphic compounds are
Comprised of long, rod-shaped molecules, frequently
carrying dipolar groups situatdd either centrally or
terminally. Because of the elongated molecular shape
and the rotation moments existing between neighbouring
dipolar molecules, there will be a tendency for the
molecules to arrange themselves parallel to one amther,
These molecules, on the basis of swarm theory, are not
oriented in the same direction throughout the whole medium,
but are grouped in aggregates or swarms. The molecules
within each swarm lie parallel or .approximabtely so, but in
a direction that is random to the molecules of the ether
swarm in the mediwm. This would mean that the liquid
crystalline structure resembles a mass of small crystals
rather than a single crystal. Howevery there is difference
in that the swarms do not remain static but are continually
exchanging molecules with one another and with the optically

isotropic liquid. Thus, the swarms may in fact be considered
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as the basic particles used to build up the nematic
mesophase, particles which are capable of changing their
axial directions and which are therefore subject to
orientation effects and even Brownian movement.

The swarms conslsting of such parallelwise
arranged molecules in a perfect fluid condition and without
any suspicion of a space-lattice arrangement will evidently
agsune the symmetry of a rotation figure and be likely to
behave optically like a uniaxial crystal. The swarm
hypothesis explains satisfactorily for the turbidity
associated with the nematic mesophase § the light
scattering properties of swarms explain the opalescence.
BEach swarm will be clear and transparent, but owing to the
reflection and diffusion of light between them, turbidity
arises to a great or less extent. At higher temperatures
the molecular motion increases, with the result that the
average size of the swarm gradually decreases and when it
becomes smaller than the wavelength of light, the
turbidity disappears giving a very sharp transition to the
isotropic liguid. The effect occurs so rapidly that the
observations carried out using different wavelengths of
illuminating light could detect no difference in the
transition temperature. Above this temperature the liquid
is to all intents and purposes, singly refracting.

The results of the X-ray analysis carried out
by J.8.Van der Lingen (47) definitely ruled out the
views of Vorlander, who asserted that the liquid crystals

are endowed with a space-lattice structure, an important
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eriterion of a true crystal. As Tamman,s emulsion theory
is out of question Vbrlander,s contention of space-
lattice structure is absolutely out of any consideration.
The regularlty of structure producing double refraction
and other optical effects simulative of crystals appears

to be due to the similar orientation of the flat elongated
molecules themselves, the swarm theory of Bose thus being
verified. Further, considerable amount of evidence in
favour of éwarm theory has been provided by the
investigation of the optical behaviour of these anisotropic
liquids under the influence of an electromagnetic field
(48,49) and by the determination of their viscosity at
different temperatures (50). The first mathematical
treatment of the swarm theory was given by Ornstein and
Zernicke (51), However, the swarm theory did not pass
without criticism and_Zocher'(52) in particular, questioned
the validity of the deductions made by Ornstein and
proposed the distortion hypothesis in place of swarm
theory. The ideas of the distortion hypothesis have been
expressed in highly mathematical terms and are based on
the study of distortion of the nematic structure in a
magnetic field. Though this hypothesis explains some of
the properties of nematic structure, especially its
behaviour in the magnetic field, it has its own limitations
when one attempts to explain the properties of light
extinetion and wall effects. Increasing evidence in
support of the swarm theory is available from the

researches like transparency (53), refractive index (54),

i



Magnetic and electric properties (55,56) of the mesophases

and a summary of such measurements is given by Ornstein
and Kast (957).

' The cholesteric phase is found in the melts of
several compounds mainly those containing cholesteryl
ring system. In many ways the properties of the
cholesteric phase rééemblefthase of the smectic and
nematic phases. It has been difficult to assign these
compounds to one of the two main types of mesophases and
several workers have regarded it as belonging to a third
type of mesophase. Friedel, noted a somewhat closer
resemblence between the cholesteric phase and the nematie

phase. No substances were found exhibiting both phases

viz. cholesteric and nematic whereas each commonly occured

in association with the smectic phase. Based on these
arguments Friedel considered the cholesteric phase as a
special case of the nematic phase. Further, when certain
mixtures of dextro and laevo cholesteric substances ére
heated, the typﬁcal cholegteric properties gradually
disappear and are peplaced by nematic propertiesg without
any disontinuity in the change. This points out the
nearness of the cholesteric phase to t he nemagtic phase.
More recently Gray (58) on the basis of his
sbudy of the mesomorphic behaviour of the fatity esters
of cholesterol has expressed the opinion that t he
cholegteric phase Qay best\be regarded as an individual
phase type, though it is more similar to the smectic than

to the nematic phase. However, unlike the smectic and

23
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nematic substances which are optically positive, the
cholesteric liguid crystals are optically negative. This
makes the assigmment of the cholegteric phase to any of‘they
two main classes, rather difficult.

Some of the characteristic features of the smectic,

nematic and cholesgteric phases will now be described,

Smectic Phase :

The essential feature of the structure of a
smectic phase 1s that the molecules are arranged in layers
with their long axis approximately normal to the planes of
the layers. The spacing of the molecules within each layer
1s, however, not uniform as it would be in a true crystal.
The fluidity of the phase is attributed to the faet that
the layers can glide over one another in hundreds like
individdal units in a pack of cards.

A film of smectic phase stretched over g small
nole in a plate gives the condifion of parallel sheets. The
resulting structure is optically homogeneous and said to be
homoeotropic. This homoeotropy is formed only on a surface
with which it does not form strong local attachments. An
interesting feature of the homoeotropic structure is the
formatioﬁ of a series of strata dé terraces. These terraces
are called Grandjean terraces after their discoverer
. Grandjean (59) and can be seen very cleagrly when thalliwm(I)
stearate is heated to the fird transition point. The
stragtified structure of the smectic phase was inferred from
the formation of stepped drops observed under the microscope

and which hags been furtheq confirmed by X-ray analysis.
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The smectic layer structure provides a regular periodicity
normal to the layers so that this mesomorphic state gives
an X-ray diffraction pattern from which, the layer thickness
Can be cgleculated. The distance b@tween the layers
approximates to the length of a molecule but deviations in
this distance arise if the molecules are tilted ; for
example, for ethyl p-azoxybenzoate, the spacing is more

in the mesomorphic state compared to that in the

crystalline state probably because tre molecules are tilted.
The layers are homoge@%us and show the optical character of
a positive uniaxial crystal. When observed in ordinary light
they resemble an isotropiec liquid but between crossed nicols
the 1ayeré appear as homogeneous birefringent patches.

When smectic strucﬁure is formed from cooling the
isotwopic liquid, it first appears frequently in the form of
non=-spherlcal, characteristic elongated birefringent bodies,
Thege incresse in number as the temperature falls and show
evidence of a focal-conic structure. These particles are
known as batoanets, so named, after their shape. These
babonnets are seen to coalesce just as the drops of an
cerdinary liquid merge into one énother. The surfaces of
these bgtonnets are interlaced with minute focal-conic
groups and as the batounnets grow in size, coalesce and
finally £i1l the entlre field of view, the focsal-conic
gstructure 1s produced.

Thus, the characteristic focal-conic structure
has becoms an important means of detecting the smectic

mesoform. 1t extends all over the specimen and when
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exagmined in polarised light it gives a fan~like appearance
and has its origin in lack of common orientation of the
smectic sheets as they form. Friedel has studied the optics
of this structure and Sir WilliéﬁgBragg (60) has given an
excellent sccount of the focal-conic structure and the
geometry involved, which furnish further evidence for the
layer theory of the smectic structure. Whatever e the
structure, the smectic mesophaség%éhaves as a positive
unigxial crystal. It remains unaffected by magnetic and
electric fields. The so0lid crystalline form of the substances

exhibiting smectic mesophése is'designated as‘smectogenicJ

crystals,

Nematie Phase @

The properties of the nematic structure indicate
that the molecules are parallel or nearly parallel to one
another, but are not in 1ayers§léhe nematic phase Is very
much similar to a trwe liguid state and has been compared
with the cybotactic structure of liquids (61), but compared
with the latter, tl® former has a low internal energy. Like
true liquids the nemgtic 1iquic'is“give only diffusion haloes
with X-rays confirming the absgnce of a layer structure of
the smectic phase. The optical behaviour of the phase which
is uniaxial and positive, is indicative of the paréllel
arrangement of the molecules aﬁd the absence of periodicity
in the structure by X-ray diffraction rules out the layer
structure. It can be concluded that the substance owes its
mobility to the facility with which fhe molecules can be

drawn past one another while rétaining a strong tendency
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to acquire a parallelism between the long dimensions of
Ehe molecules and the direction of drawing. Unlike 1mmob11;e
smectlce phase, the particles of dust can move freely in a
nematic mesophase without destroying its structure. Further,
unlike the smectic mesoforms, the nematic mesoforms are
orientated by electric and magnetie fields indicating a
greater freedom of movement of the molecules. In an
electric field the molecules set themselves with their
axlg at right angles to the lines of force and in the
magnetic field they lie with their long axis parallel to
the lines of force. -

~A mematic mesophase has no stratification
but does possess some interesting optical properties and
has some degree of molecular arrangement. The nematic phase
lacking a stratified structure has none of the focal-conic
structures or gouttes-a~-gradins. . A notable difference
between the smectic and nematic mesophases lies in the way
in which the two mesophase types separate from the isotropic
liquid. Whilst the smectic phasé appears as batonnets, the
nematic mesophase separates as tiny»,‘_ spherical droplets
which coalesce to give a nematic texture. Bernal and
Crowfoot (62) studied the crystal structure of solid
P -azosyanisole, p -azoxyphenetoi"f'é"ﬁd anisal-l:5-diamino~-
naphthalene, which form nematiec phases. Their X-ray
analysis shows that the molecules in the solid state lie
parallel to one another but cannot be clearly separated
into layers. This crystal pattérn has been described as
'imbricated j however, it cannot be inferred that all
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nemstic substances possess an imbricated structure in the
Crystalline state for, in some, the molecules are arranged
in layers. It appears that with a layer arrangement of
molecules in the erystalline state, the substance can
exhibit a smectic phase, as well as a nematic phase.

When the nematic preparation is placed between
glass surfaces, the molecules in contact with the glass
tend to be attached sideways to the surfaces. The
orientation of the molecules in the bulk of the phase
appears to be governed by those sticking to the glass
surface. If a nematic substance is heated to convert it
into the mesomorphic state, the phase is seen in patches
or plates with defined outlines. Each patch has its own
special orientation derived from that of the original
crystal. The preparation 1s fluid, birefringent and uniform
in optical properties. If the cover slip is moved sideways
carefully and the preparation of the nematic structure
obgerved under a microscope, there appears an effect
which indicates that the boundaries of the uniform plates
are doubled, This is because the molecules in the top
layer are attached to the coverslip and move with it while
those on the bottom layer remain attached to the lower”
slide j the molecules in the bulk of the preparation adjust
themselves to the sheari;ng effect. Turning of the
coverslip gives a hellicoidal or twisted transition from
one plate orientation to the other. The plates in the
nematic phase, however, possess an extraordinary

permanence, If the nematic structure is heated just inside
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the isotropic liquid state and cooled agaln to the nematic
structure, the pattern of nematic plates almost remains
the same as before. This may be explalned by the reasoning
that the molecules at the glass surfaces remain oriented
in the 1iquid state and that when the system is cooled,
they direct the molecules in the preparation into their
original arrangements.

When a mesomorphic subgstance is cooled suddenly
from the 1liquid state to the nematic phase, the preparation
becomes full of complicated vortices and interwinnings.
Among these are the fine lines or threads from which the
structure derives its name. The optical effects of the
nematic threads have been studied by Zocher and Birstein(63).
It seems that the threads are the lines of discontinulties
in the structure, i.e., they correspond to the ellipses and
hyperbolae in gmectic phases but there belng no stratification
in the medium like the one in the smectic phase, no definite
'geometrical law can be applied. The nature of discontinuity
is a matter of some doubt. It may be that the long axes of
the molecules are directed in a radial manner § the lines
may denote the presence of vortices, perhaps hollow and
vacuous, around which the molecules are circulating. In
such a case the long axes of the molecules would be
tangential to circles centered on the threads. The
discontinuity may be due to both structural patterns.

In any case, the lines can be looked upon as axes about _
which the medium is structurally buil@. Zocher and Ungar(64)

investigated the nematie structure in converging polarized

%
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light and at thicknes& up to 1 mm. They concluded that the
Parallel orientation of the molecules extends from one
glass surface to the other, right through the preparation
in these thin sections. .

W.Maler and A.Sauﬁe (65) have given a simple
molecular theory of the nematic liquid erystalline state
and have further derived a formula for the inner field
acting on a single molecule of a nematic order (66).
Cholegteric Phage :

The cholesteric mesophase is formed by a number
of cholesteryl esters and substituted derivatives of
cholesterol and the mesophase derives its name from this
fact. However, a few other optically active substances
not belonging to the choleéteryl ring system also show
this type of phase. For‘example, active amyl-p-
(4-cynobenzylideneamino) -cinnamate (I), a cholesteric _
éubstance, whereln the molecules do not contaln the sterol
type of skeleton, shows this type of phase. The cholesteric
phase resembles both nematiec and smectic phases to some
extent. The higher fatty acid esters of cholesterol
which have marked paraffinic properties show clearly the
characteristics of a smectic mesophase, which are generally
found absent in the lower members. Here, the ring system
predominates and the system is cholesteric.

The cholesteric mesophase displays certain
additional properties. The mesophase shows brilliant
iridescent colours in polarized 1light as it cools towards

its setting point. Tﬁere is a varlety of colours, varying
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from bright blue-violet.to green or pink. The cholesteric
phase shows the opties of a negative uniaxial crystal.
These properties in the case of cholesteryl derivatives
are attributed to the flat shape of the molecule. The
cholesterol compounds are all optically active, sometimes
very strongly § the rotation amounting to several turns
per millimeter of thickness. The optical activity is
dextro in majority of the cases. The various colours
displayed by a thin cholesteryl film are due to the
scattering of rays and to the eircular polarization of the
scattered light. Another characteristic of this phenomenon
is that, if the incident light is already circularly
polarizad in the same sense as normally scattered by the
substance, the scattering takes place without change of
sense. In other cases, polarized light is reflected, the
semse of rotation being reversed, If the incident
circularly polariéed light is of opposite sense, then the
light will be transmitted without any change of sense,
The optical rotation of the cho;esteric structure has been
studied recently by Mathieu (67) and Levy (68). The
orientation of the cholesteric structure of cholesteryl
esters on ionic salts has been studied by Grandjean (69).
Cooling of a cholesteric melt first produces a
confused focal-conic structure, which state neither |
exhibits brilliant colours nor optical rotatory power.
But, a slight mechanical disturbance produces the
Grandjean planes which reflect the light of brilliant

colours. The colour is temperature dependent, being a
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vivid green at higher temperatures and golden-bronze at
lowsr temperatures. The planes are seen as equally spaced
strata separated by regions of'discontinuity analogous to
the stepped drops in smectic phase, but the layer 1s
much greater and varies from 2000 to 80,000 A in
different cases.

The similarity between smectic and cholesteryl
substances particularly in their iayer structurs is due
to the shape of cholesterol molecule. However, these two
mesophases possess different optical signs. The cholesteric
phase has a negative sign whereas the smectic phase has a
positive sign. The cholesteryl molecule would therefore,
be perpendicular to the axis of rotation. The packing of
the broad flat molecules will produce a series of

Planes similar to those in the smectie phase.

Some esters of (3 -hydrocholesterols of the
allo series are reported to be mesomorphic (70) while
the corresponding esters of gq-dihydrocholesterols of
the epl series show no mesomorphism at all in their

melt,s .

After having discussed the three different
types of mesophases, the relation of the mesophase to
the isotropic liquid on the one hand and to the true
erystalline state on the other, alongwith a few
important characteristics may be represented

@iagra@étically as under :



Liquid State
‘ 1 LT3 N-L Point ‘ '
Nematic Structure Cholesteric Structure
1. Molecules parallel but 1. Arrangement of molecules
not stratified. uncertain,
2. Positive optical sign. 2. Negative optical sign.
3. No optical rotatory 3. Optically active.
power, N
Dextro type Laevo type
Reflects right handed Reflects left
circuiarly polarised handed circularl)
light. polarised light.

1 LTZ 8-N Point
Smectic Structure

1. Molecules parallel and in layers.
2. Positive optical sign.
3« No optical rotatory ﬁower.

1 [Ti C-S Point

Crystalline State

Phygical Properties of Liguid Crystals :

X-ray examination of the mesomorphic compounds has
helped a great deal in explaining the mesomorphie structure,
Bernal and Crowfoot (62) who carried out the X-may



34

examination of the crystalline states of several mesomorphic
compounds have shown that in the nematic compounds the
molecules in the unit cells are arranged parallelwise with
their ends imbricated. From this it is inferred that such
an imbricated arrangement of parallel molecules will occur
in the nematic mesophase. The smectic and cholesteric
substances contain the molecules in parallel arrangement
with their ends in a line, which is suggestive of a layer
structure. Thus, on the basis of X-ray examination it is
possible to predict whether a compound will be smectic or
nematic and correspondingly such substances are called
smectogenic or nematogenic,

Smectic mesomorphs give good X-ray pattern
providing evidence for layer structure. In some cases layer
spacings have been measured ;n which layer th;ckness has been
found as equal to the length of a molecule except when the
molecules are tilted. Herrmann’s (71) X-ray study of ' -
thallium stearate and oleate has shown that the molecules
are two-layers thick and arranged at an angle of
inelination to smectic planes, which is greater in the
crystalline fluid phase than in the crystal solid phase.
Nematie substances 'do not give X-ray spacings.

Brown and Shaw (72) have recently studied X-ray
Patterns of the mesomorphic and liquid states of some
alkoxybenzalazines. They confirm that the diffraction
patterns for the nematlc and liquid states are qulite similar
in regard to shape but positively mention that, the
diffraction intensity showing up at the principal maximum is
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a few per:cent gr;aa’cer for tke nematic structure than for the
liquid st;te. The principal peak in the case of nematic state
in relation to the liquid state,‘is more clearly defined,
The greater sharpness and its steeper.slope indicate a more
orderly structure of th® mesomorphic state compared to that
of a true liquid.

X-ray studies on nematic melts which were
orientated by magnetic and electric fields have also been
careied out. Herrmann, Krummacher and May (73) concluded
that in certain cases 1ike‘p—azoxyanisole and anisaldazine
the long molecular axes are orientated perpendicular to the
applied electric field and ip other cases, €.g.,methyl
P-(—%—ethoxypenzyliaeneamino)cinnamate, parallel to the
field. H.Zocher (74) has given a mathematical treatment
of the orienting effects of a magnetic field on the swarms,

Ultraviolet and infra’red spectroscopic studies
of mesophases have so far not given any vital information
about either the molecular orientation or the degree of
molecular aggregation in the mesophases. The early ‘
spectroscople studies reported by Rawlins and Taylor (75)
lead to the conclusion that the spectra of the mesophases
and the isotropic liquids are more or less identical,
Similarly, a more recent examination of Raman spectra of
solid, nematic and isotropic phases.of p=-azoxyanisole by
Freymann and Servant (76) revealed only one difference
between the spectra of the anisotropic melt and the solid
state and that of the isotropic liquid, namely the presence
of a line at 1247 cmﬂ1 in the spectra of the two anisotropic
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states. Maier and Englert (77) have given an account of their
infra_red studies on h,kldisubstituted azo- and azoxybenzenes.
They are of the opinion that it may be possible to use
infraCred spectroscopy for the comparison of the molecular
orientations of the erystalline and the mesomorphic states

of compounds. )

In recent years, a few papers have been published
which throw light on proton magnetic resonance in the
mesomorphic state. Spence, Moses and Jain (78) have shown
that proton resonance line changes markedly in character on

"passing from the isotropic liquid of p-azoxyanisele, which
glves a single narrow line; to the nematic phase. Here, the
amplitude of the sipnal is decreased and the singlelline
broadens greatly and splits into three peaks. The amplitude
Of the central peak is the greatest and the two satellite
peaks have equal intensity. Spence et al (78) attempted
To explain these effects as due to a very strong hindering
of the methyl groups present in p-azoxyanisole and has
also given an alternative explanation in terms of the
magnetic non-equivalence of the protons of the aromatiec
rings in the nematic melt of P -azoxyanisole,

Jain et al (79) have summarised the work of
Moses (80) on smectogenic compounds by saying that the
smectic mesophases of a limited number of systems such as
sodium oleate and sodium stearate show g single structureless
line intermediate in width between that of the isotropic
liquid and the solid state. ‘

Becherer and Kast (81) determined the viscosity of
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liquid crystalline subsﬁances using the Helmholtz method.
They feport that the ingrease in viscosity just befare the
nematic -lsotropic or cholesteric-isotropic transition
always appears to be very sudden and the viscosity reaches
a maximum, exactly at the transition temperature. With
increasing temperature above the transition point, the fall
in viscosity appears to occur at a variable rate. Ostwald (82)
Teports that the nematic and cholesteric mesophases possess
a state of dispersion which is typical of colloids and also
reférs to the marked structural viscosity of the smectic and
cholesteric phases which can be taken as evidence for
regarding the mesophases as similar to gelatine or rubber
sols. Bose (83) studied the nematic melt’of anisaldazine
and showed that the mesophase disobeys the Hagen-Poiseullle
relationship between. viscosity and rate of shear.

Vorlander (84) determined the viscosity of ethyl
P -azoxybenzoate, over the temperature range of llkOC to 13300
and showed that there is a sudden fall in viscosity exactly
at the smectic-isotropic transition, without any rise to a
maximum as observed with cholesteric or nematic systems.

The dielectrle properties of the neﬁatic mesophase
are important because of the supporting evidence which they .
give for the existence of swarms. Foex (85) showed that the
Magnetic rotation moment of a swarm can be caleulated from
the measurements of dieleetric constant as a function of
the magnetic field strength. Jezewski (86) and Foex (85)
have found the same value of 10° mols, for tle size of the

swarm. Bhide and Bhide (87) measured the dielectric constant
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and absorption of p-azoxyanisole by resonance method and
found‘abrupt changes in dielectric constant as the phase
Changed from mesomorphic to the isotropic liqulid. Marinin
and Tzvetkov (88) examined the dielectric properties of
P -azoxyanisole under the influence of magnetic field.
Their results indicate that the dielectric constant varies
with the magnetic field strength, with temperature and
also with the‘rate of flow.
. Chatelain and Pellet (89) showed that it is
possible to measure the two indexes of refraction of the
mesophase, the ordinary index (ng ) and the extraordinary
index ( n, ) . Their experiments showed that the difference
between n, and n, decreases with temperature and that at
the nematic-isotropic transition there is a discontinuity
in refragetive index giving a value for the isot50pic liguide
These results illustrate the extremely high birefringence
of the nematic mesophase, and the rapld way in which it
Varies with increasing temperature. Riwlin (54%) has found
that there is a good agreement between transparency for
Varying light and thickness of mesophase. She made use of
Ornstein and Zernicke's (55) relationship between refractive
index and transparency. These results agree well with those
of Moll and Ornstein (56) and show the evidence for the
existence of swarms.

The data obtained from measurements of the surface
tension of mesophases so far, scem to be conflicting .
Ferguson and Kennedy (90) found that the surface tension of

the mesophase increases with rising temperature which is
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exactly opposite to tke .behaviour of isotropic liquids for
Wwhich the surface tension decreases with rising temperaturae,.
Nagglar (91) and more recently Schwartz and Moseley (92)
have shown that the surface tension of a mesophase decreases
with increasing temperature.

Foex (85,93) determined the principal ﬁagnetie
susceptibility of crystalline p-azoxyamtiole and found that

the susceptibility value 1is much less than for substances
like naphthalene which do not occur in mesomorphic state.
The average'susceptibility of powdered p-azoxyanisole is
=0.565 x 10“6 § at 116 °C when the nematic phase is formed,
he found a rapid fall in the susceptibility to -0.457 x 10

As the temperature rises, the diamagnetism also increases
slowly until above 133 c when the substance becomes isotropie
liquid, for which the susceptibility value is -0, 5k5 x 10 6;
On cooling, the changes are reversible except that the
nemagtic phase may persist considerably below 116 C Analogous
behaviour was found in the case of p-azoxyphenetole and
anlsaldazine. The reason for this type of behaviour is that
the long dimension of the molecule is the least diamagnetic
and hence orientates to lie in the direction of the lines
of force. If the substance 1s crystallised in a magnetic
field, a strong anisotropy exists, ﬁith the smalles
diamagnetism along the lines of force. Foex has also
reported on the measurements of principal magnetic
susceptibilities over a range of temperature.

Smectic mesophases exhibited by substances like
ethyl p-azoxybenzoate ig genefal, show only a small and

/
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irregular-incregse of diamagnetism\?n passing from solid to
liquid. If, however, a fileld is present during cooling to

the smectic state, orientation sets in with a strorg decrease
of diamagnetism. Some further studies of magnetic anisotropy
in liquid erystals have been reported by Tzvetkov and
Sosnovskii (94%).

' Very recently, Dewar and Schroeder (95) have
described the application of liquid crystals as stationary
phases in gas-liquid chromatography. The use of the nematie
phase of p-azoxyanisole led to excellent separations of a
number of meta-para pairs of disubstituted benzene
derivatives‘; mixtures of~m»xylene and p-xylene were easily
. separated by using smectic phases of k,kldihexoxyazoxybenzene
and h,hzdiheptoxyazoxybenzene. The retention times vary iﬁ an
Interesting manner with temperature showing a marked decrease
at the transition point to normal liquid ; as anticipated,
the effect has been found to be less for the more nearly
linear p-isomers.

Chemical Constitution and Megomoighismv:

Compounds which exhibit thermotropie me somorphiec
properties vary widely in chemical constitution, but all
possess a common feature of molecular geometrical anisotropy.
Generally speaking, the molecules of mesomorphic compounds
are elongated, rod or lath-like in shape and this seems to
be a necessary requirement. However, it cannot be said that
because the molecules are elongated the compound will
necessarily be mesomorphic. Compounds such as the normal

paraffins and the homologues of acetic acid though they



Possess geometrical requirements suitable for mesophase
formation do not exhibit liquid crystalline properties for
the simple reason that the attractive forces oﬁerating
between the molecules are so weak that they are unable to
mgintain a parallel érrangement of molecules after the
Crystal lattice has melted. Hence, in addition to the
geometrical aspect of the molecules, the nature and probable
strength of the intermolecular attractions must be given due
consideration. In order to constitute a potenﬁially
mesomorphic system, the long molecules must possess groups
of atoms ha&ing permanent dipole moments and the molecule as
a whole must be polarizable. A high polarizability for the
molecule may be ensured by incorporating p§1arizable
aromatic rings and unsaturated linkages. In the aromatic
compound it_is necéssary to maintain the iinearity of the

system. A para-para substitution in the benzene rings helps

i1

to maintain the criterion of linearity. Dibenzylidenebenzidine

is a good example.

A compound comprised of molecules which are long,
narrow and linear and in which there are dipolar groups,
should give strong intermolecular attractions. If, however,
the intermolecular attractions are too strong, selective
weakening of the cohesive forces may not occur until high
temperatures are reached and when the melting starts, the
thermal vibrations may be too great to allow an ordered
arrangement of molecules to persist. This shows that the
melting points of the compounds should not be too high and

this may be attributed as one of the reasons where the

A



compoundé although possessing linearity fail to exhibit
megomorphic properties. The long chaln fatty acids however,
having rod-shaped molecules apparently suitable for
mesomorphism do not exhibit 1t although their melting points
are low emough to favour the existence of mesophase. The
absence of mesophase in such cases can be attributed to the
lack of cohesive forces between the carbon chains. In the
absence of cohesive forces, the molecules after the breakdown
of the erystal lattice will take up random orientation and
no mesophase can be obtained. Therefore, the presence of
polar groups in the molecule which are capable of enhancing
ﬁhe intermolecular forces is necessary.

In general the mesomorphic compounds consist of
long chain molecules often possessing mildly polar groups
like -C = C-, =C = N-, -N = NO-, -CH = N~, -CH = N-N = CH-,
~in the middle of the molecule and an active group like
-0R, -COOR where R stands for a normal alkyl chain, at the end.
The middle groups will give lateral adhesion whereas the end
groups do so in an end to end manner. The dipole moments
Imparted by tl® groups cause the molecules to exert rotation
moments on one another. The result 1s a parallel orientation
of the mblecules. The molecules lie in such a way that their
long axis will lie parallel to the long axis of the‘swarm.

Besldes the presence of the polar groups, the
structural alteration has a good deal of effect on the
thermal stabilities of the mesomorphic compounds. It has
been found that addition of a unlt such as an aromatic ring

to the molecule of a mesomorphic compound increases the



thermal stability of t@e mesophases provided that the
Qolecule is not broadened. Thus the thermal mesomorphic
stabilities of a biphenyl éompound are higher than those
of the corresponding benzene compound. For example, the
compound CH30.C0.CgHy +CO0.CeHy oCO.CoHyoC0.0C,H; having
three benzene rings has a phase length of 1#000
(1%2-28206), whereas the ester,
CH304C04CgHyeCOWCgHyoCOLCeHy o COLCyHy CO,0C2Hy, with an
additional benzene ringhas a greatly increased region of
stability from 18700 to red heat at which the substance
decomposes. Many mesomorphic compounds like
dianisalbenzidine, CH30.CgHy4CH:N.CgHyoCeHy oN2:CH CyH, oOCH;,
prepared by Vorlander evaporate or distil over before
they transform to isotropic liquid. Vorlander (96) points
| out that these substances with this behaviour, remarkably
exhibit mesomorphism. Brown and Shaw (6) have sumarised
the minimum structural requirements for a compound to
show a mesophase as two benzene ringg with a mildly
polar group at the centre and p-p-substituted fairly
polar terminal groups. The inerease in the thermal
stabilities of the mesophases as explained above should
be due to the combination of enhanced cohesive forces and
the geometric anisotropy of the molecules.

It is worthwhile considering the question if it
1s possible to outline the molecular features which are
likely to determire whether the mesophase of a compound

will be smectlic or nematic, or both. A generalisation of
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the conditions that give rise to these structures has been
made by Bernal and Crowfoot (62). Smectic substances have
either one active group e.g., in ammonium oleate or a fairly .
strong active groups at the ends as in p-azoxy esters.

This will induce layer fqrmation and is often found in
solid crystals. Such crystals are known as smectogenic.

On the other hand molecules having weakly active groups at
the centre as well as at the ends as in p —azoxy ethers lead
to imbricated structures characteristiec of mematic
mesophases. Such erystals are known as nematogenic.‘
p-Methoxycinnamic acid may at the first sight be expected
to be smectic but in its melt the dimerisation of
carboxylic groups takes place forming a double molecule

of the type which favours nematic mesophase rather than a

smectic one (97). Dimerisation as well as hydrogen bonding

give rise to condigions favourable to mesomorphism,
p-n-Alkoxybenzoic acids (98-101) are the simplest examples
exhibiting mesomorphisﬁ bécause of dimerisation of their

- two molecules, Here, the dimerisation of carboxylic aseids
by intermolecular hydfogen bonding of the carboxyl groups
preserves the linearity and increases the molecular
length, maintaining the intermolecular attractions at a
suitably high level favouring the mesomorphism to occur.
Thus, p-n-propoxybenzoic acid has the simplest molecular

structure to form liquid crystal.
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A further'proof in support of the effect of
dimerisation and hydrogen bonding is afforded by the
fact that the corresponding methyl ester of p-n-propoxy-
benzoic acid is non-mesomorphic, eventhough it has a
low melting point and possesses a dipolar ester group,
as the ester has no tendency to association. Gray (102)
has also given few generalisations about the molecular
characteristics which are likely to lead to mesomorphic
behaviour. The molecules or’mesomorphic compound should
preferably have a high length : breadth ratio and it is
necessary that the long molecule should be made up of a
sufficient number of groups of atoms which are either
permanently dipolar or readily polarizable, so that the
intermolecular attractions are sufficiently great to
maintain the parallel anisotropic arrangement of the
molecules. On the other hand, if the molecule contalns
groups which lead to very strong intermolecular attractions
or to intermolecular hydrogen bonding of a polymeric
nature, such that\the melting polnt of the compound is
very high then, irrespective of the molecular shape,
mesomorphism will not occur. Culling, Gray and Lewls (103)
have substantiated this aspect of high melting points as
being unfavourable for mesomorphism. They report that
L-cyano- and 4-methoxy-4 -nitro-p-terphenyl and
4-acetamido-and Y-amino-3,4' —dinitro-p-terphenyl exhibit
nematic mesophases while 4,4 ' ~dinitro-p-terphenyl and
Y-gcetamido-4' -nitro-p-terphenyl do not exhibit
mesomorphism owing to their very high melting points,
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The shape of the molecule and the axis of
symmetry play an important role in determining the
mesomorphic behaviour. The increase in the molecula.r°
breadth leads to decreased mesomorphic properties.
Introduction of certain groups which destroy the symmetry
of the molecule (104) either reduces the range of
mesomorphie stability or results in complete extinction
of the mesophase. For example, introduction of CH, group
between two benzene mueclei in a highly stable liquid
crystalline benzidine derivative causes the disappearance
of enantiotropic mesophase. Similar is the effect of
groups like -CO, -CS, -S etec. In the same way, the
intfoduction of a non-polar alkyl group in place of a
polar alkoxy group destroys the mesomorphic'properties on
account of reduction in the end to end cohesion in the
melt. ‘ ,

Gray (102) has summerised the effect of alkyl
chain length on mesomorphism. He reports that increase in
che alkyl chain length increases the ratio of the lateral
to the terminal attractions between the molecules, so
malking the probability greater that the layer arrangement
will persist after melting, when the terminal attractions
are weakened. Smectic properties are therefore most likely
to be observed in the long Qha?n members of a homologous
series of mesomorphic compounds. The observations of
Bennett and Jones (100) fof the homologoﬁs series of
p-n-alkoxybenzo;c_acid and trans -p-n-alkoxycinnemic acid

substan@iate the above conclusion. They report that
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non-mesomorphic or nematic behaviour is observed in the
case of the members of short alkyl chain length. Smectic
properties followed by nematic begin to appear as the
alkyl chain length increases and finally in the higher
members a pure smectic phase 1s observed..Weygand and
Gabler (105) found similar observations in the case of
p-azo and p-azZoxyanisole series. Thus, a general pattern
of behaviour is that the lower homologues are nematle, the
middle members exhibit a smectic mesophase followed by
nematic and the long chain members are purely %yectic}
Lateral intermolecular attractions are therefore
helpful in determining the smectic properties, but only
in relation to the weakness of the accompanying temminal
attractions. These lateral attractive forces between
elongated molecules would be enhanced by the presence of
strong dipole moments operating across the major axes of
the molecules, because a dipole-dipole reinforcement takes
place with a sultable layer arrangement. Substitution of a
molecule normally decreases the.thermal stabilities of
both th@ smectic and nematic mesophases owing to the
broadening effect. But in cases like 6-n-alkoxy-2-naphthoic
acids (106), 5-substitétion leads to quite a small
increase in the molecular breadth, becaguse of the projection
of the Y-hydrogen atom. This means that substituents 1ike
chloro- and bromo- instead of decreasing the thermal
stabilities of the ﬁesoPhases increase them because of
their dipolar and polarizabllity effects. Vorlander (107)

has reported certain naphthalene derivatives which are
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considerably broader than benzene ring as exhibiting
megsomorphism. In spite of their extended surface, certain
anils of 2:6-diaminonaphthalene are mesomorphic. Vorlander
has shown that the naphthalene anils are less mesomorphic
compared to the corresponding more linear anils derived
from diaminodiphenyl. These facts point out that the
nature of mesomorphism decreases with increasing breadth
of the molecules. It is known that 3:5-dichlorination of
P -n-pentyloxybenzoic acid completely destroys the nematic
mesomorphism of 27°% phase length in p-n-pentyloxybenzoic
aclid although the melting point is 2200 lower than its
parent acid. The total destruction of mesomorphism is due
to the broadening effect of the two chlorine atoms (108).
This shows that the breadth of a molecule cannot be
increased above a certain limit without destroyirg
mesomorphism. If a dipolar group increases the molecular
breadth, the smectogenic tendencies will be reduced,
unless the dipole 1s strong enough to counterbalance the
decrease in thermal stability arising from the increased
molecular separation. However, i1t may be said that for a
system of elongated molecules to be smeectlec, the ratio
of the lateral to the terminal attractions should be high.
If a molecule is structurally sultable for
mesomorphism but contains short alkyl chain and no strong
dipole moments operating across the long axis, then the
compound is most likely‘to exhibit the nematic
properties (102). Considering two different molecules of

almost identical length and shape e.g.,p-n-octyloxybenzoiec



acid (109) and p-n-nonylbenzoic acid (101), there are two
dipoles acting at an angle across the long axis of each
molecule, in the dimeric molecules of the ether, while
there are no such strong dipoles present in the alkyl
acid. Thus the octyloxy acid exhiblts both nematic and
smectic phases and the nonyl acid as a result of the
weaker lateral attractions between the molecules is
purely nematiec in its behaviour. It has also been
observed that the dipolar substituents are much more
likely to enhance the thermal stabllity of a smectie
mesophase than that of a nematic mesophase.

3-Chloro derivatives (110) of the dimeric
p -n-alkoxybenzoic gcids contain molecules which are
substantially broader than the p-n-alkoxybenzoic acid
molecule, This causes two effects : (a) the enhancement
of the lateral intermolecular attractions arising from
the increased polarity and polarizability of the "
substituted molecules and (b) the decrease in the
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intermolecular lateral attractlons because of the inereassed

separation of the long axes of the molecules. In fact,
the 3-chloro substituent decreases both the nematic and
smectic thermal stabllities of the parent acid and the
larger 3-bromo- and 3-iodo~ substituents completely
eliminate the mesomorphic properties. Gray, Hartley and
Jones (111) studied the mesomorphic properties of
kln-alkoxydiphenyl-h—carboxylic aclds and their simple
alkyl esters and a comparison is made with those of

4-n-alkoxybenzoic acids. These acids exhibit mesophases



of greater thermal stabllity than the simple benzoic

acids j this is attributed to the enhanced intermolecular
cohasion arising from the second benzene ring and also

to the greater molecular length of the diphenyl corpoundse.
Gray (112) has studied the mesomorphic properties of
thirteen anils derived from p-n-alkoxybenzaldehydes and
2=-aminophenanthrene and found more evidence for the
planar configuration of diphenyl ring in the mesomorphic
state,

When the mesomorphic transition temperatures
for a homologous series of compounds are plotted against
the number of carbon atoms in the alkyl chain, the upper
transition points lie on two smooth curves ; the upper
curve corresponds to the compounds with an even number of
carbon atoms in the alkyl chain and the lower one to those
with an odd number of carbon atoms (109,113 ). This common
behaviour in many homologous series is attributed to the
packing of the molecules with their long axes parallel.
The alternation for odd and even numbers is believed to
be due to variations in the packing of the terminal methyl
groups (114). It has been observed that in general, the
nematic -isotrople transition temperatures fall with
increasing alkyl chaln length with a regular alternation
of the temperatures occuring between homologues containing
odd and even number of carbon atoms in the alkyl chain.
If the series also exhibits smectic properties, then the
smectic-nematic transition temperatures will be found to

rise steeply at first and then more gradually as the alkyl
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these two curves, no nematiec properﬁies are observed in
the series, and the smectic mesophases pass direct to the
isotropic 1iquid. This common behaviour of the smooth
Curves may be explained by a typical example as that of
the hlnualkoxybiphenyl-4-carboxylic acids.

Gray, Jones and Marson further extended their
Studies to the influence of substituents particularly
halogens (115,116) in the 3-position of p-n-alkoxybenzoic
acids, in the 5-position of 6-n-alkoxy-2-naphthoic acids,
in the 3-position of p-n-alkoxycinnamic acids and '
31position.of kin—alkoxydiphenyl-#*carboxylic acids and
their alkyl esters and have corrélated the effects of
substituents on mesomorphic thermal'stabilitieé. 3-Bromo -
4-n-alkoxybenzoic acids do not show any mesomorphism while
the less broad fluoro and chloro derivatives show short
mesophases. In the case of the trans p-n-alkoxycinnsmic
acids, the breadth and polariwation are increased by
halogen substitution and the thermal stabilities of the
mesophases are altered. Tﬁe presence of chlorine or bromine,
however, does not entirely elimingte the mesomorphic
pProperties, although in the broader brom§ derivatives the
long chain dodecyl, hexadecyl and octadeeyl ethers along
exhibit meSOphaées and these are monotropic . In most

systems, the substituent exerts its full breadth-inereasing
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effect on the mo;ecule,which results in the increase in
the separation of the lorng axes of the molecules and there
1s a marked decrease in smectic and nematic thermal
stabllities on passing from unsubstituted to substituted
system.

Therefore, substitution leading to an increase
in molecular breadth will decrease the smectic and nematic
thermal stabilities i.e. the smectic-nematie, smectic-
isotropic and nematic-isotropic transition temperatgres.

Brown ard Shaw (6é) and recently Gray (102) have
given g detailed account of the mesomorphism with respect
to the chemical constitution of the compounds and thereby
have assigned minimuﬁ structural requirements for a compound
to be mesomorphic. The mélecules must be elongated and rod
9r lath-like shaped, with an essentially linear structure
and must possess active central groups to provige the
intermolecular lateral cohesion and terminal groups to
Produce termingl attractions,

Mesomorphism in Blological Systems :

Until recently mesomorphism in biological systems
has been virtually ignored although the first observation
of a mesomorphic state in biologwcal systems seems to be
the mention of myelin forms in 1854 (117)» It has now been
Enown that several biological systems exhibit liquid
crystalline properties and some possess properties
anglogous to those observed in mesomorphic systeﬁs. Many

living tissues like the muscles, nerves, tendons and bones

-
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show the optical property of double refraction (118). The
degree of double refraction in such fibrous systems
inereases on streteching and decreases on contraction.

It has been found by ﬁinne (5) that merely
moisteniﬁg_sphingomyelin, kerasin and lecithin
preparations'with water or aqueous glycerol and heating
causes the formation of a smectiec phase. Phrenosin and
Kerasin were separated from galactosides of the brain
by the use of cold pyridine and mesomorphic forms were
obtained (119). Massive deposits of mesomorphiec compounds
are found in kidneys, liver, spléen marrow and aorta walls,
through the utilization of cholesterol compounds.

Iiving sperms, composed in part of protein,
yeleoproteins and albuming have been shown to possess a
mesomorphic phase (120,121). The anisotropy occuring very
commonly in the sperms is exhibited in the extended form
of the sperm head. This double refraction can be destroyed
by the artificial swelling of the sperm heads. |

A recent discussion of the'structure of
chromosqmes is given by Ambrose (122). Aqueous solutions
of certaln viruses e.g. tobacco mosaie virus exhibit
lyotroplc mesomorphic properties (123—125). Brown and Shaw (6)
‘have pointed out that the mesomorphic state is singularly
well fitted to provide complex forms in which organisation
and lability can be combined to a unique degree. Compounds
ean be found in the biological systems whose molecular

structure and orientation represent every intermediate degree
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of orientation, plastitity and viscosity between crystalline
Substances ontthe one hand and mesomorphism‘or even
isotropic substances on the other,

The mesomorphic modifieations are of important
biological significance; slight changes in compositlon and
in physical and chemical properties can materially affect
the formation, continuation or cessation of the mesomorphiec
state, a delicate balmce characteristic of many blological
processes. As Bowden (125) has put it this state seems to
be especially suited to bilological functions and may
possibly be the basis of vital activity.

Mixed Liguid Crystals :

From the above description i% can‘be said that
Tthe liquid crystalline state is a stable intermediate
state having marked transition temperatures which separate
it from the true solid state and the isotropic liquid state.
This mesophase possesses some of the mechanical properties
of a liquid and some of the optical properties of a crystal.
Any foreign substance dissolved in such a liquid finds
itself in an anisotropic enviromment and its properties are
affected to a considerable extent,

When two mesomorphlc compounds are mixed, the
melting points and the mesomorphic transition temperatures
are depressed. If both the components of the mixture are
epantiotrOpic mesomorphs by themselves, then the mixture
will give an enantiotropic mesophase depending on the

temperature ranges over which the mesophases of the two
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components are thermglly stable. Binary mixtures of certain
non-mesomorphic compounds with a mesomorphic compound
frequently exhibit mesomorphism. Cases of liguid
crysfallinity in mixtures of two non-mesomorphic components
have also been reported. Gaubert obtained mesomorphic.
systems by mixing molten cholesterol in turn with succinimide,
the tartaric acids, malic,maleic,malonic,succinic,anisic,
cinnamic and lactic acids (127) . He also examined liguid
crystalline mixtures obtaihed by heating ergosteryl acetate,
propilonate or butyrate with glycollic acid, glycerol and
orcin (128) and on melting certain cholesterol and ergosterol
derivatives with urea (129). Kravchenko and Pastukhova (130)
have reported liquid crystallinity in mixtures of non-
mesomorphic compounds such as the hydrocarbons indene and
naphthalene.

Schenck (131) has shown that the transition
temperature of isotropic liquid-crystalline liquid for
p~azoxyanisole is lowered by the addition of other
substances. He caglculated the molecular lowering of the
transition temperature in the case of p-azoxyanisole from
which he cgleulated the heat of transition. He further
showed that p-azoxyanisole and p-azoxyphenetole form
isomorphous mixture in the mesomorphic state.

The depression of the transition temperatures
observed in the mesomorphic substances by the presence of
another substance is just similar to the lowering of the
freezing points of true solids by the addition of other

substances. The transition from liquid to mesomorphic
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state can be made use of in eryoscopic work in just the
Same way as the transition from liquid to solid, but in
the case of iiquid ~ tiquid crystalline transition, the
Tthermal changes being comparatively much small, the
Molecular depression reaches a high value.

With a view to find out the extent of the utility
of the transition in cryoscopic work and also to study the
effect of the addition of another substamce on the _
mesomorphic state of a mesomorphic compound, de Kock (22)
investigated the binary mixtures of substances, one or
both the comporents of which were liquid crystallire
substances. When p-azoxyanisole (114—135.200 ) and
p -methoxycinnamic acid (1&0—185.500 ) both. of which are
Nematic mesomorphs, are mixed, their meltirg points as well
as the transition points are lowered and the upper
transition temperature-concentrationfcurve exhibits 2
rounded minimum. As the temperature decreases, varying
with the composition of the mixture, one or the other pure
so0lid substance is deposited. The temperature =~ concentration
curve obtained in these cases resembles an ordinary freezing
polint curve with a eutectie at 107—800. de Kock said that
‘between these two curves the two substances are in liquid
erystalline state and form a continuous series of
homogeneous mixed ligquid crystals. He further studied some
binary systems where only one component 1s a liquid crystal,
viz : (1) p-azoxyanisole and quiml (2) p-methoxyclnnamic
acid and quinol and (3) p-azoxyanisole and benzopherone,
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In 211 these cases, he observed that mixed 1iquid crystals
are formed but only to a certain concentration of the
Ton-liquid erystalline component, the transition temperatures
of the mesomorphic - isotropic liquid state being IAQered by
the addition of quiml or benzophemne. He also calculated
the molecular depression in the case of p-azoxyaniséle with
quinol or benzophenone as solute and obtained the same
value in both the cases, approximately 4900, The correspénding
latent heat of the change liquid erystalline -~ amorphous
liquid state for p-azoxyanisole was found to be 0.6é'Ga1.
He discussed the gensral problem in terms of the phase rule.
Bogojawlensky and Winogradow (132) studied binary
mixtures of isomorphous substances and have reported the
formation of mixed liquid crystals from pairs of substances
one or even both of which were mn-mesomorphic. A complete
series of mixed liquid crystals was discovered in the case
of p=-azoxyphenetole and p-azophenetole mixture, where the
former i1s a liquid erystal (137—l6%.5oc ) and the latter
melts at 160.200 but possesses a metastable mornotropic
liguid crystalline form which lies L4 degrses below 1ts
normal melting point, at 156.100. The freezing point
curvé'and the melting point curve 1n this case are both
straight lines and they intersect each other so that in the
teﬁperature ~’concentr§tion diagram there exists a region
of stable and a region of metastable mixed liquid erystals.
In a1l the cases the clearing point curve is a linear one

and from this linearity of the curve they deduced that the
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other apparently noneliguid crystalline substance shouid
have a potent or latent liquid crystal form, but this
cannot be observed as the transition to isotropic liguid
lies below the nommal mglting point and could not be
ascertained owing to the impossibility of supercooling.
The latent or labile transition point of the non-liguid
crystalline substance was determined in a number of
cases by extrapolation of the clearing point curve which
is lineagr in the majority of the cases. This should
provide an explanation to the observatlon of Vorlander
and Gahren (133) that substances which themselves are
not liquid crystalline, form liquid crystals when they
are melted together.

Walter obtained enantiotropic mixed liquid
cerystals within limits of concentragtion using a mixture
of anisic gecid and anisalpropionic acid which themselves
are non-mesomorphic substances. He determined the latent
* melting points of the liquid crystalline phase of these
acids from the behaviour of their mixtures with
p-methoxycinnamic acid by the extrapolation of the
clearing point curve and found that the melting point
ecurve joining the latent melting points of the two non-
liquid crystalline compounds, so obtained is a straight
line. Tamman’s view (135) that formation of liguid
erystals from a mixture of non-liguid crystalline
substances is a mgtter of emulsion formation is thus
disproved.

The extents of the melting point depressions
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and the phase diagrwng for mixtures showing liquid
crystalline properties are discussed in the early
publications of Tgmman (195), Lehmann (136), Smits (137)
and in the later work of Vorlander and Ost (138).
Contradictory views have been expressed by different
workers concerning the nature of the change from the
anisotropic state of a mixture of a mesomorphic and
non-mesomorphic component to the true isotropic liquid
state of the mixture. de Kock (22) and Prins (139)
maintained that phase rule theory did not allow a direct
transition at a fixed temperature, from the two-component
mesophase to the two-component isotropic melt and that
there must be a temperature range over which g series of
mixtures of different composition of the two liguids,
one anisotropic and the other isotropic, coexist.

Recently Dgve and Dewar (140) re-examined this
problem by studying the behaviours of binary mixtures of
varying composition, each mixture comprising a nematic
mesomorphic compound and a non-mesomorphic substance.

They repeated the system- mixture of p—azoxyaﬂisole
(nematie) and quinol (non-mesomorphic), the two-component
éystem for which de Kock (22) claimed that he had obtained
evidence for a range of temperature over which two liquid
phases of different composition coexisted. Dave and Dewar
hgve clegrly shown that the transition from the anisotropic
to isotropic state is sharp and have concluded in general
terms that the liquid phase produced by heating the mixture

of solids, 1s a homogeneous single phase, whether it is
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mesomorphic or not. They opine that the experimental
evidence on which de Kock based his results seems to be
scanty, the transitions being followed mainly by
observing the change in the liguid region from cloudy to
clear without careful temperature control and without
proper stirring. Dave and Dewar (140,1%1) and later Dave
and Lohgr (142) studied a number of binary mixtures
where one component 1s a liguid crystal by itself and
deduced a slope value of the transition curve which
has been gttributed to the polarity of the end groups
present in the non-liquid erystalline molecule. Further,
they conclude from their observations that any substance,
with anisotropic molecular structure would form a liquid
erystal provided it can be obtained in a liguid form .-
at a sufficiently low temperature. Dave and Dewar have
also refuted the suggestion of de Kock (22) that the
depression of the transition point by solutes~might be
used as a method for determining mqlecular weights.

Mixed liquid crystal formation has been reported
in mixtures of non~liquid crystalline substances. With a
view to find if mixed liguid crystals can be obtained in
such mixtures Dgve and Dewar studied a few binary systems
of substances which from the structural point of view,
furnish the minimun requirements of exhibiting mesomorphism,
but are apparently non-mesomorphic j they did not observe
any mixed liquid crystal formation in these cases. Dave

and Lohar (143) have, however, reported mixed mesomorphism
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in certain mixtures of non-ligquid crystalline Schiff’s
bases.

The foregoing description arouses several
interesting points which demand further investigation.
Further studies from this point of view have been
carried out in this investigation am it i1s hoped

$hat this will throw further light on the subject.



