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CHAPTER-1

Introduction



Introduction:

Liquid crystalline materials are generally organic compounds
having physical properties intermediate between crystalline solids and
isotropic liquids. The liquid crystalline phase was first observed in 1888 by
F. Reinitzer [1] and O. Lehmann [2]. Friedel [3,4] suggested the term
“mesomorphic phase” or “mesophase” to the liquid crystalline matter. At
present several thousands of organic compounds are known to exhibit
mesophases [5,6]. Few organo-metallic compounds [7,8] as well as some
inorganic compounds [9] are also found to exhibit liquid crystalline
properties. '

Liquid crystals are fluids in which there occur a certain order
in the arrangement of the molecules. As a result there is anisotropy in the
mechanical, ‘elec'tn'cal, magnetic and optical properties. Although liquid
_crystals combine certain -propelties of a solid and an isotropic liquid, they
exhibit very specific electro-optical magneto-optical phenomena. The
molecules of thé compound that shoWs mésophases are geometrically
highly anisotropic in shape, like a rod or a disc. In the crystalline solid the
centre of mass of the molecules are located on a three dimensional lattice
while in the liquid state tﬁe ‘three dimensional translational symmetry
disappears and there only remains somé short range order between the
centres of mass of the molecules. In the liquid crystalline state the three
dimensional translational symmetry of the centres of mass of the molecules
is partially or fully absent but some degree of orientational order of the
molecules is still present. Some of the books and review articles on liquid
crystals which give details regarding molecular structure and physical
properties of the compound exhibiting mesophases are listed in the

references [5, 6, 8, 13-20]. Recent developments in the field of liquid



crystals and applications are also available in the recent publications
[21-25].

1. Classification of Liquid Crystals:
Liquid crystals are broadly classified into two types, viz. ‘Lyotropic’

and ° Thermotropic’.

1.1 Lyotropic mesophase :

Lyotropic liquid crystals are solutions of rod like molecules in a
normally isotropic solvent [26-29]. In such mesophase the amount of the
solvent is the most important variable. Soap solution in water is a common
example of lyotropic mesophase and its behaviour appears as a function of
either concentration or temperature. The lyotropic mesophase is also
exhibited by solution of deoxyribonucleic acid ; certain viruses in
appropriate solvent (usually water) in suitable concentration.
| Although lyotropic liquid crystals play an important role in living
systems and are of great biological interest [22], the present work is

restricted to the study of the thermotropic liquid crystals only.

1.2 Thermotropic mesophase:

| Thermotropic liquid crystals are those where. mesomorphic
behaviour are exhibited due to the change of temperature. Thermotropic
liquid crystals in which the mesophases are stable at temperatures above
the melting point, both during heating and during cobling are called
enantiotropic. In certain cases the liquid crystalline state is stable only at
temperaturesL below the melting point and can be obtained only during

cooling of the compound, phases of this kind are called monotropic. Friedel
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[30], from his detailed optical and X-ray studies subdivided the
thermbtropic liquid crystals into three types, viz. nematic, cholesteric and
sniectic. The thermotropic liquid crystals can also be classified according
to the shapé of the constituent molecules. Calamitic liquid crystals have rod
like molecules, where as discotic liquid crystals have disc shaped
molecules. I shall confine myself to calamitic liquid crystals in the rest of

this section 1.2.

1.2a Nematic mesbphase: A

The word nematic comes from the Greek word vnuo. which means
thread. Wheﬁ a thin layer of nemati¢ liquid crystal is observed between
crossed polarisers under a polarising microscope then a characteristic
pattern known as texture, is observed. The textures of nematic liquid
crystals are generally thread - like, hence the name nematic. Nematic liquid
crystals are characterised by long-range orientational order of the
molecules but they do not have long range translational order, thereby
possessing fluid like behaviour. Although there is no long range correlation
between the centres of mass of the molecules, but still it differs from
isotropic liquid in that the molecules are, on an average, aligned with their
long axes parallel to each other. Thus, in nematic liquid crystals a preferred
direction known as the directbr denoted by n is defined whose direction in
space is in general arbifrary. The molecules in the nematic phase rotate
about their long axes very fast (~10™"! sec) and hence the nematic phase can
be assumed to be uniaxial. The axis of uniaxial symmetry has no polarity,
i, n and -n are equivalent. Fig 1.1 shows the schematic diagram of
moleculér order of nematic and isotropic phase. Another characteristic of

nematic phase is that the constituent molecules are identical to its mirror

N\
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Figure 1.1. Schematic representation of molecular order in the isotropic,

‘nematic and smectic phase.



image (achiral) or the system may be considered as a racemic mixture of
left- énd right-handed species. X-ray studies [32,38,39] indicates that some
nematics consists of clusters of molecules, called the cYbotactic groups. In
each cluster the molecular long axes are parallel to each other and the
molecular centrés are arranged in more or less well defined layers: When
the molecular long axes is normal to the layer then the phase is known as
normal cybotactic nematic phase and if it is tilted with respect to the layer
then the phase is known as skewed cybotactic nematic phase. The so called
cybotactic groups Ihay be thought of as smectic fluctuation in the nematic
phase. Another type of nematic phase call the fibre type nematic [33] is
also identified in some of the liquid crystalline compounds. In this type of
mesophase there is one dimensional correlation of molecules along the
director, n, thus leading to the existence of strings of molecules or fibres in
the nematics. Furthermore, a biaxial modification of the nematic liquid
crystals has been discovered in certain polymeric liquid crystals [34] and
lyotropic systems [35]. Figure 1.2 shows the schematic diagram of

molecular order in different types of nematic liquid crystals.

1.2b Cholesteric or Chiral nematic phase :

The cholesteric liquid crystais are so called because many
derivatives of cholesterol belong to this class of mesophase. The
~ cholesteric mesophase is also a nematic type of liquid crystal except that it
is composed of optically active molecules. As such they are also termed as
chiral nematics [36-38]. The molecules of this class of mésophase have
long range orientational order fogether with the spatial variation of the
director leading tb a helical structure. The helical structure (Fig 1.3) can be

described by an intrinsic non-constant director.
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ny= co8(Qoz+c)
ny = sin (q, z +¢)
n,=0
. C Being a constant
The helix axis is taken parallel to the z-axis. The pitch of the helix may be
defined as the linear distance along the helix axis in which the full rotation
of the director n is completed. The pitch (p) is given by :

p=2n/|qgo|

However, n and -n are equivalent, the pitch in chiral nematics is given by :

p=n/|q| |
The sign of q, distinguishes between left-handed and right-handed chiral
nematics. When q, =-0, then the pitch is infinite and it corresponds to
normal nematic phase. No liquid cfystalline compounds are known to have
- phase transition from nematic to chiral nematic phase, however the
application of electric or magnetic field may cause phase transition from
chiral to nematic. Moreover the addition of small amount of chiral
compound to nematic compound changes a nematic phase into a long pitch

chiral nematic phase.

1.2¢ Smectic mesophase :

Smectic liquid crystals have stratified structures and variety of
molecular arrangement are possible within each stratification. Within the
layer, the long axes of the molecules are parallel to each other thereby
exhibit orientational order as in the nematic phase. In addition to this the
centre of the molecules are, on the average, arranged in equidistant planes
showing one degree of translational order. In most smectic pﬁases, the

molecules are mobile in two directions and can rotate about one axis. The



S
//////////// i
&S LTI %
/ AN

Figure 1.3. Schematic representation of the helical structure of the
cholesteric liquid crystals.

9



10

inter-layer attractions are weak compared with the lateral forces between
the molecules, and the layers are able to slide over one another relatively
easily. Consequently, the smectic phase have fluid properties, but are much
more viscous than the nematic phase. Smectics are much more ordered than
the nematics and consistent with their higher order, the smectic phases
always occur at temperatures below the nematic domain. Classification of
the smectic mesophases are generally done by three different methods, viz.
; miscibility, texture, and x-ray diffraction studies. The various types of
smectic mesophases that have been identified [40-49] are designated as
follows [ 50 ] :

Sa» SB, Sc, Sg, Sy, Sg, Su, Sk, Sy, ete.

Since the present work deals mostly with smectic A phase and

smectic Aq phase, only these phases are discussed.

1.2 ¢c1 Smectic A phase :
| Smectic A is the simplest type of smectic phase. The smectic
A mesophase 1s made ﬁp of layers which move freely with respect to each
other. With in the layers, the long axes of the molecules lie almost parallel
to one another, their mean direction being normal to the plane of the layer.
The molecules are free to rotate about their long axes, and the distribution
of the molecules with in the layers are random [43,51,52]. Thus, within the
layers the molecules have a low degree of translational order, each layer
being a two - dimensional liquid. The molecular arrangement of smectic A
phase is shown in Fig 1.1.

The smectic A phase has the highest temperature of the smectic
phase and on heating it undergoes a transition to the nematic or cholesteric

mesophase, or directly to the isotropic phase. At thermal equilibrium the
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smectic A phase is optically uniaxial [53] due to the infinite fold rotational
symmetry about the axis parallel to the layer normal. Apart from the focal
conic textures [54-60] smectic A also exist in homeotropic texture [54-60].
Smectic A phase can be further subdivided into several distinct phases [61-
67] such as monolayer smectic A;, bilayer smectic: Ay, partially bilayer
smectic A4 and smectic antiphase A. In the monolayer smectic A; phase the
layer spacing (d) is approximately equal to the molecular length (1) whereas
in the bilayer smectic A, phase the layer spacing (d) is approximately in
between 1 and 21. The structures of these phases are represented
schematically in Fig. 1.4. When the molecules, possess a dipole moment
positionéd at the end of the molecules, then the n{olecules can minimise
‘their dipole interaction via antiparallel dipole correlation. Consequently
smectic Ay phases can be formed with a layer thickness, that is
approximately given by d ~ a + 2b, where a and b are the length of the
aromatic head and the aliphatic tail, respectively. Typically this leads to d ~
1.41 where 1=a + b. The dipole - dipole interaction has a profound effect
on many physical properties. The detéils regarding polymorphism in

smectic A are discussed in references [68-75].

1.3 Some new liquid crystalline phases:
1.3a Discotic phase:

A new type of mesophase has been discovered [74] which cannot be
classified either as a nematic or as a smectic. This phase is formed in
materials with molecules which are approximately disc-shaped. The disc
are packed together in columns, although their arrangement within an
individual column can be either ordered or random. Such mesophase are

called discotic liquid crystals and its structure may be classified into three
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groups, viz. the columnar, the nematic and the lamellar. Previously very
similar disc-like mesogens have been observed in petroleufn and coal tar
[7 5,761. At present remarkable progress hzive been achieved in the field of
discotic liquid crystals [77-81].

1.3b Blue phases : |

For chiral nematics with a relatively short pitch (less than 70004),
several different types of phases have been observed between the isotropic
and the chiral nematic phase and these are known as the ‘blue phases’. The
temperature region in which these blue phases are stable is very small
(approximately 0.1 °C). Compounds with relatively high pitch can display
Upfo three different 'types of blue phases‘ [82]. Blue phase shows optically
isotropic structure with colours in reflected light. The structure of blue
phase is not yet completely explained but it is clear that they exhibit cubic
| symmetry and the basic structure is related to cholesteric phase. The most
probable model to explain the structure of the blue phase is in terms of the
defect in a cubic array. Blue phases do not possess double refraction,
however, they show optical activity and selective reflection of circularly

polarised light.

1.3¢ Chiral tilted smectic phases :

Liquid crystalline compounds which exhibit optical activity can form
a chiral smectic C mesophase in which each successive layer is rotated
thrdugh a certain angle with respect'to the tilt direction so that a twisted
structure is formed. This structure has ferro-electric (FE) properties when
positively oriented molecular dipoles are present. Ferri electric (FI) and

anti-ferro electric (AF) phases are also observed. [83]. The ferroelectric
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. structures possess two fold-rotational axis of symmetry p_érallel to the
smectic layer and perpéndicular to the director n. In fhe twisted form, the
- lateral dipole. moments of the molecules are cancelled 6n' average. If a
lateral dipole. moment is present, each smectic layer possess an electric
polarisation parallel to the two fold ax15 of symmetry. Hence the director
‘and the polarisation spiral together along the helix axis, leading to an
overall zero bulk polaﬁsatiqn. ByA interaction with the walls or in electric or
in magnetic fields, the twist can be unrolled and this form the phase can
' shoW ferroelectric proﬁerties which origihates from a summation of many
latéral molecular dipole moments. ’In‘ the FI phase the local dipole moments
are partially compensated whereas in the AF phase, the adjacent\ layers of
the molecules are oppositely tilted. Recently both AF phase [84] and FI
phase [85] have been observed in a sﬁbstance MHPOBC. Ferroelectric
liQuid crystal has attracted much attention for fast switching electro-optical
display devices. ' |

1.3d Injected smectic phase :

By mixing two pure nematic liquid crystals it is possible.for us to
obtain the so called injected or induced smectic phase [90-91]. As such, the
formation of injected smectic phase is accompanied by a marked deviation
. of the nematic isotropic transition temperature from a linear dependencé on
composition. Induced smectic phase can generally be. formed in a binary
mixture in which one of the constituent have a strong terminal polar group
'while. the other have a non-polar terminal group [92-107]. In binary
mixtures, dipole-induced dipole interaction is responsible for the phase
-~ stabilisation. However injected smectic phase has also been observed in a

mixture of other type of molecules [108-110]. A quantitative Atheory of
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. formation of injected smectic phase .is difficult as it would require the
inclusion of pos1t10n dependent attractive and repulsive interactions for
both the components. A molecular model of the induced smectic phase has
been discussed by de Jeu et al [11 1].

1.3e Smectic A* phase:

The term smectic A* phase was coined by Goodby et. al [134].
Smectic A* phase consists of regular array of dislocations which is being
formed in the smectic A under an impo‘sed twist or bend distortion. Smectic
A* is composed of opﬁcally active molecules and its helical axis is parallel
to the layers. For this reason smectic A* structure may be iniagined as a
series of smectic A blocks or grains separated' by twist grain boundaries,
" the director being rotated by a constant angle on going from one grains to
the next. The pitch of the helix axis is found to be about 1um [135] and the
grain size obtained from x-ray measurement [135] is about 180 A
Furthermore, Renn and Lubensky [136] termed this phase as the “twist
grain boundary phase”. The structure of the smectic A* phase is shown
schematically in Figure (1 ‘[a)

1.3f Re-entranf phase:

When a compound exhibits both smectic and nematic phase, then as
a rule, the nematic phase occurs at the higher temperature. In 1975 Claudis
{112} discovered exception to this rule m certain strongly polar materials,
the so called phenomenon of re-entrant polymorphism. The nematic re-
entrant phase was first observed on blnary mixtures of two cyano

compounds. The phase sequence of trans1t10n on cooling was as follows :-
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Isotropic — Nematic — Smectic Aq — Nematic re-entrant —> Crystal.

Claudis [114,115] reported the re-entrant nerﬁatic phase in pure terminal
polar compounds (octyloxy cyano biphenyl) at elevated pressures: The
re-entrant nematic phése has been observed in some pure compound at
atmospheric pressure [116-123]. More complex example of multiple re-
entrant polymorphism have been found in a pure substance [108]. The re-
entrant phase have been found also in non-polar compounds [93-96].

From the molecular point of view, a simple model has been proposed
by Cladis [129-131] which gives an approximate qualitative explanation of
the re-entrant phenomenon. a more elaborate model, which take into
account attractive forces and hard core repulsions, dipole-induced dipole
interactions etc. have been proposed by Longa and de Jeu [111]. S.
Chandrasekhar [133] has also discussed qualitatively the re- entrant

phenomenon based on the molecular point of view.
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2.1 Theories of liquid crystalline phases: .

The theories of liquid crystalline phase have been described in detail

in s_everal books of which some are listed in the references [1-5]. In present

T -work I have tried to compare the experimental values of the order-

‘.parameters of nematics and smectics with those obtained from Maier-
Saupe mean field theory and McMillan theory respectively. As such I have
discussed, in short, Maier Saupe mean field theory [6] and McMillan
theory [7,8] respectively. ‘ | |

2.2 Maier-Saupe mean field theory of nematié phase of rod like
molecules: ’ .

Maier and Saupe- have given a molecular statistical theory of the
-nematic phase With one order parameter. Suppose that the liquid crystal is
composed of rod-like molecules in which the long axis of the molecules
tend to align parallel to the director n in mesophase. The stability of the
' n_emétic liquid crystal phase arises from the existence of the anisotropic
part of the dispersion interaction energy between the molecules. This
energy originates from the intermolecular electrostatic interaction. For the
" sake of simplicity Maier and Saupe aﬁproximated the electrostatic
interaction by the first term of its multipole expansion and assumed that:

- a/ the influence of the permanent dipoles can be neglected as far as long
range nematic order is cdnqerned.

.. b/ only the effect of the induced dipole-dipole interaction need to be
considered. |

¢/ the molecules may bé considered to be cylindrical symmetric about its

long axis.
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d/ with respect to a given molecule the distribution of the centre of mass of
the remaining molecules méy be taken to be spherical symmetric.

The distribution of the molecular long axis about the director is
given by an orientational distribution function f(cosf). As the molecules
have no head to tail asymmetry, f (cosB) is an eveﬁ function of cos6. The

‘general expression for the orientational distribution function can be written
as [9]:

f(cos8) =2 (2L + 1) / 2< PL( cos® ) > Py (cos0 )
L-even 2.1

where P ( cosD) are the L™ even order Legendre polynomials, and
<P, ( cos 6 ) > are the statistical average given by :-

1

<Pr(cosb)>= I P, (cosO ) f(cosO) d(cosd)
0 2.2

<Pp> are called the orientational order parameters. The expression for the
potential of a single molecule in the generalised mean field approximation
can be written as

V (cosb ) = 2 U< PL>Pp(cosO)

L-even 2.3
where Uy, are the functions of distance between the central molecule and its
neighbours only.

Putting L=2 in eqliation 2.2 we have :
1

<P;(cosf ) >= _[ P, (cosB) f(cosf) d(cosh)
0 2.4
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<P,> is generally called the order parameter. <P,> = 0 for isotropic liquid

and <P,> =1 for perfectly ordered sample.

| Equation 2.3 can be written in the expanded form as :

V(cosB) = U, <Pp> P, (cosB)+ Uy <Ps> Py (cosO)+ Ug <Ps> Pg cosO)+.....

25
In the mean field theory of Maier and S.aupe, only the first term of the
equation 2.5 is retained, so that the expression for the potential energy of a

single molecule can be written as :

V(cosB) = -v P, (cosB) <P, > 2.6
where v= - U,
The orientational distribution function corresponding to the single molecule
is given by :
f(cos®)=2Z" exp[-V (cos)/kT] 2.7

where Z is the single molecule partition function given by :

:
Z=J; exp[-V (cos0)/kT] d(cosd) 28

and k is the Boltzmann’s constant.

Substituting the value of f (cosb) and V (cosB) from equation 2.7 and

equation 2.6 into equation 2.4 we have : /

1
[ P3(cos8 ) exp [P (cos® ) <Py >/ T*] d (cosd)

<P,(cosd ) >= 0

) :
(I) exp [P>(cos@ ) <P, >/ T*] d (cosO)

2.9
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where T*=kT/v

equation 2.9 is a self consistent equation. For every temperature T* we can
obtain the value of <P,> that satisfies the self consistence equation.
<P,> = 0 is a solution at an temperatures that corresponds to normal
~ isotropic liquid. when T* < 0.22284, two other solutions of <P,> appear
and the state that has minimum free energy will be stable. It has been found
that the nematic phase with <P,> > 0 is stable when the T* satisfies the
condition 0<T*<0.22019. When T* > 0.22019, the isotropic phase with
<P,> =0 1s stable.

The order parameter <P,> decreases from unity to a minimum value
of 0.4289 at T*=0.22019. The nematic isotropic transition takes place at
T#*=0.22019 and it is a first order phase transition as the order parameter
discontinuously changes from <P,> = 0.4289 to <P,> = 0. Although
approximation are involved in Maier-Saupe theory, for a\ number of
nematic liquid crystals, the experimental values of <P,> agree quite well

with those predicted by the theory.

2.2 McMillan’s theory for smectic phase:

McMillan proposed a simple and elegant description of smectic A by
extending the Maier-Saupe theory to include an additional order parameter
for characterising the one dimensional translational periodicity of a layered
structuré.n In smectic A phase, there is a periodic density variation along
the layer normal (z-direction) in addition to the orientational distribution of
the molecular axes. Therefore, the normalised distribution function can be

written as: .
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f(cos®)= 2 = 2 Arn. PL (cosB) cos(2mnz/d)

L, even

2.10
where d is the layer thickness.

The normalising condition for the distribution function is given by:

1 d

j J. f(cosB,z) dz d(cosB) = 1 2.11
-1 4] .

McMillan [7,8] following Kobayashi [10,11] expressed the pair potential
as:
VM (c0s0, z) =- V [ dat cos (2nz / d) + {n + ad cos (2nz / d)} P, (cosO)]
2.12

where o and & are the two parameters of the potential. o increases with
increasing length of the -molecules and J is the ratio of the translational part
of the potential to the orientational part of it. m = <P,(cosb)>,
1= <cos(2nz/d)> and o = <P,(cosO ) cos (2x z/d)> are the orientational,
translational and mixed order parameters respectively, and < > denotes the
statistical average of the quantities inside.

The single particle distribution function can be written as:
fu (cosb,z)=Z"exp[-Vu (cos0,z)/kT] 2.13

where Z is the partition function given by:

1

d
Z= J. exp[-Vm (cos0,z)/kT] d(cosd)dz
0 .

0 2.14
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Once again, three self consistent equations containing 1, T and ¢ can be
written and solved iteratively. 4
Out of several possible solutions, the the@odynaﬁlically stable
solution is selected by the criterion of lowest free energy. Dépending on the
Values of the coupling parameters, the following three type of solution are
possible: | | |
a/ Nn=0,1=0,6=0, this-'solution describes the isotropic iiquid
V phase;- |
b/ n# 0,1 =0, c =0, this solution describes the nematic phase in .
' » accordan_t:e with the Maier Saupe theory;

c/ n #0,7#0,0# O; this solution describes the smectic‘ A phase.

~ For a > 0.98, the smectic A phasé | trénsforms directly into the
~ isotropic phase, while for a < 0.98 there is a smectic A-nématic transition
' followed by a hematic-isotropic transition at higher temperature. Although
nematic-isotropic transition temperature is always first order according to
McMillan theory, the smectic A-pematic transition can be either first order
or second order. For Tax '_/ Tai < 0.87, the smectic A - nematic transition
is -second / order while for Tay / Tag > 0.87, the smectic A - nematic
‘t_ransiti_on is first order. Tay and Ty; are the smectic A - nematic and

nematic - isotropic transition temperature respectively.

2.4 X ray diffraction from mesophases: -

The structure and hence the properties of the 11qu1d crystalhne
‘compound can best be understood from the x-ray diffraction studies of the
liquid' crystal compounds. Although a number of review articles are
~ available in this field, Vaﬁnshtein [14] and Leadbetter [17] have given the

theoretical intelpretétion. From x-ray experiment, the Fourier image of the
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correlation density function can be determined, the reconstruction of which
from the scattered data yields information both on the mutual arrangement
of molecules in a liquid crystal and the specific features of the orientational
and translational order. |

X-ray diffraction of the unoriented nematic phase consists of a
uniform halo just like that of an isotropic liquid. The reason behind this is
that a nematic liquid crystal generally consists of a large number of
~ domains, the molecules being ordered within eéch domain along the
. director. n, but there is no preferred direction for the sample as a whole so
that the diffraction pattern has a symmetry of revolution around the
direction of the x-ray beam. However, application of suitable magnetic or
electric field can produce a ‘monodomain’ or ‘aligned’ or ‘oriented” sample
of liquid crystal. | | | |

The small angle x-ray diffraction pattern from a nematic liquid
crystal oriented perpendicular to the direction of the incident x-ray beam is
~shown in the Figuré 2.1a. Tn the diffraction pattern, the main halo splits into
two crescents for each of which intensity is maximum in- the equatorial
direction, i.e. perpendicular to the director. These crescents are formed
mainly due to the intermolecular scattering and the corresponding Bragg
angle is a measure of lateral intermolecﬁlar distance. The angular
distribution of the x-ray intensity (Fig. 2.1a), I (y) vs. y curve, also gives
the orientational distribution function f(cos0) ahd order parameter <Pp>,
L=2,4).

In the meridional direction, parallel tc_‘) the director, two
crescents are also observed at much smaller angle and the corresponding
Bfagg angle is a measure of apparent molecular length. Sometimes, the -

inner diffuse crescents are replaced by sharp spot‘s‘and the corresponding
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Figure 2.1a. Schematic representation of the x-ray diffraction pattern of an

oriented nematic liquid crystal.

Equatorial—+
Section

Meridional section <~

Figure 2.1b. Scheinatic representation of the x-ray diffraction .p'attem of an

oriented smectic A liquid crystal.
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phase is called “cybotactic phase”. The presence of the sharp spots
indicates smectic like clusters in the nematic phase which are called
“cybotactic” groups [20].

The x-ray diffractioﬁ pattern of smectic A phase is shown in
Figure 2.1b. The meridional spots ar e formed due to Bragg reflection from
the layers and provide the value of layer thickness. Since smectic A can
have only quasi-long range order along ifs layer normal [3,21], tl_le second
order Bragg reflections in the meridional direction are generally very weak
and are often absent in the x-ray photographs. When present, these 'secoﬁd
order reflections pfovide a method for calculating 7, the translational order
parameter.

In our x-ray photographs of the ﬁquid crystals, sometimes
other faint diffuse spots\are also present, which may be due to (a) intra-
molecular atomic scattering (b) next nearest neighbour intermolecular
scattering and (c) effect of white radiation contained in Ni filtered Cu-
radiation. However, we do not consider such diffraction patterns in our

analysis.

25 Experimental technique and data analysis; X-ray
diffraction studies: |

" The x-ray diffraction set up has been designed and fabricated

in our laboratory by Jha and Paul [22]. The schemetic representation of the

whole sét up is shown in Figure 2.2. The brief description of the set up is as

follows:

The x-ray generator is that of Radon house (India) and the x-ray tube with

copper - target is used. The set up has flat-plate camera provided with the
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sample holder (8) having heating arrangement. The sample holder is fitted
with a changeable collimator (2) and is well insulated from the
surroundings by asbestos cement. The sample holder is supported by four
brass posts (16) that are rigidly attached to the heavy brass plate (12). The
brass plate is also fitted with the film cassette holder (11) and the space
between the film cassette and the sample holder are separated by adjustable
spacer (15). The sample was taken in a thin walled lithium glass capillary
of diameter 1mm and is introduced into the sample holder. The camera is
then placed between the pole pieces of an electromagnet in such a way that
the sample remains at the centre of the pole pieces (17). The magnetic field
acts along the axis of the capillary and the pole pieces can be brought very
close to each other to provide strong magnetic field of about 5 Kilogauss.
The strength of the magnetic ficld was measured by sensitive Gaussmeter
(ECIL model GH 867). For better collimation of the x-ray beam, levelling
screws (13) are provided on the brass plate. At first the sample was heated
to the isotropic phase and was slowly cooled to the desired temperature in
presence of the magnetic ficld. The temperature of the sample holder and
hence the sample was maintained constant within + 0.5 °C by a temperature
controller (Indotherm model 1T401D2 ). The film cassefte is loaded with
new film and is then placed on the cassette holder. The film is then exposed
to x-ray diffracted from the sample; the direct beam being stopped by a
beam stop. The magnetic field was kept on during the exposure of the film. -
The exposure time in our experiment was about three hours. Also, all the
x-ray photographs were taken by using Ni-filter of thickness 0.009 mm
which gives mainly the monochromatic Cu K, radiation of wavelength
1.5418 A. Furthermore, the incoming x-ray beam was collimated by a

collimator of aperture 0.8 mm. X-ray photographs were taken for the same
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Figure 2.2 Sectional diagram of the X-ray diffraction camera.
1. X-ray 2. Collimator 3. Brass ring 4. Ring of syndanyo board 5.
Brass ring 6. Cylindrical brass chamber 7. Asbestos insulation and
heater winding 8. Specimen holder and thermocouple 9. Sample
10. Film Cassette 11. Film cassette holder 12. Base plate 13.
Levelling screw  14. Brass plates over the coils of the
electromagnet 15. RemovaBle spacer 16. Supporting brass stand

17. Pole peices 18. Asbestos insulation.
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sample at various temperatures. In iny experiment, the sample to film

distance was varied from 8 cm to 10 cm depending upoﬁ the sample.

The spacer gives onfy apparent distance between the sample
~and the film. To get the exact sample to film distance, I have taken
aluminium powder photograph. The Bragg angle corresponding to the hkl
reflecting plane for the aluminium (F.C.C structure) can be determined

. from the equafion [23]:
sin@ = A(R+IE+P)2/2a 2.15

Thus measuring the diameter of the diffraction rings éorresponding
to (111) and ( 200) reflections [22] and the values of Bragg angle from
equation 2.15, the actual distance between the sample and the film can be

obtained from the relation :
tan (20’ ) = Radius of the ring /"Sample to film distance
2.14

The correction term was calculated and the apparent distance given by

spacer was corrected to get the exact value of sample to film distance.

a/ Conversion of optical density to x-ray intensity: |
The optical density of the x-ray photographs were measured by a
Carl Zeiss Microdensitometer (MDlOO) which has pbtentiometric
| recording (k200) facility for linear scanning. The optical density values
obtained from the densitometric scan were then converted to relative
intensity values by a method explained by Klug and Alexander [24]. A
strip of ﬁhﬁ was kept inside a film holder provided with a rectangular
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opening on a lead sheet and was kept at a fixed distance from the X-ray
tube. Multiple film technique was used to prepare an intensity scale by
exposing different portion of the film to x-rays coming through the
rectangular- operiing with different exposure times (Ssec, 10sec,
20sec,...etc.). The optical densities of these spots were measured with the
help of microdensitometer. Since the microdensitometer zeroing was
adjusted on unexposed x-ray film, we need not subtract the optical density
of unexposed film from the measured data. A graph is then plotted with
optical density vs. time in seconds. Since x-ray intensity is proportional to -
the time of exposure, the optical density vs. time in second curve actually
corresponds to x-ray intensity and hence it is used as calibration curve to

convert x-ray intensity to optical density.

b/ Circular scanning of x-ray photographs:

To perform circular scanning of the x-ray film, densitometer is
provided with the rotating stage, fabricated in our laboratory, to facilitate
360°-scanning of the photographs. Photographs were scanned to measure
angular intensity distribution I(y) which was used to calculate the
orientational distribution function f (B) and order parameters < P,> and
<Ps>. Reading of the circular scan of the outer diffraction érc were taken
from =0 to y=360° at 1° interval near the peak and at larger intervals
elsewhere. The optical density values, thus obtained, were converted into
corresponding x-ray intensity with the help of the calibration curve. The

-experimental intensities values were then corrected for the background
intensity values arising due to the air scattering. The peak intensity position
which corresponds to y = 0 was determined from intensity I (y) vs. angle

(y) curve. I (y) vs. y curve were smoothed, and nineteen values of I (y)



42

were taken from y = 0 to \ = 90° at 5° intervals. From the values of I(\y),
we have calculated the distribution function f(B), and order parameters

(<P,> and <Ps>) by Lead better’s expression. A computer program was

written in our laboratory for these calculations.

¢/ Linear Scanning of x-ray photographs:

The linear scan of the x-ray photographs were performed by using
the potentiometﬁc recorder and the recorder plotted a graph of optical
density vs. linear distance. The distance between the peak position gives
the diameter of the diffraction ring. | |

i
2.6 Orientational distribution funcﬁpns and order parameters:

As it bas been mentioned in Chapter-1, the liquid crystals are
composed of rod like molecules which are cylindircally symmetric about
their long axes. Both the nematic and smectic A phases have uniaxial
symmetry which is parallel to the unit vector n called the director. The
orientational distribution function describes how the moleculer long axes
are distributed about the director; it gives the probability of finding a
molecule at some prescribed angle § from n. The x-ray diffraction pattern
of an oriented sample consists of equatorial arcs. The orientational
distribution function is related to the distribution of x-ray intensity along

the diffused equatorial axes according to the following equation [17]:

2
T(y)=c) fi(B) sec? y [ tan’ B - tan® ] " sin B d
B=y '
2.16
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where f; (B) describes the distribution function of the directors of clusters
in which the molecules are perfectly aligned. The equation 2.16 can be
numerically inverted to give fy(p) which are assumed to be close to the
singlet distribution function f(B).

The orientational order parameter <P,> and <P,> were calculated by

using the following equation :

1 1
<P>= | Pr (cos B) fu(®) dicosp) / | £(B) dicosp)

2.17
where, L. =24.

The method of obtaining intensity values I(y) from the measured
optical densities of the x-ray diffraction photographs has been described in
section 2.5b. To calculate f3(B) and order parameter we need I(y) values
from y = 0 to y = 90° i.e. one quadrant. I have measured I(y) values of
four quadrants separately and the average values of I(y) is considered to
calculate f () as well as <P,> and <P,> for all the samples. The errors in

the calculation of <P,> and <P;> in our experiment are estimated to be

within  0.02.
2.7 Molecular parameters from x-rays studies:

a/ Intermolecular distance:

The average lateral distance between the neighbouring molecules (D)
is related to the corresponding Bragg angle (20) according to the formula
[20];

2Dsinf=k A 2.18
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where, 20 is the Bragg angle for the equatorial diffraction, A is the wave
length of the x-ray and k is a constant which comes from the .cylindrical
symmetry ef the system. Reeent calculation [30] have shoWn that the value
of k depends on the order parameter of the sample under consideration.
For perfectly ordered state k = = 1.117 as given by de Vries [20] Since the
variation of k with < P, > is small I have used the Value k =1.117 for all

the calculations.

Y, Apparent molecular length or layer thickness:

"To calculate the apparent molecular length (or layer thickness) (@, 1
have uéed the Bragg equation (2 d sin® = 1), where 0 is the Bragg angle
for the meridional diffraction crescent (or spots) for an aligned sample or

for the inner halo (or ring)in the case of unaligned sample.

2.8 Refractive index of mesophases:
| Most of the nematie liquid crystals are opﬁcally ‘uniaxial and
strongly birefringent. A uniaxial liquid crystal has two principal refractive
~ indices viz. ordinary refractive index (ng) and extraordinary refractive
inde_x (n.). The birefringence is deﬁned by the following,equatiod:
An= ne-n, 219
The first bireﬁingence measurement were made by E. Dorn [31] and
its theoretical explanation was given by O.Weiner {33] and H.Zocher
- [34,35]. Birefringence is positive for conveﬁtional nematics With its value
_ lying between 0 to 0.4, while it is negative for .ehivral nematics. Refractive
indices of the smectic phases have also been measured [43-45]. To
evaluate the molécular polarisabilities of the liquid crystal it is necessary to

consider the anisotropic internal field that arises due to anisotropic
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molecular arrangements in tﬁe. liquid crystals. Hence, in case of liquid
crystals the well knOWﬁ Lorentz-Lorentz formula for isotropic media is
replaced by Neugebauer formula [46] or Vuks formula [47]. Saupe and
Maier [48] also applied a more elaborate internal field suggested by
Neugebauer.

I have measured the ordinary and extra ordinary refractive index of
the nematic liquid crystals, smectics as well that of the re—eﬁtrant nematic
phase and then calculated the effective polarisabilities oy and o, of the
anisotropic liquid crystals by using the two differept internal field models

[46,47]. Finally orientational order parameter <P,> was calculated.

a/ Neugebauer Method:

Neugebauer [46] extended Lorentz-Lorentz equations for an
isotropic system to an anisotropic system. In this model the effective
polarisabilities o and o, of the liquid crystals are related to the refractive

indices n. and ng according to the following equations:
nZ-1=4nNoae (1- Noeye )’ 2.20

and ny’-1=4nNog(1l- Nog 7y )* 2.21

where, v, and y. are the respective internal field constants for ordinary and
extraordinary rays, N is the number of molecules per c.c. and n. and ng are
the extraordinary and ordinary refractive indices respectively. The relevant
equations for calculating polarisabilities (oo, ) as obtained from the
equations 2.20 and 2.21 are as follows: _ |

1/ e +2/ 0 = [4nN/ 3] [{ (e’ +2) / (0" - 1)}+{2 (05 +2)/ (0" - 1) }]

222
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and

e + 2060 =[94xN][@*-1)/@*+2)] 2.23
where,

n’ = (2n +ne )/ 3, nis the mean refractive index.

o, and o values are obtained by directly solving equations 2.22 and 2.23.

b/ Vuks method:

Vuks has derived another formula for polarisabilities associated with
anisotropic molecules by assuming that the internal field is independent of
orientation. The Vuks formula relating the molecular polarisabilities

(cLo, 0te) and refractive indices (n,, n.) are as follows :

(o -1)/ (@ +2) = 4n No,/ 3 | 2.24
and

(0 -1)/ @ +2) = 47 Noe/ 3 2.25
where,

n® = (2n02 + 12 )/ 3,nis the mean refractive index.

| o, and a, can be calculated directly from the refractive index values.

2.9 Calculation of order parameter from the polarisabilities:
The relation between orientational order parameter <P,> and the
principal polarisabilities are given by de Gennes [49] as :
Oe= 0+ (2/3) 0 <Py > | 2.26
o= o-(1/3) 0, <Pp> 2.27

o = (200 + 0 )/3 is the mean polarisability
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and

Oy = (o - o) is the molecular polarisability anisotropy where o)
and o, are the principal polarisabilities, parallel and perpendicular to the
long axes of the molecules in the crystalline state. Due to strong absorption
in the solid phase, we could not measure o, directly. to get the value of o, ,
Haller’s extrapolation method [50] was adopted. The graph was plotted
with log(oe—a,) vs. log(T.-T) giving a straight line which is extrapolated
to log(T,) where T; corresponds to nematic isotropic transition temperature.
the limifing value of (o—0,) at T = 0 °K is assumed to correspond to
(og—ory).

From equation 2.26 and 2.27 we have
Qe — Glo

<P>=— _ 2.28
o — oL

For a given sample, a. and o, are calculated at various constant

temperatures from which (oj—cL) is obtained. The order parameter <P,>

is then calculated by using equation 2.28.

2,10 Measurement of refractive indices :

Refractive indices (n,, 1. ) of a liquid crystal for ordinary and extra-
ordinary rays were measured by using thin hallow prisms \;vith the
refracting angle less than 2°. The details of the preparation of the prism and
the experimental procedure have already been reported by Zemindar et al
[51]. To prepare prism optically flat glass plates are taken, and they are
first cleaned by conc. HNO; and then by acetone. One surface of the glass

plates was rubbed on bond paper in a direction parallel to one of their
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edges. The rubbed surface is then coated with thin layer of 1 % solution of
polyvinyl élcohol and then dried. The preferred direction on the substrate
can be obtained by rubbing the same surface in the same direction again by
a tissue paper. The prism was then prepared by placing the rubbed surfaces
inside, with the rubbing direction parallel to the refracting edge of the
prism. A thin glass spacer was introduced between one of the vertical edge
of the prism for getting the desired refracting angle of the prism. The glass
plate of the prism were sealed together by using high temperature adhesive
and were baked in an oven. Liquid crystél sample was introduced into the
prism from its top open side by melting. The system was alternately heated
to isotropic phase and cooled slowly so that the liquid crystals were
perfectly aligned with its optic axis parallel to the refraction edge of the
prism. The prism was then placed inside a brass oven provided with
transparent opening at the centre and the temperature of the oven wés
maintained constant at a desired value by a temperature controller
- (Indotherm model IT401D2) within an accuracy of +0.5 °C. The refractive
indices (n,, n.) were measured for four different wavelengths (A = 69074,
58904, 5461A, 4358 A), corresponding to mercury source by means of a

precision spectrometer and an optical monochromator.

2.11 Measurements of densities:

The densities of the liquid crystals were measured with the help of a
dilatometer of the capillary type. A weighed amount of the liquid crystal -
was introduced inside the dilatometer which was kept immersed in a
thermostated liquid bath. -The height of the liquid crystal column was
measured at different temperatures with the help of a travelling

microscope. But before taking the reading, sufficient time was given to
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attain equilibrium at any desired temperature. The densities were then
calculated by making corrections for the expansion of glass capillary. The

accuracy of density measurement lies within £ 0.1 %.

2.12 Magnetic susceptibility measurements:

Introduction:

The determination of diamagnetic properties is of great
importance in the study of liquid crystals. All anisotropic properties of |
liquid crystals are related to the orientational order parameter <P,> in a
more or less complicated way. Since the moleéular susceptibility of a liquid
crystal is anisotropic the orientationél order parameter is related to the
magnetic susceptibility [52-55] in a more or less straight forward way. It is
considered to be one of the best methods for studying the variation of order
parameter with temperature despite the experimental difficulties in
measuring the susceptibility. The theoretical treatment regarding the effect
of external magnetic field on liquid crystal was given by J.P.Dias [56] and
the magnetic alignment of the liquid crystal was explained by J.O.Kessler
[57]

To investigate the effect of external magnetic field on liquid crys"cal
materials we first define the magnetisation M induced by the applied
magnetic field H according to the following equation:

M= xop Hp | 229
P =x,y,z
where yqp is an element of the magnetic susceptibility tensor v and the

summation convention over repeated index is followed.
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For uniaxial phase like nematic or smectic A phase and choosing the
director along the n along the z-axis we have:
— -
v 0 0
0 %. O
0 0 yx

tall)
I

The subscript || and L indicates the component parallel and perpendicular

to the director respectively. The average susceptibility is given by

?—C: (173) Z %y
¥

= (1/3) () +2 %) 2.30
The magnetic susceptibility anisotropy is defined as :
Ap =1 - x
=(32)(u - 1) 231

Hence the susceptibility tensor has only two different non zero elements,

and we find :

M=y H, if H|n

M=y H,if Hln
For an arbitrary angle (6) between H and m we derive for total
magnetisation

M= yyH+ Ay(H. n)n 232
Therefore the free energy in a magnetic field is given by: -

' H
Frugen = - IO M. dH

= - () B -(12) Ay (Hn)
2.33
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-

Since the first term of the above equation is free from n, it may be omitted
as far as orientation related problems are concerned. For positive
anisotrdpy i.e. Ay > 0, the last term is minimised when H is collinear with
n. Therefore the liquid crystal with positive Ay tend to align with their
molecular long axes along the direction of the applied magnetic field.
However, for liquid crystal with negative Ay, the molecules tend to align
Aperpendicular to the applied magnetic field. Hence the coupling to the

director occurs through the anisotropy of the molecular susceptibility.

2.13 Relation between order parameter and magnetic anisotropy:
The order parameter Q is defined by considering the anisotropic part
of the susceptibility x as follows : '
Qup =%ap - Bap % 234
where, a, B =X,y,z and d,p is the kronecker delta function,
Q is a second rank tensor, which is diagonal.
If we choose the director n along the z-axis, then Q has zero trace
and vanishes for the isotropic phase. If we consider uniaxial symmetry
around n, it is sufficient to consider only one element Q,, of Q.

Equation 2.34 can also be written in the form:

Q(xB:XcLB - ( 173 )8043 EX:‘YY
v 2.35

Therefore,
Qu = %= (13) { Yax T Ayy T Xzz }
= 23)y - ) 2.36

Here we assume

Yox = Xyy= XL and Xz = X
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In order to relate Q to the microscopic order parameter S, let K be
the tensor of the molecular magnetic polarisability which is assumed to be
diagonal in the molecule - fixed co-ordinate system &,1,C.

Therefore, | |

XoB =Nz Kl_] <iocj[3 > 2.37
i

where 1, = &n.C.
o,B=X,y,z .
1q 1isthe o - component of a unit vector along &,1n,C axes, N is the
number of molecules per unit volume and the bracket < > stands for
statistical average.
Using equation 2.37, the order parameter represented by equation

2.35 can be expressed as :

ro[i’—" NEKIJ <i0bjB - (1/3) 604381]‘ >
ij

2.38
Therefore,
Qz = N%Kij <izjz,- (1/3) & >
= (2/3) NEKij (1/2)<3i,j, - Sijl >
= (23)N E Kj Sij 2.39
where,

Si; =(1/2) <31, j, - 8;> 1s the generalised order parameter.
From equation 2.36 and 2.39 we have:
Qz = (213) (xy - %)
= (2/3) NE Ky Sij 2.40
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As S;; is diagonal in a molecular fixed co-ordinate system &, n, £ with
the {-axis as the long molecular axis and has zero trace, there are two
independeﬁt scalar order parameter, for which we choose S = S¢ and
D =Sy~ S¢

Thus equation 2.40 can be written as :

G = %) /N = {(Keg - (1/2) (Kan + Kgg )} S +(1/2) (Keg - Ky ) D
- 241
where S is the order parameter which have a value between 0 and 1.
Therefore,
S =12 <3¢ - 1>
=1/2 <3cos’0- 1>
where ‘0’ is the angle between z and £ axes.
Furthermore,
D=(1/2) <3&*-1>-(172) <3n2-1>
= @2)<& -0 >
= (3/2) <sin® @ cos2y >
where y is the Euler angle specifying the rotation around the {-axis. D
measures the difference in tendency of the two transverse molecular axes to
project on the z-axis. By considering the molecule to be axially symmetric,
we have D =0.
Now equation 2.41 can be written as :
G- %) = u - wS ‘ 2.42
where 31 =N Ky and ;= (1/2) N ( Koy + Kz )
Equation 9.42 is known as Tsvetkov’s expression for order parameters

[44,45]. To determine the order parameter (S) we need the value of
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(%1 - %) which can be obtained from solid single crystal measurements. An
- alternative method to estimate(y; - ) is against temperature due to Haller
et al [50] A logarithmic plot of (y; - %) against In(T,-T) often gives straight
line, and (y; - %) is obtained by extrapolating to T = 0 and assuming S =1
at that point. I have adopted Haller’s method to estimate the value of order

parameter. -

2.14 Determination of Ay:

The magnetic susceptibility have been measured by the classical
Faraday-Curie method. The total force (F) experienced by a sample in an
inhomogeneous magnetic field with a gradient in the horizontal x-direction

is given by:

F= (1/2) (my - mo Xo ) (AH/ dx)gy 2.43

where %, m are the mass susceptibility and the mass of the sample and ¥, .
m, are those of air driven out of the sample. The subscript ‘av’ indicates the
average value. If we assume that the sample is replaced by almost same
volume of the reference sample and is placed at more or less at the same
'position between the pole pieces of the magnet, then (dH%/dx) will be
same for both the cases. By indicatingl the reference sample with the
subscript ‘r’, the force acting on the reference sample is given by:

F= (1/ 2) (mrX,r =M, Yo ) (de/ dx)av 2.44

From equatioﬁ 2.43 and 2.44 we can write:

F m Po (to) Po ()
r®=— — [ % - Xo ()] +
F;F m Pr (to) p ()

%o ()

245
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. where p, pr and p, are densities of the experimental sample, reference
sample and air respectively; t, is the temperature at which the measurement
of the reference sample is made.

The sample was taken in a cylindrical quartz container having a
volume of nearly 0.1 cm’. It was hung by a glass capﬂlary between the pole
pieces, the value of (dH*/dx) being 1.1 K. gauss’/ cm. approximately. The
value of (dH?/dx) is constant within 1% for 1cm. length along x-direction
while along y and z direction (de/dx) is practically constant over
sufficiently large distances. The temperature of the sample was maintained
constant within +0.5°C by temperature controller (Indotherm model 401
D2). The whole system is evacuated to avoid disturbance to the balance
due to convection in air. The accuracy of measurement using this balance is
about 1%.

I have used trans-decaline (x; = 0.779 x 10 ¢.g.s.unit) [58] a non-
volatile liquid at room temperature as a reference substance. Density of
reference sample is 0.869 gm/c.c. [59]. Usiﬂg the magnetic susceptibility of
air (., = 106.3 x 10° c.g.s.unit at 20°C) [60], the curie law i, ~ 1/T, the
tabulated density of air [61], the necessary correction as given by equation
2.43 can be calculated. Error due to the influence of dissolved oxygen has
been discussed and ignored by de Jeu et al [62]. I have also neglected the
influence of dissolved oxygen.

In the experimental arrangement, the force on the sample is exactly
balanced by the force exerted on the horizontal coil, rigidly attached to the
balance beam, placed inside the hollow permanent magnet with a uniform
radial field and carrying a suitable current i. This force due to the field on

the coil is given by :
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F = 2nriH |
where, n = number of turns in the coil, r = radius of the coil, H = magnetic
field intensity. |

In general the suspended system will expeﬁence a pull even in the
absence of any magnetic sample to balance the pull, we must pass an initial
current i, through the coil. In our set up, instead of the current we measured
voltage drop across a standard resistance of the order of 10 K. bhms with
the help of high precision digital voltmeter. So the final expression for the

susceptibility becomes:
(Vv-v) my Po (to) po ()
x®= — [ % - Xo(to) ] + Xo ()
(Vi-vo) m pr (to) p)

2.46
All the values of magnetic susceptibilities given by me in this thesis are

mass susceptibility in c.g.s. unit (erg gauss” gm™).

2.15 Description of the experimental set-up for determination of
diamagnetic anisotropy ( Ay ):
| The electromagnetic balance fdr measuring susceptibilities have
been designed and fabricated in our laboratory by M. Mitra and R. Paul
[63]. Basically the instrument is of the Curie type, the :movement of the
arms being restricted to the horizontal plane. the schematic diagram of the
apparatus is shown in Figure 2.3.

It consists of a horizontal light glass beam A, kept suspénded at the
middle with vertically stretched phosphor-bronze strips. The upper strip B,
is soldered to a torsion head T used for adjusting the pbsition of the beam,
whereas, the lower one B’ terminates in an elliptic spring E secured to a

universal adjustable holder H which can be moved horizontally in two



Figure 2.3 Schematic diagram of the .apparatus for measuring magnetic

susceptibility. T- Torsion head, S- Brass pillar, B, B’ - Phospher-
bronze strip, m- mirror, A- ﬁalance beam, M- Magnet, C- Coil,
E- Spring, G- Glass tube, Q- Heater, K- Thermo-couple, P- Beaker
Containing calcium chloride, V- Vane, H- Adjustable platform,

J- Bell+jar, p- Brass.plate, R- Perspex block.
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directions. The torsion head is fixed to a brass pillar S and the holder H is
fixed on a flat brass plate b resting on levelling screws.

A small perspex block R is attached to one end of an arm of the
balance beam and has a vertical hole to which is attached a long capillary
tube carrying a sample holder. A damping vane V made of thin mica sheet
dipping into diffuse pump oil fixed to the other side of the glass beam
effectively damps out all spurious vibrations. On the same side of the
balance beam is attached a balancing coil of 50 turns of 42 s.w.g.
enamelled copper wire wound over a hollow perspex cylindpr C-and the
coil is free to move inside a hollow magnet M having a radial field of about
200 gauss. The phosphor -bronze strips acts as a suspension wire as well as
electric connection of the coil. The balance assembly is covered with a
greased ground bell jar J. Twé holes h; and h, are drilled in the base plate.
In one of this hole, is fixed an ebonite block with binding terminal, sealéd
vacuum tight with araldite, for leading in the coil currents. The other
terminal of the coil is atfached to the brass plate. The second aperture h,
about 3 cm in diameter is fitted with a brass collar for fitting the glass tube
extension of the experimental chamber. The joint of the glass tube G and
brass tube is made vacuum tight with o-ring. A heater Q of constantant
wire and a thermocouple K is fixed through a rubber stopper and is
mtroduced into the glass tube which is made vacuum tight. The sample
holder, thermocouple and the heater are placed between the pole pieces of
an electromagnet. The brass tube is also provided with a side tube (t)
through which the balance chamber and the experimental chamber can be
evacuated. The sucksmith form of a pole piece is adopted and any change
in the position of the sample was detected with the help of a pair of

matched photocells.
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It should be notated that since the director of the mesogens aligns
itself in the direction of the magnetic field (Ay >0) in most samples, the
magnetic susceptibility determined by this method is ¥ in mesophase and

¥ in ijsotropic phase. Since non-metallic organic mesogens are
diamagnetic, _)_g should be independent of temperature. Hence, using
equation 2.31 we get Ay = 1.5 (y; - s Ay being the magnetic
susceptibility anisptropy. Order parameter is then calculated using equation
242.

2.16 Elastic constant and deformation free energy of nematic liquid
crystal:

The elastic constants of a liquid crystal are restoring torque which
become apparent when the system is perturbed from its equilibrium
configuration. In display devices, the electric or the magnetic field induces
the initial perturbation and as such the balance between elastic and electric
or magnetic forces determines the static déformation pattern of a liquid
crystal.

Although wvarious properties of mesbphase transitions could be
explained in terms of molecular theories but its use to explain the elastic
phenomena of the liquid crystal is not obvious as it involves the response
of bulk hiquid crystal samples to external disturbances. Elastic behaviour of
the liquid crystal can be more conveniently explained by regarding liquid
crystal as a continuous medium with a set of elastic constants. Based on
this viewpoint, Zocher [65], Oseen [66], and Frank [67] developed a
phenomenological continuum theory of liquid crystals which can
successfully explain the various magnetic or electric field induced effect of

liquid crystals.
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. According to the continuum theory of liquid crystals, the elastic part
of the internal energy density of a perturbed liquid crystal is given by the

equation:

Faer = (12)[Knn (Von)? +Kpo (0. Vxn)* +Ks3(nxVxn)]

| 247
where the constants K;;, Ky, K33 are, respectively, termed as the splay,
twist, and bend elastic constants and are named collectively known as the
Frank elastic constants. n is the director. Furthermore, Fg.r must be positive
in order to give stability for the unifornﬂy aligned state, all the elastic
constants ( Ki1, K3, K33 ) must be positive.

2.17 Freedericksz transition:

| The elastic constants of the liquid crystals can be determined by
various methods, of which Freedericksz transition is one of the simplest
and convenient methods. The term Freedericksz transition refers to the
deformation of a thin Iayer of nematic liquid crystal sample with a uniform
director pattern in an external electric [68-71] or magnetic field [72-79].
Freedericksz observed that when a planar surface aligned nematic liquid
crystal cell is subjected to magnetic field normal to the director then the
cell undergoes an abrupt change in its optical properties‘ if the strength of
the external field exceeds the threshold value, known as the critical field. If
the nematic liquid crystals have positive diamagnetic anisotropy or
dielectric anisotropy, then as the field exceeds the criﬁcal value, the
director starts to align along the external field. Depending on the geometry

of the arrangement, we can determine, splay, twist or bend elastic constants
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- from Freedericksz transition in the magﬁetic field. It is shown
schematically in Figures 2.4 and 2.5 respectively.

To explain the Freedericksz transition, I have considered a uniform
planer Iayer i.e. is splay mode of nematogenic sample, and is shown in
Figure (2.5a). Suppose the magnetic field is applied along the z-axis. When
the field increases there is a gradual change in the director pattern once H
exceeds a threshold value H.. When H < H,, the equilibrium state is shown
in Figure 2;6(a) where the director is everywhere parallel to the y-axis. In
this case a small fluctuation of the director will be damped because the
stabilising elastic torque is greater than the de-stabilising magnetic torque.
When H > H,, the system will undergo transition to unstable equilibrium
state whereby at the slightest fluctuation the system jumps to one of the
two stable states as shown in Figures 2.6(b) and 2.6(d).

The threshold magnetic field for the splay, bend or twist deformation
1S rglated to the elastic constants by the equation:

(Ho)i=(Ki/Ax)2 (n/d) 248
where d is the sample thickness, Ay is the diamagnetic anisotropy
- and (H.);is the respective critical magnetic field.Also the subscript i =1,2,3.

- refers to the splay, twist and the bend deformation respectively.

2.18 Description of Experimental set-up for determination
of K;; and Kj;:

The épparatus of the determination of the elastic constants (K;; and
K33) has been designed and fabricated in our laboratory by M. K. Das and
R. Paul [64]. The block diagram of the set-up has been shown in Figure .
2.17. '
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Figure 2.6. Schematic representation of the deformation of the director
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The experimental sample was taken .in a glass cell prepared from
microscope slides. The cell was housed in a solid brass oven which has a
groove ét the proper angle and it also acts as a thermostat. The temperature
was measured and controlled w1thm an accuracy of + 0.5 °C by means of a
copper-constantan thermocouple inserted in the brass block and a
temperature regulator (Indotherm model 457). A sodium D-light was used
as a source which was allowed to incident on the sample through a lens (L),
polarizer (P) and collimating circular slits (C; C,). The polarizer (P) and the
analyser (A) were crossed at +45° relative to the vertical axis. The
transmitted light intensity was monitored by a photomultiplier tube (M)
whose output was -also measured by a nano-ammeter. The magnetic field
was applied perpendicular to the director. For the Freedericksz transition to
occur, the director must be truly oriented at right angle to the external field.
In order to ensure this efcact alignment, the brass oven was mounted on a
specially constructed platform whose alignment with respect to the field
could be adjusted to an accuracy of 1-2’ of arc. Further, the platform itself
rested on levelling screws so that the alignment of the sample could be \
varied in every possible manner. The magnetic field intensity was varied
slowly so that the nematic orientation remains in equilibrium with the
.applied magnetic field. The intensity of transmitted light was measured as
the function of the applied magnetic field for any desired temperature. It
was observed that when the field (H) exceeds a critical value (H.) then
there was an abrupt change in the optical properties of the sample. Thus we
could measure the threshold field intensity (H;) from the field versus
intensity curve within an accuracy of + 10 Gauss. The magnetic field was
measured using a Hall-probe Gaussmeter (Model DGM-102).
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The cell used in the experiment was made of two pieces of glass cut
out from microscope slides with sides of 1 inch and 3/4 inch. The glass
plates were cleaned by different cleaning agents and subsequently dried
and treated for homeotropic or homogenous alignment as required. The
smaller glass piece was centred on the larger piece separated by a thin
glass-spacer of 150um thickness. The actual thickness of the sample was
measured by a microscope. The splay elastic constant (K;;) was measured
by using homogenous planar aligned cell which was prepared by treating
- the inside surface of the glass plate with 1% aqueous solution of polyvinyl
alcohol dried and then rubbed the layer in one direction with tissue paper.
The bend elastic constant (K33) was measﬁred by using homeotropic cells
which were prepared by the surface treatment of the glass plates with
lecithin.

When the magnetic field intensity was increased beyond the critical
value H,, the transmitted light intensity exhibits oscillations due to the
change of the phase retardation.

The threshold field for twist deformation cannot be detected
optically when viewed along the twist axis. Due to the large birefringence
of the medium for this direction of propagation, the state of polarisation of
the transmitted beam is indistinguishable from that of the emerging beam
from the untwist nematics. A total internal reflection technique can be used
to measure the K, vaiues of the twist deformation. In my present work
however, I have measured only K;; and K33 for ten different nematic liquid

crystals.
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Structure and chemical name of the liquid crystals studied:

The chemical names of the liquid crystals studied in the

present investigation and their structural formula are given befow:

1&2. c_:nﬂznﬂ—@'coo —@—fm '

(1) n= 3, p-cyanophenyl trans- 4 - propyl cyclohexane carboxylate.
( CPPCC in short ).

(ii) n=4, p-cyanopheny! trans- 4 - butyl cyclohexane carboxylate.
: ( CPBCC in short ).

3. 03H7—@— CO0 ~@- 0—Cs N

p- butoxyphenyl trans- 4 - propyl cyclohexane carboxylate.
( BPPCC in short ).

4. CHy —@—coo —@—0 —Cs Hyy

p- pentoxyphenyl trans- 4 - pentyl cyclohexane carboxylate.
( PPPCC in short ).

5&6. CuHy— O @—coo ‘@—cs Hi;

(1) n= 5, 4 -n-pentyl phenyl- 4 - n’ pentyloxy benzoate.
( ME 50.5 in short ).
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(i) n= 6, 4 -n-pentyl phenyi- 4 - n* hexyloxy benzoate.
( ME 60.5 in short ).

7. CSHHCN

4 - n - pentyl - 4 - n’- cyanobiphenyl. ( 5CB in short ).

889 Gt — H )— O »—nes

(i) n= 10, 4 - (trans - 4'- n- decyl cyclohexyl ) isothiocyanatobenzene.
(10 CPS in short ).

(i)n=12, 4 - (trans - 4’- n- dodecyl cyclohexyl ) isothiocyanatobenzene.
( 12 CPS in short ).

0. cut — 0—< O »—~<O)—en

4 - dodecyloxy - 4’- cyanobiphenyl. ( 120CB in short ).

4 - cyanobiphenyl - 4'- y1 - 4 - heptylbiphenyl - 4 - carboxylate.
(7CBB in short ).
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12 & 13. -c,}Hmo — G Hy

(1) =3, 3E-n-butene-phenyl-(4-cyclohexane-4'-n-propane)-ether
{ 3CPOd (3)1 in short }

(i) n= 5, 3E-n-butene-phenyf-(4-cyclohexane-4"-n-pentane)-ether
{ 5CPOd (3)1 in short }

The liquid crystals 1, 2, 3, 11 & 12 were obtained from Hoffmann-
La Roche, Basel, Switzerfand; the liquid crys"caIs 4, 5 & 6 were obtained
from E. Merck, UK; and tﬁe crystals 7, 8, 9 & 10 were donated by Prof. R.
- Dabrowski, Institute of Chemistry, Military University of Technology,
'~ Warsaw, Poland. All the samples were obtained in the pure state and were
sfudied without further purification.
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CHAPTER-3

| X-ray diffraction studies and measurement of density, refractive
indices, magnetic susceptibility anisotropy, splay and bend

elastic constants of four cyclohexane carboxylate compounds.
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In this chapter, I shall present experimental data on four liquid
crystalline compounds. The compound . studied with their chemical

structures and transition temperatures are given below:

L. p-cyanophenyi trans-4-propyl cyclohexane carboxylate.
( CPPCC in short)
C3H7-Cy-COO-Ph-CN

54.5°C 70°C
K = N < > 1
47°C

II. p-cyanophenyl trans-4-butyl cyclohexane carboxylate.
( CPBCC in short)
C4H9-Cy-COO-Ph-CN

55°C 68.3 °C
K & = N< > 1
<29.5°C

111 p-butoxyphenyl trans-4-propyl cyclohexane carboxylate.
o ( BPPCC in short)
C3H7-Cy-COO-Ph-O-C4H9
43°C 72.6 °C
K <——> N<——>I
IV. p-pentoxyphenyl trans-4-penty1 cyclohexane carboxylate.
( PPPCC in short)
- C5H11-Cy- COO-Ph-O-C5H11
33.5°C 354°C 75°C
K<———>S <—> N<——>1

( Ph= Phenyl ring, Cy = Cyclohexyl ring)
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The traﬁsi_tion témperatures were recorded by observing the textures
under a »polarising microscope using Mettler FP 80/ 82 hot stage. The
transition temperatures agreed with those given in the literature [1] and the
compounds were used without further purification. The physical properties
studied were density, refractive index, magnetic susceptibility anisotropy,
and bend and splay elastic constants. X-ray diffraction photographs of all
 the compounds in their mesophase were also taken. All the experiments
| covered the full mesomorphic temperature ranges of the substances. The
respective experimental procedures have beeﬁ described in detail in
Chapter 2 of this thesis. |

Figures 3.1- 3.4 give the temperature variation of density of CPPCC,
CPBCC, BPPCC and PPPCC; For all the compounds the density decreases
monotdnically with increasing temperature and there is a sméll density
change at the nematic-isotropic transition temperature. Only PPPCC has a -
smectic phase and it appears that the density changes continuously at the
smectic to nematic transition.

The temperature variation of ordinary and extraordinary refractive
indices for CPPCC, CPBCC, BPPCC and PPPCC at four different
wavelengths are given in Figures 3.5 to 3.8. The density and refractive
indices (at different wavelengths) of CPPCC, CPBCC and PPPCC have
already been reported by Takahashi et al [2] and their values agree with our
lvalues within experimental errors. However, they have not calculated order
parameters from their data, whereas we have calculated the order
parameters and compared these values with those obtamned from magnetic
susceptibility and x-ray diffraction studies. - | | ' |

| The values of densities, ordinary and extraordinary refractive indices
at different temperatures for CPPCC,, CPBCC, BPPCC and PPPCC at
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wavelengths of 4358 A, 5461 A, 5780 A and 6907 A are given in Tables 3.1
to 3.4. The respective polarisabilities calculated for these four mesogens
using Vuks procedure (equation 2.24 & 2.25) are tabulated in Tables 3.5 to -
3.8. The same polarisabilities calculated following Neugebauer method
(equations 2.22 &?2.23) are given in Tables 3.9 to 3.:42. The polarisability
anisotropies in the perfectly aligned ( < P, > = 1 ) samples have been
determined by Haller’s extrapolation procedure (Chapter 2) and have been
given in the respective Table. The order parameters calculated using Vuks
polarisability values are tabulated in Tables 3.13 to 3.16 for CPPCC,
CPBCC, BPPCC and PPPCC. Finally, the order parameters of these four
mesogens using Neugebauer polarisability values are given in Tables 3.17
to 3.20. Though for all the four compounds the polarisability anisotropy
calculated from Vuks method are larger than those calculated from
Neugebauer i)rocedure, the order parameters from these two methods agree
within = 0.01 % . Mitra et ai [3], for somé other mesogens, also observed
that the Vuks and Neugebauer procedures give almost same order
parameter values, though the polarisability anisotropies were different.

The x-ray diffraction photographs from the mesophases of CPPCC,
CPBCC, BPPCC and PPPCC at different temperatures are shown in plates
3a-31. The samples were aligned in a magnetic field of about 5 Kilogauss.
The angular distribution of x-ray intensities (in arbitrary scale ), after
correction for background and conversion from optical densities to x-ray
intensities, for the outer diffraction arc for CPPCC at five different
temperatures are tabulated in Table 3.21. The corresponding orientational
distribution functions calculated by Leadbetter method (equation 2.16) are
shown in Table 3.22. Similarly Tables 3.23 and 3.24 give the x-ray
intensities and distribution function respectively for CPBCC. For BPPCC
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the corresponding values are tabulated in Tables 3.25 and 3.26. Tables 3.27
and 3.28 similarly give the x-ray intensity and distribution function values
for PPPCC. The orientational order parameters < P, > and < P4 > of
CPPCC, CPBCC, BPPCC and PPPCC at different temperatures are
tabulated in Tables 3.29 to 3.32. '

The apparent molecular lengths of CPPCC and’ CPBCC in the
mésophase, as obtained from the inner x-ray diffraction arc are given in"
Table 3.33 and 3.34. Tables 3.35 and 3.36 give the corresponding apparent
molecular lehgths for BPPCC and PPPCC respectively. The temperature
variation of the apparent molecular lengths of all the four mesogens are
shown in Figure 3.9a to 3.9d. The model lengths of these molecules in their
fully extended form have been determined and are noted in the respective
tables. It can be seen that for the two cyano compounds (CPPCC and
CPBCC) the ratio of apparent molecular lengths to their model molecular
lengths aré nearly 1.4, showing formation of a molecular association
(dimers) in the mesophase. This is in accordance with x-ray diffraction
observation on cyanobiphenyls [4], where this ratio of apparent to model
molecular lengths are.also about 1.4. The other two compounds have no
terminal polar groups and the ratio of apparent to model molecular lengths
are 1.09 and 1.15 for BPPCC and PPPCC respectively, showing that even
if there are association of molecules in the mesophase of these compounds,
- their apparent lehgth is almost equal to the model length of single
molecule. In fact, PPPCC forms cybotactic nematic phase, that means its
molecules form small smectic like clusters. It may be nientioned that in
PPPCC, we have observed a smectic phase betwéen 33.5 °C to 35.4 °C
from texture studies. However, the smectic phase could not be identified

from x-ray diffraction pattern (Plate 3g) since the sample could
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Plate 3a: X-ray diffraction photograph of the oriented sample in the
nematic phase of CPPCC at 50°C.

e e aaiiast

Plate 3b: X-ray diffraction photograph of the oriented sample in the
nematic phase of CPPCC at 69°C.

Plate 3c: X-ray diffraction photograph of the oriented sample in the
nematic phase of CPBCC at 30.5°C.



86

Plate 3d: X-ray diffraction photograph of the oriented sample in the
nematic phase of CPBCC at 65°C.

Plate 3e: X-ray diffraction photograph of the Qﬁented sample in the
“nematic phase of BPPCC at 45°C.

Plate 3f: X—ray diffraction photograph of the oriented sample in the nematic
‘phase of BPPCC at 70°C.
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L

Plate 3g: X-ray diffraction photograph of the partially oriented sample in
' the smectic phase of PPPCC at 35°C.

Plate 3h: X-ray diffraction photograph of the oriented sample in the
nematic phase of PPPCC at 40°C.

Plate 3i: X_—réy diffraction photograph of the oriented sample in the nerﬁat_ic
phase of PPPCC at 74.5°C.
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nci>t~ be aligned in the applied magnetic field of about 5 'Kilogauss.
Moreover, éven in fhe nematic phase of this compOund, strong smectic like
inner spot were observed in the x-ray pattern upto 40 °C(Plate 3h). Hence,
PPPCC has cybotactic nematic phase belbw 40 °C. Above 40°C the x-ray
diffraction pattern is like normal nematic(Plate3i).

The experimental magnetic susceptibility values at different
temperatures along the director for CPPCC, CPBCC, BPPCC and PPPCC
are tabulated in Tables 3.37 to 3.40. The values of respective magnetic
‘susceptibilities in the isotropic phases are also given in thése Tables. The
magnetic susceptibility- anisotropies in the perfectly ordered state, Ay ,
have been determined by Haller’s extrapolation (Chapter 2) procedure and
are noted in the respective Table. The calculated magnetic susceptibility
anisotropy (Ay) and order parameter values are also shown in these tables.
The temperature variation of magnetic anisotropy for all these four
mesogens have been shown in Figures 3.10 to 3.13. In all these compounds
'Ay decreases ‘monotonically with incréasing temperature and shows a
discontinuity at the nematic to isotropic phase transition.

The temperature variation of order parameter values obtained from
refractive index, magnetic susceptibility and x-ray diffraction studies for
CPPCC, CPBCC, BPPCC, and PPPCC are shown i Figures 3.14, 3.15,
3.16 and 3.17 respectively. The theoretical Maier-Saupe order parameter
values are also shown in these figures. For all the mesogens the trend is
similar. At temperatures much below the nematic to isotropic transition,
the experimental order parameter values are somewhat greater than the
Maier-Saupe calculated values. Near the transitioﬁ temperature the values
.of order parameters obtained from refractive index and magnetic

susceptibility studies decreases rapidly with increasing temperature, so that
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Figure 3.10. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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these values are lower than the theoretical values. The order parameters
from x-réy diffraction studies on the other hand follow the Maier-Saupe
values closely near the clearing temperature. The rapid variation of < P, >
obtained from refractive index and magnetic susceptibility data near the N-
I transition temperature has been observed by many workers [5-9]. This
may be due to fluctuations of the director, which is more pronounced near
the transition temperature. Moreover, in the present study 'alvl the four
compounds have cyclohexane ring, which may vibrate more with the rise
of temperature and thus lower the order parameter in addition to the
lowering effect due to the aliphatic chain vibrations. However, x-ray
studies do not show such rapid decrease of order parameter near the
transition. This may be due to the fact that the x-ray diffraction pattern
(outer arc) is due to the neighbouring molecules, hence we essentially
. measure the short range order pa.rémeter, which changes less rapidly near
the transition temperature. In effect, we are measuring different order
parameters depending upon the experimental method used and hence this
discrepancy between different experimentally determined order parameter
values. |

The splay and bend‘élastic constanfs of CPPCC, CPBCC, BPPCC |
and PPPCC have been determined by observing Freédericksz transition in a
magnetic field. The full experimental details of the experiment have been
given in Chapter 2. The splay and bend elastic constant values together
with the critical magnetic fields at different temperatures for the
-compound CPPCC are given in the Tables 3.41 and 3.42 respectively. The
sample thicknesses and the interpolated values of the magnetic
susceptibility énisotropy are also given in the Tables. Similarly Ky; and Ks3
values of CPBCC are shown in Tables 3.43 and 3.44 respéctively. The
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R .splay and bend elastic constant values for BPPCC and PPPCC are tabulated

in Tables 3.45 to 3.48. The ratios of bend to splay elastic constants
(K33/Ky1) at different relative temperatures for these four mesogens are
given in Tables 3.49 and 3.50. The temperature variation of splay and bend
‘elastic constants for CPPCC, CPBCC, BPPCC, and PPPCC are shown in
._ Figures 3.26 to 3.29. Scharkowski et al [10] have given a figure showing
the variation of K33/K;; with reduced telnperature for the two cyano
compounds (CPPCC and CPBCC) studied by us. However, they have not
given the values of K;; and Kj; separately, so we cannot compare our
splay and bend elastic constant values with their values directly. Our bend
to splay ratios show similar temperature variations as observed by
S_charkoWski et al [10]. In both CPPCC and CPBCC the ratios are always
greater than 1 and increases with decreasing temperatures. The ratios are
somewhat larger for CPPCC than for CPBCC. However, our bend to splay
elastic constant ratios are almost 15% smaller than those given by
Scharkowski et al. We are unable to explain this discrepancy, since
individual K;; and ng values are not given by them. The other two
mesogens (BPPCC and PPPCC) ha\}e tne bend to splay ratios less than 1 at
all temperatures. Schadt et al [11] havo' also reported that K33/Ky; is less
than 1 _for related compound SCEPO3 in which the pentyloxy group in
PPPCC has been replaced by propyloxy group. In BPPCC the K33/K;; ratio
increases slowly as the temperature decreases as in CPPCC and CPBCC.
Howener, in PPPCC the bend to splay ratio decreases quite rapidly with
decreasing temperaturés. It may be mentioned that from the x-ray
‘diffraction studies PPPCC shows cybotactic nematic phase. In the
cybotactic nematic phase small groups of molecules show smectic like

order. It has been pointed out by Bradshaw et al [12] that smectic like
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local ordeﬁng n nematogéns increases K;; and thus lowers the value, of
K33/Ky1. The température variation of Kj; in PPPCC indeed shows rapid |
change (Figure 3.21). Hence the decrease in the K33/Kj; ratio in PPPCC
with decréasing temperature can safely be attributed to the presence of
smectic like cybotactic groups.

According to Schadt et al-[11], the K33/Ky; ratio in polar compounds
are larger than non-polar compounds having related sfructu;e. Thus we find
that polar CPPCC and CPBCC have K33/K;; greater than 1, whereas in
their reléted non-polar compounds BPPCC and PPPCC the same ratio is

less than 1.
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Table 3.1a
Density (p) and refractive indices (n,, n. ) at different

temperatures of Sample CPPCC.

Temp. | Density A =6907 A A=5780 A

in®C | in gm/cc n, ne 1, I
50 1.068 1.464 1.564 1.471 1.571
54 1.066 1.464 1.561 1.471 1.568
58 1.063 1.464 1.557 1.471 1.564
63 1.057 1.464 1.550 1.471 1.557
66 1.053 - 1.471 1.543 1.479 1.550
69 1.049 1.475 1.536 1.482 1.543
71 1.044 1.493 1.500

Table 3.1b

Density (p) and refractive indices (n,,n.) at different

temperatures of Sample CPPCC.

Temp. | Density A =15461 A L =4358 A

in°C | ingm/cc n, e n, De
50 1068 1479 1.579 1.489 1.589
54 1.066  1.479 1.575 1.489 1.586
58 1.063  1.479 1.571 1.489 1.582
63 1.057 1.479 1.564 1489 1575
66 1.053 1.486 1.557 1.496 1.568
69 1.049  1.489 1.550 1.050 1.561
71 1.044 1.507 | 1.521




-Density (p) and refractive indices (n,, n.) at different

temperatures of Sample CPBCC.

Table 3.2a

1.013

| Temp. | Density A= 6907 A A=5780 A

in°C | ingm/cc | n, i, ne
30 1049 1472 1.592 1479 1.599
34 1047 1472 1.588 1.479 1.595
37 1045 1472 1585 1479 159
43 1041 1472 1.577 1.479 1.585
49 1035 1472 1570~ 1.479 1.577
54 1032 1472 1.563 1.479 1.570
59 1.026 1472 1.556 1479 © 1563
62 1023 1474 1.549 1481 1.556
65 1019 1477 1.542 1.484 1.549
67 1016  1.479 1.535 1.486 1.542
69 1.493 1.500
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Density (p) and refractive indices (n,,n.) at different temperatures

of Sample CPBCC.

Temp. | Density A= 5461 A A=4358 A

in°C |imgm/cc| n | R 1, e
30 1.049 1.486 1.606 1.496 1.616
34 1.047 1.486 1.602 1.496 1.612
37 1045 1486 - 1599 1496  1.609
43 1.041 1486 1592 1.496 1.602
49 1035 148 1585 1496 1.595
54 1.032 1.486 1.577 1496  1.588
59 1.026  '1.486 . 1.570 1.496 1.581
62 1.023 1.488 1.563 1.498 1.574
65 1019 1491 1556 1501 1567
67 1.016 1.493 1.549 1.504 - 1.560

1.013 1.507 1.518

69
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Table 3.3;1

Density (p) and refractive indices (n,, n.) at different temperatures

of Sample BPPCC.
Temp. | Density A =6907 A  A=5780A
in°C |ingm/cc | no e o e
43 0.993 1.452 1.556 1.459 1.563
48  0.989 1.451 1.551  '1.458 1.558
51.5 0.985 1.451 1.548 1457  1.554
55 0.983 1.450 1.544 1.457 1.551
60 0979  1.449 1.537 1456  1.544
63 0.976 1.449 1.531 1.456 1.537
68 0972 1449 1524 1456 1531
70 - 0.970 1.456 1517 1.463 1.524
73 0.964 1.476 | 1.483
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Table 3.3b

Density (p) and refractive indices (n,, n.) at different temperatures

of Sample BPPCC.
Temp. | Density A=5461 A A=4358A
in°C | ingm/cc n, N, N, N, |
13 0993 1466 1570 1476 1.580
48 0989 - 1.465 1.565 1:475 1.575
51.5 0985 1464 1.561 1474 1.571
55 0.983 1.464 1.558 1.474 1.568
60 0979 1463 1.551 1.473 1.561
63 0976 1463 1.544 1.473 1.554
68 0972  1.463 1.537 1.473 1.548
70 . 0970  1.469 1.531 1.480 1.541
73 0964 1.490 1.500
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Density (p) and refractive indices (n,,n.) at different temperatures

of Sample PPPCC.
Temp. | Density A =6907 A A=5780 A
in°C | in gm/cc n, Ne N, Ne |
33 0981  1.469 1.560 1476 1567
36 0977 1469 1.559 1.476 1.566
384 0976  1.469 1.559 1.476 1.565
42 0973  1.469 1.558 1.476 1.565
46 0970 1468 1.555 1.475 1.562
49 0967 1467 1553 1.474 1.560
52 0965 1467 1.551 1.473 1.558
56 0962 1466 1.548 1472 1.554
60 0958  1.464 1.544 1471 . 1551
64 0955  1.463 1.540 1.470 1.547
67 0952 1463 1.537 1.469 1.544
71 0948 1464 1.531 1.471 1.537
74 0.944  1.466 1.524 1.473 1.531
1.483. 1.490

76

0.941
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Density (p) and refractive indices -(n; , e ) at different temperatures

of Sample PPPCC.
Py /// -
Temp. | Density A=5461 A A=4358 A
in°C | ingm/cc 1, ne Con 1
33 0081 1483 1573 1493 1.584
36 0977 1483 1.573 1.493 1.583
38.4 0976 1483 1.572 1.493 1.582
42 0973 1483 1.571 1.493 1.582
46 0970  1.482 1.569 1.492 1.579
49 0967 1481 1.567 1.491 1.577
52 0.965 1480  1.565 1.490 1.575
56 0962 1479 1.561 1489 1571
60 0958 1478 1.558 1.488 1.568
64 0955 1477 1.554 1.487 1.564
67 0952 1476 1.551 1.486 1.561
71 0948 1478 1.544 1.488 1.554
74 0944 1480 1.537 1490  1.548
76 0.941 - 1.497 1507
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Table 3.5

Polansablllty (0o, o) at different temperatures of sample CPPCC
' by Vuks method.

Temp. | A =6907 A A=5780 A A=5461 A A=4358 A

. [+ . ] ]
m°C | o Ole Qo Ole Olo Ole Qo Ole

50 27.11 3428 2746 34.64 2782 35.00 2835 35.51
54 2719 3411 2754 3448 2790 3483 2843 3536
58 2730 3399 27.65 3434 28.01 3470 2855 3523
63 2750 3370 27.85 34.07 2822 3442 2875 3496
66  28.04 3323 2841 33.59 28.77 3395 2931 3448
69 2840 32.82 2877 33.19 29.13 3355 29.88 34.03

o, & 0, arein 10* ¢m’ unit.
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Polarisability ( a,, o) at different temperaturés of sample CPBCC

by Vuks method.

Temp. | A=6907A | A=5780A | A=5461A | A=4358A
n°C| o | O | O | O | O Ole 0t e
30 2929 3850 29.66 38.88 30.04 3923 30.59 39.79
34 2938 3829 29.75 38.66 30.13 39.04 30.68 39.59
37 2946 3816 29.83 3853 3021 3890 3076 3945
43 2963 37.81 30.00 38.19 30.38 3856 3094 39.12
49 29.82 37.50 3020 37.87 30.58 3825 31.15 38.81
54 2999 37.13 3037 3751 3075 37.89 3132 3845
59 3021 36.84 30.60 3722 3098 3761 3155 3817
62 3046 3641 30.85- 3679 3124 37.18 3181 37.74
65 30.80 3597 31.18 36.36 -31.57 36.74 3214 3732

31.09 35.54 3592 31.86 3631 3245 36.89

67

31.48

o, & o arein 10%* ¢m® unit.
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Table 3.7

Polarisability ( a,, a.) at different temperatures of sample BPPCC
by Vuks method.

[Temp. | 2=6907A | A=5780A | A=5461A | A=4358A

o .
|m°C | oo | o | 0 | 0 | O | O QLo Ol

43 3343 4283 33.87 43.27 34.29 43.69 3494 4434
48 3352 4260 3397 43.02 3439 43.46 35..(.)4 44 .09
515 33.62 4247 34.06 4291 3449 4334 3515 4398
55  33.69 4231 34.13 4275 3456 43.18 3522 4383,
60  33.80 4192 34.25 42.36 34.69 4281 3535 4346
63 3397 4148 34.42 4193 3486 4237 3553 43.02
68 . 34.18 41.09 34.62 4<1.53 35.07 4198 3574 4264

70 3480 4047 3525 4091 3570 4135 36.36 42.01

o, & o arein 10 cm’ unit. .
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Polarlsablhty (o, oce) at dlfferent temperatures of sample PPPCC

bquksmethod

Temp. | A=6907A | .=5780A | A=5461A | A—4358A

n°C [ oo | e | G0 | G | 00 | G | 00 | o

33 3968 4906 4017 4954 4066 50.04 4139 50.76
36 39.82 49.17 4032 49.65 4081 5015 4154 50.87
384  39.89 49.19 4039 49.68 40.88 50.17 41.61 5091
42 4000 4923 4049 4973 4099 5022 4172 50.96
46 40.07 49.17 40.57 49.67 4107 5016 41.81 5090
49 4014 49.14 4064 49.63 4114 50.13 4188 50.87
52 40.19 49.08 4069 4957 4119 5007 4193 5081
56. 4024 4891 4075 4941 4125 4991 42.00 50.65
60 4034 4879 4085 4931 4135 4980 4210 50.56 |
64 4042 4861 4093 49.11 4144 4962 4219 5037
67 4053 4853 41.05 49.03 41.55 4955 4231 5030
71 4087 4800 4139 4851 4190 49.02 42.66 49.78
74 4128 4749 4180 4800 4231 4853 43.08 4929

0o & Ol arein 10%* ¢cm’ unit.
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Polarisability ( a,, a.) at different temperatures of sample CPPCC

by Neugebauer method.

Temp. | A=6907 A A=5780 A A=5461 A A=4358 A

m°C | o Ole 0o Ole o Ole Clo Ole
50 27.50 3350 27.85 33.85 2822 3419 2876 34.70
54 27.57 3336 2792 33.72 2829 34.06 2883 34.57
58 27.66 3326 28.02 33.61 2838 3396 2892 3447
63 27.83 33.03 28.19 33.39 2856 33.74 29.10 34.26
66 2832 32.67 28.69 33.02 29.05 33.38 29.60 3390
69 28.64 3235 29.01 3271 29.38 33.06 30.11 33.57

0, & 0O arein 102* cm’ unit,



Table 3.10
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Polarisability ( o,, 0.) at different temperatures of sample CPBCC

by Neugebauer method.

Temp. | A=6907A | A=5780A | A=5461A | A=4358A

mn°C | a, Ole o Ole 0o Ole oo | O |
30 29.80- 3747 30.18 3783 3057 38.18 31.13 38.72
34 29.88 37.30 3025 37.66 3064 38.02 3120 38.55
37 2994 37.19 3032 3755 3070 3791 3127 38.44
43 30.08 36.90 3046 37.27 30.85 3763 3141 38.17
49 30.25 36.65 30.63 37.02 31.02 3739 3159 3793
54 3038 36.35 30.76 36.72 31.15 37.09 31.72 37.63
59 30.57 36.11 3096 3649 3135 3687 3193 3742
62 30.79 3576 31.18 36.14 31.57 36.52 32.14 37.07
65 31.08 3541 3147 3579 3185 3617 3244 36.74
67 35.06 31.72 3543 3211 3582 3270 36.39

31.33

o, & o, arein 10%* cm® unit.
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Table 3.11

Polarisability ( a,, c.) at different temperatures of sample BPPCC
— by Neugebauer method.

Temp. | A,=6907A | A=5780A A=35461 A A=4358 A

m°C | o Ole Ol Ole 0o Ole Ol Ole

43 3393 41.83 3437 4225 3481 4266 3546 43.29
48 3401 41.63 3445 42.05 3489 4247 3554 43.09
51.5 - 34.09 4153 3453 4196 3497 4239 3563 4301
55 3414 4140 3459 4183 3503 4225 3570 4288
60 3423 41.07 34.68 4150 3512 4194 3579 4257
63 - 3436 4070 34.81 41.14 3526 4157 3593 4221
68 3453 4037 3498 40.81 3543 4124 36.11 4190
70 3510 39.88 3555 4032 36.00 40.75 36.67 41.40

o, & o, arein 10%* ¢m® unit.



Table 3.12
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Polarisability ( o, o) at different temperatures of sample PPPCC

by Neugebauer method.
Temp. | A=6907A | A=5780A | A=35461A | A=43584
in°C | Ol | Ol Lo Ole o Ole Olo Ole
33 40.19 4804 4069 4851 41.18 4899 4192 49.70
36 4033 48.15 4083 4862 4133 49.10 4207 49.81
384 4040 48.18 4090 48.66 4140 49.13 42.14 49.85
42  40.50 4823 41.00 48.71 41.50 49.19 4225 4991
46 4057 4819 41.07 4867 4157 49.15 4232 4987
49  40.63 48.17 41.13 48.65 41.64 49.14 4239 49.86
52 40.67 48.12 41.17 4860 41.68 49.09 4243 49381
56 4071 4798 4122 4847 4173 4896 4248 49.68
60 40.79 47.89 4130 48.39 41.82 48.87 42.58 49.61
64  40.86 4774 41.37 4823 4188 48.73 42.65 49.46
67 4096 47.68 4147 4817 4199 48.68 4276 49.42
71 4125 4725 41.77 4775 4228 4825 43.05 49.00
74 4161 4683 42.13 4734 4265 4785 4343 4860 |

o, & 0, arein 10%** ¢m’ unit.



119

Table 3.13

Order parameter <P, > of sample CPPCC at different
temperatures by Vuks method.

(o -01)=12.02in 10> cm’ unit.

Temp. | A=6907 4 | A=5780A | A=5461 A | A =4358 A | Average

in°C <P,> <P,> <P,> <P, > <P,>
50 0.596 0.591 0.597 0.596 595
54 0.578 0.576 0.576 0.576 0.576
58 0.557 0.557 0.557 0.556 0557
63 0.516 0.517 0.516 0.517 0.516
66 0432 ' 0.431 0.431 0.430 0.431
69 0.368 0.367 0.367 - 0.345 0.362




Table 3.14

Order parameter <P, > of sample CPBCC at different

temperatures by Vuks method.

(oy -0 )=13.22in 10** cm’ unit.
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Temp. | A=6907A | A=5780A | A =5461 A | L, =4358 A | Average

in°C <P, > <Py> <P, > <P, > <P, >
30 0.697 0.697 0.695 0.696 0.696
34 0.675 0.674 0.674 0.673 0.674
37 0.658 0.658 0.657 0.657 0.657
43 0.619 0.619 0.618 0.619 0.619
49 0.580 0.580 0.580 1 0.579 0.580
54 0.540 0.541 0.540 0.539 0.540
59 0.501 0.501 0.500 0.501 0.501
62 0.449 0.449 0.450 0.449 0.449
65 0.391 0.391 0.391 0.392 0.391
67 0.337 0.336 0337 . 0336 0.337
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Table3.15

Order parametef < P; > of sample BPPCC at different
temperatures by Vuks method.

(ay -0 )=14.80 in 102 cm® unit.

Temp. [ A=6907A | A=5780A | A=5461 A | A=4358 A | Average
in°C <P, > <P;> <P, > <P, > <P,>
43 0.635 0.635 0.635 0.635 0.635
48 0.613 0.611 0.613 0.611 0.612
515 . 0.598 0.598 0.598 0.597 0.598
55 0.582 0583 ~  0.582 0.581 0.582
60 0.549 0.547 0.549 0.548 - 0.548
63 0.507 0.507 0.507 10.507 0.507
- 68 0.467 0.467 0.467 0.467 0.467
70 0383  0.380 0.382 - 0.382 0.382




Order parameter <P, > of sample PPPCC at different

‘temperatures by Vuks method.

(o - o) =14.50in 10* cm’ unit.
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Temp. | A=6907A | A =5780A | A= 5461 A | A =4358 A | Average
in°C <P,> <Py>" <P, > <P2> <Py>
33 0.647 0.646 "0.647 0.646 0.646
36 0.644 0.643 0.644 0.643 0.643
384 0641 0.641 0.641 0.641 0.641
42 0.637 0636  0.636 0.637 0.636
46 0.628 0.627 0.627 0.627 0.627
49 0.621 0620 - 0620 0620 0.620
52 0.613 0.612 0.613 0.612 0.612
56 0,597 0.597 0.597 0.597 0.597
60 0.583 0.583 0583 - 0.583 0.583
64 0.565 0.564 0.565 0.564 0.564
67 0.552 0.550 0.551 0.551 0.551
71 0.492 0.492 0.492 0.491 0.492
74 0.428 0.428 0.428

e

0.429

0428




Table3.17

Order parameter <P,> of sample CPPCC at different

temperatures by Neugebauer method.

(o -0 )=10.08in 10%* cm’ unit.
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Temp. [ A=6907 A [ A=5780 A | A =5461 A [ A =4358 A | Average

in°C <P, > <P, > <P,> <Py> <P, >
50 0.595 0.594 0.593 0.590 0.593
54 0.575 0.574 0.573 0.570 0.573
58 0.556 0.555 0.554 0.551 0.554
63 0.516 0.516 0.514 0.512 0.514
66 0.431 0.430 0.430 0.427 0.429
69 0.367 0.366 0.365 0.342 0.360




Table 3.18

Order parameter <P,> of sample CPBCC at different

temperatures by Neugebauer method.

(o -0 )=11.041in 10% cm’ unit.
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Temp. [ A =6907 A | A =5780A [ A=5461A | A=4358 A | Average

in°C <P,> <P, > <P, > <P,> <P,>
30 0.695 0.693 0.689 0.687 0.691
34 0.673 0.670 0.668 0.666 0.669
37 0.657 0.655 0.653 0.650 0.654
43 0.618 0.617 0.614 0.612 0.615
49 0.580 0.579 0.577 0.574 0.577
54 0.541 0.540 0.537 0.535 0.538
59 0.502 0.501 0.500 0.497 0.500
62 0.451 0.449 0.448 0.447 0.449
65 0.392 0.391 0.390 0.389 0.391
67 0.338 0.336 0.336 0.334 0.336
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Table 3.19

Order parameter <P, > of sample BPPCC at different
temperatures by Neugebauer method.

(o -or)=12.50in 10** cm’ unit.

Temp. | A=6907A | A, =5780A | A=5461 A | A=4358 A | Average
n°C <Py > <P, > <P, > <P, > <P, >
43 0.632 0.630 0.629 0.626 0.629
48 0.610 0.607 0.607 - 0.604 0.607
51.5 0.595 0.594 0.593 0.590 0.593
55 0.581 0.580 0.578 0.574 0.578

60 0.547 0.546 0.545 0.542 0.545
63 0.507 0.506 0.505 0.502 0.505
68 0.467 0.466 . 0.465 0.462 0.465
70 0.383 0.382 0.380 0.378 0.381




Table 3.20

Order parameter <P, > of sample PPPCC at different

temperatures by Neugebauer method.

(o -0 )=12.14 in 10% cm’ unit.
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Temp. | A=6907A | A=5780 A | A=5461A | A=4358 A | Average
in°C <‘P2> <P > <P, > <P, > <P, >
33 0.647 0.644 0.643 0641 0644
36 0.644 0642  0.641 0.638 0.641
38.4 0.641 0.639 - 0.637 0.635 0.638
4 0.637 0.635 0.633 0.631 0.634
46 0.628 1 0.626 0.624 0622  0.625
49 0.621 0.619 0.618 0.615 0.618
52 0.614 0.612 10.610 0.607 0611
56 0.599 0.597 0.595 0.593 0.596
60  0.585 0.584 0.581 0.580 0.583
64 0.567 0.564 0.564 0.562 0.564
67 0.553 0.552 0.551 0:549 0.551
71 0.494 0.493 0.492 0.489 0.492
74 0.429 0.429 0.427

0.431 -

0.429
{




Mean experimental intensity

lgk{le 3.21

/

values I (), in arbitrary units , of

CPPCC after background correction.
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v I (y ) values at different temperatures in ° C
( degree ) 50 55 60 65 69
0 435 9.45 9.10 6.75 7.40
5 4.10 9.00 8.90 6.65 7.20
10 3.50 8.25 8.30 6.45 7.05
15 2.95 7.25 7.35 6.05 6.50.
20 2.40 5.95 6.15 5.45 5.73
25 1.73 4.85 5.25 435 490
30 1.18 3.80 4.07 3.50 4.05
35 - 0.85 2.95 3.28 2.80 3.35
40 0.60 2.25 2.80 2.25 2.65
45 0.58 1.75 2.10 1.80 2.35
50 0.48 1.30 1.65 135 1.93
55 040-  1.05 1.28 1.10 155
60 0.35 0.85 1.05 - 0.90 1.35
65 0.33 0.70 0.85 075 1.20
70 0.33 0.55 075 0.60 1.00.
75 10.30 0.45 0.60 0.53 0.70
80 0.29 0.40 0.45 0.43 0.50
85 0.27 0.20 0.20 0.28 0.30
90 0.00 0.00

0.00

0.00

0.00




Table 3.22

Normalised distribution function values f( B ) of CPPCC
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B f (B ) values at different temperatures in ° C
( degree ) 50 55 60 65 69

0 9.11 6.96 5.71 412 411
5 8.76 6.84 5.80 430 422
10 7.72 6.32 5.71 4.61 435
15 6.15 5.27 495 4.54 4.10
20 448 - 402 3.76 3.90 3.44
25 3.07 3.02 278 3.08 275
30 2.05 235 223 243 225
35 134 184 1.89 1.93 1.88

40 0.86 1.34 1.50 1.46 1.47
45 0.57 0.90 1.03 1.03 1.06
50 0.42 0.59 0.67 0.71 0.76
55 . 035 0.43 0.49 0.53 0.62
60 . 0.34 0.37 0.43 0.45 0.59
65 0.33 0.32 0.40 0.39 0.56
70 0.31 0.25 0.32 0.31 0.44
75 0.25 0.16 0.19 021 0.27
80 0.18 0.09 0.10 0.12 0.13
85 0.14 0.06 0.06 0.08 0.07
90 0.13 0.05 0.04 0.07 0.06




Table 3.23
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Mean experimental intensity values I ( y ), in arbitrary units, of

CPBCC after background correction.

W I () values at different temperatures in degrees

(deg) | 30.5 | 35 40 45 50 55 60 65 | 675
0 955 958 11.80 858 10.00 990 11.05 745 6.35
5 920 9.08 1130 843 940 960 1085 7.30 6.10
10 843 827 1050 785 845 8-.95 10.00 698 5.65
15 733 715 930 688 755 820 880 643 490
20 598 6.10 790 553 625 685 775 555 425
25 453 440 590 448 495 555 6.70 458 3.70
30 335 325 415 338 400 420 650 3.61 3.15
35 235 238 305 248 305 320 380 295 265
40 163 1.73 225 183 235 235 280 233 215
45 118 118 165 130 170 200 240 193 200
50 075 083 120 098 125 170 195 160 1.70

55 050 063 090 074 1.00 140 160 130 125
60 035 048 063 056 080 120 130 1.13 105
65 024 035 050 043 058 090 1.10 0.10 0.80
70 0.18 025 033 030 040 045 090 0.83 0.65
75 013 016 023 023 030 035 060 0.65 040
& 0.10 009 0.13 0.15 015 025 030 040 020
8 007 006 010 010 010 015 010 0.15 0.10
9 000 000 0.00 0.00 000 000 0.00 0.00 0.00




Table 3.24
Normalised distribution function values f (3 ) of CPBCC.
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B f ( B ) values at different temperatures in degrees

(deg.) | 30.5 | 35 40 45 50 55 60 65 | 67.5
0 785 7.77 692 687 737 600 6.19 4.70 5.70
5 776 773 694 689 720 590 586 484 5.60
10 731 734 676 668 655 557 508 501 5.16
15 626 622 604 580 536 5.02 423 473 424
20 485 4.70 4.84 449 405 427 361 391 320
25 355 340 357 331 3.07 339 321 299 246
30 256 250 253 248 243 248 280 229 2.06
35 181 181 174 18 193 170 216 181 182
40 121 121 116 130 139 114 141 142 152
45 075 0.73 075 083 090 081 085 1.06 1.15
50 045 045 050 052 058 0.65 056 077 0.85
55 029 031 037 037 042 057 046 058 0.70
60 020 025 028 030 036 051 046 047 0.65
65 014 021 021 024 030 039 044 037 0.57
70 009 0.14 0.13 017 021 024 032 027 0.39
75 0.05 0.07 007 009 010 012 016 0.18 0.19
80 0.03 003 003 004 005 006 007 011 008
8 002 001 002 003 002 0.03 0.03 007 0.04
9 001 0.01 002 002 002 003 002 0.06 0.03




Mean experimental intensity values I (y ), in arbitrary units , of

Table 3.25

BPPCC after background correction.
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W I (y) values at different temperatures in degrees
(deg.) | 45 50 55 60 65 70 72

0 9.75 7.90 10.70  8.90 3.35 7.15 2.15
5 9.30 7.75 1045 8.85 3.25 7.10 2.10
10 9.05 7.25 9.80 845  3.00 6.95 2.00
15 7.85 6.15 8.75 7.65 2.57 6.35 1.86
20  5.75 4.92 7.80 6.80 222 5.45 1.75
25 440 3.80 6.30 5.65 1.92 4.60 1.58
30 295 2.76 4,60 420 147 3.90 1.35
35 210 1.90 3.35 3.10 1.03 330 1.10
40  1.60 1.50 2.45 2.40 0.82 265 083
45  1.20 1.20 1.85 1.90 0.63 2.15 0.65
50 1.10 1.00 1.45 1.50 0.53 1.70 0.55
55 0.80 0.85 1.05 1.20 0.48 1.35 0.50
60  0.65 0.65 0.85 0.95 0.44 1.10 0.40
65 0.50 0.55 0.70 0.75 0.43 0.90 0.35
70 045 0.32 0.55 0.65 0.19 0.75 0.30
75 040 0.25 0.45 0.55 0.37 0.60 0.20
80 035 0.20 0.40 0.50 0.30 0.50 0.10
8 030 0.10 0.25 0.30 0.23 0.20 0.05
90  0.00 0.00 0.00 0.00 0.00 0.00 0.00




Table 3.26

* Normalised distribution function values f () of BPPCC.
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B f(B) values at different temperatures in degrees
(deg) [ 45 | 50 55 60 | 65 70 72

0 714 731 584 495 647 428 421
5 732 725 581 502 619 445  4.08
10 747 690 564 508 551 466 376
15 676 602 517 484 466 435 343
20 510 470 442 422 387 351 316
25 335 336 355 340 315 271 293
30 212 229 269 259 245 223 260
35 138 152 190 187 176 195 212
40 094 101 126 129 117 160 156
45 066 070 081 08 076 115  1.06
50 047 053 054 061 054 078 . 075
55 036 045 040 047 045 058  0.62
60 030 040 033 040 042 050 058
65 025 032 027 034 041 046 010
70 . 019 022 020 026 036 037 052
75 014 012 013 018 027 022 042
80 009 006 008 011 019 011 028
8 007 004 006 008 014 007 015
9  0.06 005 007 012 005  0.05

0.03




Table 3.27

Mean experimental intensity values I (), in arbitrary units, of

PPPCC after background correction.
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1 I(y) values at different temperatures in degrees
(deg) [ 40 | 45 | 50 | 55 | 60 | 65 | 70 | 74

0 1560 1490 1450 1620 065 120 150 820
5 1340 1470 1410 1580 065 120 150 7.60
10 1190 1360 13.00 1400 050 1.15 135 785
15 930 1120 1155 1180 040 110 125 740
20 630 880 99 1010 025 095 110 6.55
25 445 650 795 820 020 08 1.00 550
30 350 500 605 630 020 065 085 440
35 260 380 460 450 015 050 070 375
40 200 270 310 330 015 035 055 3.00
45 1.50 220 225 270 010 025 035 250
50 120 1.8 170 220 010 020 030 225
55 1.00 135 120 18 010 020 025 1.80
60 090 09 090 140 005 015 018 135
65 075 070 070 1.10 0.05 0.15 016 1.15
70 065 050 050 09 005 010 013 0.8
75 060 040 038 070 003 010 010 0.60
80 040 020 025 050 0.03 008 010 030
85 020 010 013 030 000 005 005 020
90 000 000 000 000 000 000 000 0.00




Table 3.28

Normalised distribution function values f (B ) of PPPCC.
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f(B) values at different temperatures in degrees

0.04

B
(deg) | 40 45 50 55 60 65 70 74
0 1214 781 663 781 1147 442 535 365
T 5 1172 796 657 744 11.14 449 518 3.83
10 1003 783 624 647 937 458 468 417
15 706 655 544 527 607 441 396 4.18
20 424 457 437 414 323 394 328 365
25 254 299 341 322 184 334 284 29
30 174 211 267 245 141 272 258 232
35 133 162 201 176 137 206 226 186
40 098 120 137 118 130 139 172 145
45 064 081 084 078 1.00° 087 112 1.08
50 041 053 052 055 066 057 070 082
55 030 039 .036 044 050 044 050 0.69
60 028 033 029 039 049 041 041 062
65 028 028 024 033 051 040 037 054
70 025 019 016 024 039 034 030 037
75 016 009 009 015 019 023 020 019
80 008 004 004 008 006 013 012 0.09
8 005 002 002 005 002 008 007 004
90 001 002 004 001 006 0.06 0.03




Variation of < P, > and < P4 > with temperature.

Table 3.29

Sample : CPPCC

Temperature in ° C <Py> <Ps>
50 0579 0297
55 0.561 0.207
60 0.522 0.167
65 0.502 0.140
69 0.453 0.112
Table 3.30

Variation of < P, > and < P4 > with temperature.

Sample : CPBCC

Temperature in ° C <P, > <Ps>
30.5 0.656 0.274

35 0.641 0.268

40 0.629 0.253

45 0.609 0.234

50 0.585 0.211

55 0.553 0.190

60 0.531 0.158

65 0.511 0.147

67.5 0.470 0.115
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Variation of < P, > and < P4 > with temperature.

Table 3.31

Sample : BPPCC

Temperature in ° C <Py > <Ps>
45 0.618 0.288
50 0.600 0.253
55 0.579 0.207
60 0.540 0.177
65 0.512 0.196
70 0.477 0.118
72 0.450 0.086
Table 3.32

‘Variation of < P, > and < P, > with temperature.

Sample : PPPCC

Temperature in ° C <Py > <Py>
40 0.640 0.345
45 0.620 0.264
50 0.605 0.219
55 0.576 0.225
60 0.557 0.257
65 0.51-5 0.156
70 0.498 0.121
74 0.471 0.104

136



Apparent molecular length (1,;) at different temperature. -

Table 3.33

Sample to film distance = 4.46 cm., A =1.54051 A,
Magnetic field = 5 K. Gauss

Sample: CPPCC

Temp.in | lpinA |Meanl,inA | Model length L ly/ L
°C in A
50 22.62 22.66 16.3 1.39
55 22.59
60 22.8
65 22.86
69 2293
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Table' 3.34
Apparent molecular length (1,;) at different temperature.
Sample to film distance = 4.46 cm., A = 1.54051 A,
Magnetic field = 5 K. Gauss

_ Sample: CPBCC
Temp.in | l,inA |Meanl,inA | Model length L lay/ L
°c . in A
305, 2438 2442 17.2 142
35 2442 | |
40 24.5
45 24.42
50 24.5
55 24.54
60 24.53
65 24.52
67.5 24.54
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Table 3.35 |
Apparent molecular length (1,,) at different temperature.
Sample to film distance = 4.46 cm., A = 1.54051 A,
Magnetic field = 5 K. Gauss

Sample: BPPCC
Temp.in | lpinA |Meanl,inA | Modellength L | l/L
°C B in A o
45 20.7 20.87 | 19.15 1.09
50 20.77
55 20.7
60 20.79
65 20.82
70 2104
72 . 2123




140

Table 3.36
Apparent molecular length (1,;) at different temperature.
Sample to film distance = 4.46 cm., A = 1.54051 A,
Magnetic field = 5 K. Gauss

Sarhple: PPPCC

Temp.in | lpinA | MeanlyinA | Model length L | L/ L
°C in A

37 23.98 2426 211 1.15
40 23.92

45 24.08

50 23.98

55 24.11

60 24.24

65 24.14

70 2421

745 2443
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Table 3.37

Experimental values of the density (p) , magnetic susceptibility (),

susceptibility anisotropy ( Ay ), and the order parameter < P, >.

Sample: CPPCC

Temp. | Density (p) | -xj x 107 | Ax x 107 | order parameter
in °C | ingm/cc c.g.s.unit C.g.s.unit <Py>

48.5 1.069 6.85 4.8 0.590

525 1.067 6.87 ' 4.7 0.570

58.5 1.062 6.88 4.4 0.535

63.0 - 1.057 6.91 4.0 0.488

67.5 1.051 6.95 34 0.420

75.0 1.040  7.18= e

Axo = 8.22x10% c.g.s.unit ;
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Table 3.38

Experimental values of the density (p) , magnetic susceptibility () ,

susceptibility anisotropy ( Ay ), and the order parameter < P, >.

Sample: CPBCC

Temp. | Density (p) | -xj x 107 | Ax x 10 | order parameter
in °C | ingm/cc ¢.g.S.unit c.g.s.unit <P, >

38.5 1.044 6.71 5.0 10.643

43.0 1.041 6.72 48 0.613

48.0 1.036 6.74 4.6 0.582

53.0 1.034 6.75 44 0558

58.5 1.026 677 41 0.523

63.0 1.022 6.80 3.6 0.462

67.0 1.016 684 3.1 0.393

75.0 1.004 7.05 = Yiso |

Ay, = 7.85x 10® ¢c.g.s.unit;
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Table 3.39

Experimental values of the density (p) , magnetic susceptibility (y) ,
susceptibility anisotropy ( Ay ) , and the order parameter < P, >.

‘Sample: BPPCC

Temp. . | Density (p) { -x; x 107 | Ax x 10° | order parameter
in °C | ingm/cc cgsunit | é.g.s.unit <P, >
44.0 0.992 6.24 338 0.626
49.0 0.988 6.25 3.6 0.594
54.0 0.984 6.27 3.4 0.567
59.0 0.980 6.28 32 0.535
63.0 0.976 6.29 3.1 0.509
67.5 0.972 6.32 2.6 0.430

705 0969 635 22 0.370
78.0 0.960 649 = Yiso

Ayo = 6.04 % 10 c.g.s.unit ;
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Table 3.40

Experimental values of the density (p) , magnetic susceptibi]ity ),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >,

Sample: PPPCC

Temp. | Density (p) | -xj x 107 | Ax x 10 | order i)arameter
in °C in gm/cc c.g.s.unit c.g.s.unit <P, >
39.0 0975 634 40 0.644
43.0 0.973 6.35 3.9 0.627
48.0 0.968 6.36 3.8 0.600
53.0 0.964 637 . 36 . 0575
58.5 0.960 6.38 3.4 0.546
62.0 0.956 6.38 33 0.535
67.0 0.952 6.43 3.1 0.493
71.0° 0.948 6.45 28 0.450
74.0 0.944 6.48 2.6 0.411
81.0 0938 661 = %

Ay, = 6.27x 10°® C.g.s.unit ;



145

Table 3.41
Experimental values of splay elastic constant ( K;; ) for various
(T-T) values.
_ Sample: CPPCC
T, =70° C, Sample thickness = 162 um, H, = Threshold magnetic field

T.-T Hcin Gauss | Ay x 10® cgs unit | Kir x 10° dyne
1 715 33 0.45
6 750 3.9 0.58
11 770 4.4 0.69
15.5 790 4.6 0.77
21 815 4.9 0.86
Table 3.42

Experimental values of bend elastic constant ( K33 ) for various (T.-T
) values.
Sample: CPPCC
T.- 70° C, Sample thickness = 162 um, H, = Threshold magnetic field

T.-T Hoin Gauss | Ay x 10® cgs unit | Kj3 x10°° dyne
1 750 3.3 0.49
6 805 3.9 0.67
11 860 4.4 0.86
15.5 900 4.6 1.00
21 960 49 1.20
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Table 3.43

Experimental values of splay elastic constant ( K;; ) for various

(T, - T) values.
Sample: CPBCC

T, = 68.3° C, Sample thickness = 162 um, H, = Threshoid magnetic field

T.-T H.in Gauss | Ay x 10® cgs unit | Ki; x 10° dyne
13 624 ' 3.1 0.32
6.3 660 3.8 0.44
11.3 670 42 0.51
16.3 675 45 0.54
213 685 4.6 0.59
26.3 710 47 0.63
303 711 5.2 .69
34.8 720 54 0.75
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‘Table 3.44
Experimental values of bend elastic constant ( K33 ) for various
(T-T) values.

Sample: CPBCC

T. = 68.3° C, Sample thickness = 162 pum, H, = Threshold magnetic field

T.-T H, in Gauss Ay x 10'8 cgs unit | Ka3x 10 dyne
1.3 626 . 3.1 0.32
6.3 666 3.8 0.44
11.3 686 4.2 0.53
16.3 706 4.5 0.59
21.3 726 4.7 0.66
26.3 756 4.7 0.72
30.3 760 52 0.80
34.8 786 5.4 0.89
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Table 3.45

Experimental values of splay elastic constant ( K;; ) for various

(T, - T) values.

Sample: BPPCC

T.=72.6°C, Sample thickness = 101 pm, H, = Threshold magnetic field

T.-T H,in Gauss | Ay x 10® cgs unit | Kij x 10™ dyne
2.6 1030 2.3 0.25
4.6 1080 2.5 0.30
9.6 1120 3.1 0.40
14.6 1160 3.3 0.45
19.6 1210 3.4 0.52
24.6 1230 3.6 0.57
2091 1260 3.8 © o 0.62




Experimental values of bend elastic constant ( K3;) for various

T,=72.6°C, Sample thickness = 101 um, H; = Threshold magnetic field

Table3.46

(T, - T) values.
Sample: BPPCC

T.-T H;in Gauss | Ay x 10® ¢gs unit | K33 x 10° dyne
2.6 960 23 022
46 1000 25 0.26
9.6 1050 3.1 0.35
14.6 1120 3.3 0.42
19.6 1170 3.4 0.49
24.6 1200 36 0.54
29.1 1230 3.8 0.59
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Table 3.47

Experimental values of splay elastic constant ( Kj; ) for various

(T T) values.

Sample: PPPCC

T, = 75.0° C , Sample thickness = 162 um, H; = Threshold magnetic field

T.-T H, in Gauss Ay x 108 cgsunit | Ky x 10° dyne

1 820 2.6 0.46

55 880 2.9 0.60

10 950 3.2 0.77

15 1000 3.3 0.88

20 1060 3.5 1.06

25 1120 3.7 1.23

30 1230 3.9 1.55

35 1330 4.0 1.89
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Table 3.48

Experimental values of >splay elastic constant ( K3; ) for various

(T, - T ) values.
Sample: PPPCC

T.=75.0°C, Sample thickness = 162 um, H, = Threshold magnetic field

CTe-T H.in Gauss | Ay x 10® cgs unit | K33 x10”° ‘Elyne

i T8I0 T 26 046
5.5 870 29 059

10 920 32 0.72

15 950 | 3.3 0.79
20 - 980 35 090
25 1010 37 1.00

30 1085 - 39 121

35 1160 4.0 144
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Table 3.49

Experimental values of the Frank elastic constant ratio ( K33 / K;q ) at

different relative temperatures (T.- T ).

Sample: CPPCC " Sample: CPBCC

T.-T Ks3/Kn T.-T Ks3 / Kii
1 1.10 13 101

6 1.15 63 1.02

11 125 11.3 1.05

15.5 1.30 163 | 1.09

21 139 213 112

263 1.13

30.3° 1.14

348 LI9




153

Table 3.50

Experimental values of the Frank elastic constant ratio ( Ks;3 / Ky;) at

different relative temperatures ( T.- T ).

Sample: BPPCC Sample: PPPCC

T.-T K33 /Ky o Te-T K33 /Ky
2.6 0.87 1 1.00
4.6 0.87 55 0.98
9.6 0.88 10 094
14.6 0.93 15 0.90
19.6 0.93 20 0.86
246 0.95 25 0.81
29.1 0.95 30 0.78
35 0.76




154

References:

1) Hoffmann-La Roche Catalogue.

2) M. Takahashi, S. Mita and S. Kondo, Mol. Cryst. Liq. Cryst., 132, 53
(1986). '

3) M. Mitra, S. Paul and R. Paul, Pramana-J. Phys., 29, 409 (1987).

4) A.J. Leadbetter, R. M. Richardson and C. N. Colling, J. Phys., (Paris)
36, 1 (1975).

5) R. Chang, Mol. Cryst. Liq. Cryst, 30, 155 (1975).

6) D. Revanﬁasiddaiah and D. Krishnamurti, Mol. Cryst. Liq. Cryst, 53, 63
(1979). -

7) L. H. Ibrahim and W. Hasse, J.de Physique, C3, 40, C3-164 (1979).

~ 8) 1. H. Ibrahim and W. Hasse, Z. Naturforsch, 31a, 1644 (1976).

9) M. Mitra and R. Paul, Mol. Cryst. Liq. Cryst, 148, 185 (1987).

10) A. Scharkowski, H. Schmiedel, R. Stannarius and E. 'Weisshuhn, Mol.
Cryst. Lig. Cryst, 191, 419 (1990).

11) M. Schadt, R. Buchecker, F. Leenhouts, A. Boller, Mol. Cryst. Liq.

 Cryst, 139, 1 (1986).

12) M. J. Bradshaw, E. P. Raynes, 1. Fedak and A. J. Leadbetter, J.
Physique, 45, 157 (1984).



CHAPTER- 4

X-ray diffraction studies and measurement of refractive indices,
magnetic susceptibility anisotropy, density, splay and bend

elastic constant of two members of isothiocyanatobenzenes.
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The chemical name, chemical structure and transition temperatures

of the mesogenic compounds studied are given below.

I.  4-(trans-4’ - n- decyl cyclohexyl) Isothiocyanatobenzene
(10 CPS in short)
C10H21-Cy-Ph-NCS

41.7°C 50.7°C
K= 2N < >
31.6°C

.  4-(trans-4' - n- dodecyl cyclohexytl) Isothiocyanatobehzene
(12 CPS in short)
C12H25-Cy-Ph-NCS

508°C  52.5°C
Kz 2N < > 1
44°C

-( Ph = Phenyl ring, Cy = Cyclohexane ring)
The chemicals were synthesised by Prof. R. Dabrowski and his co-workers
in Institute of Chemistry, Military Um'versity of Technology, Warsaw,
Poland and was supplied to us in the pure form. These mesogens were used
by us without further purification. The transition temperatures were
determined by us by observing their textures under polarising microscope
using Mettler FP 80/82 thermosystem. The tranéition temperature obtained
by us agreed with those in the literature [1,2] within 1 °C.

The experimental procedures used and the method of data analysis
are given in Chapter 2 and so only- the experimental data and calculated
values are given in this chapter. The values of density, ordinary and extra-

‘ordinary refractive indices at four different wave lengths for 10CPS are
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tabulated in Tables 4.1a and 4.1b. The wavelengths used for refractive
index measurements are 4358A, 5461A, 5780A and 6907A. The density
and refractive index values in the isotropic phase of 10CPS are also given
in the Tables. The density and refractive indices (at a different wave length
of 589 nm) values of 10CPS have already been reported by Baran et al.[3]
and their values agree with the present values within experimeﬁtal EITOorS.
However, Baran et al.[3] did not analyse their data to calculate the order
parameter of iOCPS, which have been determined by us. Tables 4.2a and
4.2b give the values of density and refractive indices at four different wave
lengths for 12CPS in its mesophase and isotropic phase. The temperature
variations of density for 10CPS and 12CPS are shov;n in Figure 4.1 énd
Figure 4.2 respectively. The density changes at the nematic to isotropic
transition are small, the change is indeed very small for 1ZCPS.( The
temperature variation of ordinary and extra-ordinary refractive indices for
10CPS and 12CPS are shown in Figure 4.3 and Figure 4.4 respectively.
The polarisabilities of 10CPS calculated using Vuks and Neugebauer
methods (Chapter2) are tabulated in Table 4.3 and Table 4.4 respectively.
‘The corresponding polarisability values for 12CPS using Vuks and
Neugebauer procedure are given in Table 4.5 and Table 4.6 respectively.
The order parameters at different temperatures for 10CPS calculated from
Vuks and Neugebauer polarisabilities are tabulated in Tables 4.7 and 4.8
respectively. The polarisability anisotropy in the perfectly aligned phase, as
obtained from Haller’s extrapolation method are also given in the Tables.
As seen in the last Chapter (Chapter 3), here also polarisabilty
" anisotropies calculated by Vuks method are larger than those from
Neugebauer method but the order parameters calculated from the two

methods are almost identical. Tables 4.9 and 4.10 give the order parameter
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values for 12CPS as calculated from Vuks and Neugebauer methods
respectively. Extrapolated values of polarisability anisotropy at < P, > =1
are also given in the Tables. Again the order parameter values from the
two procedures agree véry well.

X-ray diffraction photographs were taken for the aligned samples of
10CPS and 12CPS in their mesophase. A magnetic field of about 5
 Kilogauss was used to align the samples. No x-ray diffraction photograph
could be taken in the super cooled nematic phase of 12CPS as the sample
crystallised below 50.8°C. Hence, only one diffraction pattern for the
sample was taken between 50.8°C and 52.5°C, the clearing temperature.
However, for 10CPS x-ray diffraction studies could be performed in the
. supercooled nematic phase. Plates 4a and 4b show the x-ray diffraction
patterns from 10CPS at 46°C and from 12CPS at 51.5°C respectively.

‘The angular distributions of the x-ray intensity along the outer arc of
the diffration pattern for 10CPS after necessary background correction, are
tabulated in Table 4.11. The corresponding angular distribution functions
calculated using Leadbetter formula (Chapter 2, equation 2.16 ) are given
in Table 4.12. For 12CPS both the angular distribution of X-ray intensity
and the corresponding angular distribution function at only one
experimental temperature are given in Table 4.13. The order parameter
Valiles for 10CPS and 12CPS, calculated following the equation 2.17 are
tabluated in Table 4.14 and Table 4.15 respectively. . The apparent
molecular lengths as calculated from the inner arc of the x-ray diffraction
pattern, for 10CPS and 12CPS are given in Table 4.16. The temperature
variation of apparent molecular length for 10CPS is shown in Figure 4.5.
The single value of apparent molecular length of 12CPS is also plotted in
the same figure. It can be seen that apparent molecular length of 10CPS is
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Plate 4a: X-ray diffraction photograph of the oriented sainple- in the
nematic phase of 10CPS at 46°C.

Plate 4b: X-ray diffraction photograph of the oriented sample in the
nematic phase of 12CPS at 51.5°C.
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almost constant at 31.7 A . The molecular model length of 10CPS in its
fully extended form is 25.7 A. Thus the ratio of apparent molecular length
to the model length is 1.23. The values of apparent molecular length, model
molecular length and their ratio for 12CPS are 33.9 A, 28.1 A and 1.21
respectively. Thus the ratios of the apparent to model molecular lengths are
almost the same for the two CPS compounds and this ratio is much smaller
than the value (1.4) in the case of cyanobiphenyls which form dimers. Sb
there is some association of molecules in the mesophases of 10CPS and

12CPS, though it is much weaker than that in cyanobiphenyls.
The magnetic susceptibility along the director, y , the magnetic

susceptibility anisotropy, Ay, and the order parameter values at different
temperatures for 10CPS are tabulated in Table 4.17. The density values
given in the Table have been interpolated from our experimental values
| given in Table 4.1a. The magnetic susceptibility anisotropy for perfectly
ordered sample has been obtained by Haller's extrapolation method
(described in Chapter 2) and is given in the Table. The magnetic
susceptibility x| , Ay, order parameter and interpolated density values for
12CPS are given in Table 4.18. The experimental values for 12CPS could
be obtained at only one temperature in the mesophase since no supercooled
‘nematic phase was obsefved in the magnetic field. The temperature
variation of magnetic anisotropy of 10CPS is shown in Figure 4.6. N
The temperature variation of order parameter values for 10CPS as
obtained from refractive index, magnetic susceptibility and x-ray
diffraction studies, are shown in Figure 4.7. In this figure the Maier-Saupe
theoretical values are also shown. The <P, > values calculated from x-ray
diffraction data agree very well with the Maier-Saupe theoretical values

throughout the mesomorphic temperature range. The order parameter
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values obtained from refractive index and- magnetic susceptibility
measurements agree with the theoretical values at lower temperatures. But,
near the nematic to isotropic transition temperature these order parameter
yalues decreasé more rapidly than the theoretical values. This trend is more
pronounced in the <P, > values obtained from the refractive index data.

| The temperature variation of order parameter values of 12CPS,
obtained from different experimental methods, are shown in Figure 4.8.
Since the mesomorphic temperature range of 12CPS is very small, not
much can be inferred from this figure. However, like 10CPS for 12CPS
also the < P, > values obtained from x-ray diffraction data are somewhat
greater than those obtained from refractive index and magnetic
suscéptibility at the same temperature.

The splay and bend elastic constants of these two mésogens were
determined by observing Freedericksz transition in magnetic field. The
details of the method have already been de§cribed in Chapter 2 of the
present thesis. ' |

The splay and bend elastic constants at different temperatures for
"10CPS are given in Tables 4.19 and 4.20 respectively. The critical
magnetic field and the thickness of the sample are also given in the tables.
The splay and bend elastic constant values of 12CPS are tabulated in
Tables 4.21 and 4.22 respectively for only one temperature, since in a
magnetic field the mesophase of 12CPS was stable in the temperature
rénge of 1.7 °C only.

The temperature variation of splay and bend elastic constant values
-of 10CPS are shown in Figure 4.9 and Figure 4.10 respectively. These
variations are normal. The teinperature variation of bend to splay elastic

constants of 10CPS is shown in Figure 4.11 and tabulated in Table 4.23. In.
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this Table the K33/Ky; ratio for 12CPS has also been given. It can be seen
that the ratios ére less than 1 for 12CPS and 10CPS at all temperatures. It
may be noted that for cyanophenyl com;gunds this ratio is larger than 1. In
nCPS compounds Kj3; values are much smaller than K33 values for
corresponding cyanocompounds [4]. According to Schadt et al. [5] the
K33/Ky; ratio decreases with decreasing polarity of the compounds. It has
also been found by Schadt et al.[6] that K33/K;; ratio is affected by the type
of ring structure in the rigid part of the molecules. In non-polar
azoxybenzene homologous series, de Jeu et al. [7] found that the K33/Ky;
value decreases with increasing chain length. The K33/K;; value for 6CPS
is 1.11, at T, - T = 21 °C [4], whereas for 10CPS our value is 0.972
at T, - T =9.7°C. Thus the values of the ratio K33/Kj1, for 10CPS obtained

by us is consistent with the experimental observations of other researchers.



Density (p) and refractive indices (n,,n.) at different temperatures

Table 4.1a

of Sample 10CPS.

Temp. Density A=6907 A A=5780 A

in°C | ingm/ce 1, N 1, ‘1.
35 0.972 1.521 1.645 1.529 1.653
37 0.970 1.522 1.642 1.530 1.649
39 0.969 1.523 1.638 1.531 1.645
42 0.965 1.524 1.634 1.532 1.642
44 0.964 1.525 1.630 1.533 1.638
46 0.962 1.526 1.624 1.534 1.632
48 0.960 1.530 1.619 1.538 1.627
49 0.959 1.532 1.615 1.540 1.623
50 0.957 1.534- 1.611 1.542 1.619

0.953 © 1.553 1.561

52

172



Table 4.1b

173

Density (p) and refractive indices (n;, , e ) at different temperatures

of Sample 10CPS.

Temp. | Density “A=5461 A A=4358 A

n°C | ingm/cc n, ne 1, ne
35 0972 1537 1661 1548 1672
37 0970 1538 1657 1549  1.668
39 0969 . 1539 1653 1549 ° 1664
2 0965 1540 1649 1551  1.660

44 0964 ~  1.541 1.645 1552 . 1.656

46 0962 1542 1640 1553 1651
48 0960 - 1546 1635 1556 1645
49 0959 1548 1631 1558  1.642
50 0957 1550 1627 1561  1.638
52 0.953 1.569 1.579
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Density (p) and refractive indices (n,,n.) at different temperatures

1.549

of Sample 12CPS.

Temp. Density A=6907 A AL=5780 A

in°C in gm/cc n, Ne N, e
48 0917 1.483 1.603 1.493 1.614
49 0.916 1.483 1.601 1.494 1.612
50 0.915 1.484 1.600 1.495 1.610
51 0.913 1.485 1.596 1.496 1.607
52 0.912 1.486 1.591 1.497 1.601
54 0.909 1.528 1.538

Table 4.2b
Density (p) and refractive indices (n,,n.) at different temperatures
of Sample 12CPS.

Temp. Density A =5461 A A =4358 A

in°C in gm/cc N e N, N,
48 0.917 1.504 1.624 1.518 1.638
49 ‘ 0.916 1.504 1.622 1.518 1.636
50 0.915 1.505 1.621 1.519 1.635
51 0913 1.506 1.617 1.520 1.631
52 0.912 1.507 1.612 1.521 1.626
54 0.909 1.563
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Polarisability ( a,, o) at different temperatures of sample 10CPS
- by Vuks method.

(O

Temp. | A =6907 A A=15780 A A=5461 A A=4358 A

mn°C | a O | O Ole Olo Ole oo Ol
35 43.03 55.92 43.58 5647 44.13 5701 4485 57.72
37 4321 55.62 43.76 56.16 4431 56.70 45.04 57.42
39 4341 5532 4396 5587 4450 5641 4523 57.13
42 4372 5511 4427 5566 4481 5620 4554 56.93
44 4391 5480 4447 5535 45.02 5589 4575 56.62
46 4414 5439 4471 5494 4526 5549 4599 5621
48 44:59 5392 4515 5447 4570 5501 4644 5574

49 4482 5356 4537 5410 4593 54.65 46.67 55.38
50 45.14 53.18 4570 53.74 4625 5428 4699 55.01

o, & o, arein 102* cm® unit.
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Polarisability ( o,, a.) at different temperatures of sample 10 CPS

by Neugebauer method.

A=5780 A

Temp | A=6907 A A=5461 A L=4358 A

in°C| o Ole Olo Ole Olo Qe Qo Ole
35 4382 5435 4437 5488 4493 5540 45.67 56.09
37 4397 5411 4452 5463 4508 5515 4582 5585
39 4413 5388 44.69 5440 4524 5493 4598 55.63
42 4441 5373 4497 5426 4552 5479 4626 5549
44 4457 5349 4514 5401 4569 5454 46.44 5525
46 4476 53.15 4534 5369 4589 5422 46.64 5493
48 4515 52779 4572 5333 4628 53.86 47.02 54.57
49 4534 5250 4591 53.03 4647 5357 4722 5428
50 4562 5221 46.19 5275 4675 5329 4749 54.00

o, & o arein 10 cm® unit.



Table 4.5
Polarisability ( a,, o) at different temperatures of sample 12CPS
by Vuks method.

177

Temp. | A=6907 A .7\, = 5780 A A=5461 A A=4358 A

in°C | a | O Olo Ole Olo Ole Olo Ole
48 46.15 6048 4699 6134 4785 6217 48.97 63.284
49 46.29 60.33 .47..14 61.18 4799  62.01 49.11 63.11
50 4643 60.17 4728 61.01 48.13 61.85 4925 6296
51 46.64 59.89 4750 6073 4834 6157 4947 62.69
52 46.84 59.35 4770 60.19 48.54 61.06 49.67 62.17

a, & o, arein 102* cm’® unit.

_ _ Table 4.6
Polarisability (o, o) at different temperatures of sample 12CPS

by Neugebauer method.

Temp. | A=6907A | A=5780A A =5461 A A=4358 A

n°C | aqa, Ole 0o | Oe Olo Ole Qo Ole

48 4696 5885 47.82 59.68 4870 60.48 49.83 61.55
49  47.09 5873 4795 59.55 4881 6035 4995 6142
50 4721 5861 48.08 5942 4894 6023 50.08 61.31
51 4739 5838 4827 59.19 49.12 60.01 5026 61.10.
52 4755 5793 4842 5875 4928 5959 5042 60.66

o, & o, arein 10%* cm’ unit.



Order parameter <P, > of sample 10CPS at different

temperatures by Vuks method.

(o -0 )= 22.3in10* cm’ unit,

[Temp. [A=6907 A | A—5780A | A= 5461 A | & - 4358 A | Average |

in°C <P, > <Py> <P;> <Py> <Py >
35 0.578 0.578 0.578 0.577 0578
37 0.556 0.556 0.555 0.555 0.555
39 0.534 0.534 0.534 0.534 0.534
42 0.511 0.511 0.511 10.511 0.511
44 0.488 0.488 0.487 0.487 0.487
46 0.460 0.459 0.459 0.458 0.459
48 0.418 0.418 0.417 0417 0417
49 0392  0.390 0.391 0.391 0.391
50 0361 0.360 0.360 0.360 0.360
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Table 4.8

Order parameter <P;> of sample 10CPS at different

temperatures by Neugebauer method.

(o -oy)=18.25in 10> cm’ unit.

179

Temp. | A=6907A | A=5780A | A=5461 A | ., =4358 A | Average

in°C <P, > <P, > <P, > <P, > <P, >
35 0.577 0.576 0.573 0.571 0.574
37 0.556 0.554 0.552 0.550 0.553
39 0.534 0.532 10.531 0.529 0.532
42 0.511 0.510 0.507 0.506 0.509
44 0.489 0.487 0.485 0.483 0.486
46 0.460 0.458 0.456 0.454 0.457
48 0.419 0-.4.17 0.415 0.414 - 0416
49 0.382 0.391 0.389 0.387 0.387
50 0.361 0.360 0.358 0.357 0.359
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Table 4.9
Order parameter <P,> of sample 12CPS at different
temperatures by Vuks method.

- (o -a1)=287in 102 cm’ unit.

Temp. | A,=6907A | A=5780 A | A=5461 A | A =4358 A | Average

in°C <P,> <Py > <P,> <Py> <Py>
48 0.500 0,500 0,499 0.498 0.499
49 10.489 0.489 0.488 0.488 0.488
50 0.479 0.478 0.478 0.478 0.478
51 0.461 0.460 0.461 0.461 0.461
52 0.436 0.435 0.436 0.435 0.435

Table 4.10

Order parameter <P;> of sample 12CPS at different

temperatures by Neugebauer method.

(o -0 )= 23.9in 10%* cm’ unit.

Temp. | A=6907 A | A=5780A | A, =5461 A | A=4358 A | Average

in°C <Py > <P, > <P, > <P, > <P, >
48 0.497 0.496 0.493 0.490 0.494
49 0487 0.485 0.483 0.480 0.484
50 0.477 0.474 0.472 0.469 0.473
51 0.460 0.457 0.456 0.454 0.457
52 0.434 0.432 0.431 0.428 0.431




Table 4.11
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Mean experimental intensity values I (), in arbitrary units , of 10

CPS after background correction. .

oy I (y) values at different temperatures in degrees

(deg.) 34 37 42 46 49 50
0 183 160 155 180 075  2.80
5 1.80 1.55 1.55 1.75 0.75 2.75
10 1.55 1.45 1.40 1.65 0.70 2.65
15 1.20 130 1.10 1.50 0.55 2.40
20 0.85 1.00 0.80 1.40 0.45 2.10
25 0.65 0.75 0.60 1.30 0.35 2.00
30 - 0.50 0.60 0.50 1.10 025 . 1.70
35 0.35 0.50 0.40 0.85 0.20 1.40
40 0.35 035  0.35 0.70 0.20 1.15
45 0.25 0.30 0.30 0.55 0.18 095
50 0.22 0.25 0.25 0.45 0.15 0.80
55 0.20 023 -0.20 0.35 0.15 0.70
60 018 020 020 025 012 060
65 0.17 0.18 0.18 0.20 0.11 0.40
70 0.14 = 0.13 0.15 0.15 0.10 0.25
75 0.13 0.08 0.15 010  "0.10 0.20
80 0.10  0.00 0.10 0.08 0.10 0.10
85 0.05 0.00 0.10 - 0.00 0.05 0.05
90 0.00 0.00 0.00 0.00 0.00

0.00




Table 4.12

Normalised distribution function values f (8 ) of 10 CPS.

B f(B) values at different temperatures in degrees
(deg.) 34 37 2 46 | 49 50
0 9.88 6.90 8.18 4.57 6.49 4.51
5 9.75 6.74 8.22 4.50 6.62 4.41
10 8.80 6.24 7.74 4.22 6.55 4.08
15 6.53 541 6.02 3.72 5.52 3.59
20 4.03 4.33 3.82 3.19 3.80 3.08
25 2.42 3.18 2l.31 2.82 2.39 2.68
30 1.64 2.19 1.59 2.57 1.59 2.37
35 1.27 1.47 1.29 2.26 1.21 2.02
40 1.00 1.04 1.09 1.73 0.99 1.57
45 071 0.80 0.85 1.17 0.81 1.56
50 050 066 062 079 066  0.88
55 0.40 0.55 0.48 0.62 0.57 0.75
60 0.39 0.47 044 055 0.55 - 0.69
65 0.40 0.40 043 0.47 0.54 0.59
70 0.37 0.32 0.40 0.32 0.49 0.38
75 0.25 0.22 0.30 0.15 0.37 0.18
80 0.14 0.10 0.19 0.06 0.24 | 0.08
85 0.08 0.04 0.13 0.03 0.17 0.04
90 0.03 0.11 0.02 0.03

0.06

0.15
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Table 4.13
Mean efxperimental intensity values I ( y ), in arbitrary units , after

background correction and Normalised distribution function values

f (B) of 12CPS.

v I(y) B £(B)
- in degrees values at 51.5° C in degrees values at 51.5°C
0 ~ 135 0 73.60
5 1.33 5 3.68
10 125 10 3.82
15 1.20 15 3.82
20 1.15 20 3.55
25 100 25 3.07
30 0.80 30 2.52
35 0.60 35 1.99
40 0.50 40 1.50
45 045 45 1.10
50 0.35 50 0.81
55 0.25 55 0.62
60 0.20 60 051
65 0.18 65 0.42
70 0.15 70 . 032
75 0.13 75 0.23
80 - 0.10 80 0.15
85 010 85 0.11
%0 0.00 90 “0.10




Table 4.14

Sample : 10CPS

Variation of < P, > and < P4 > with temperature.

Temperature in ° C <P,> <Ps>
34 0.569 0.293
37 0.554 0.214
42 0.519 0.245
46 0.484 0.089
49 0.465 0.212
50 0.451 : 0.077
Table 4.15

Sample : 12CPS

Variation of < P, > and < P4 > with temperature.

Temperature in ° C <P, > | <Py>

51.5 0.465 0.102
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Table 4.16

Apparent molecular length (1,;) at different temperature.
Sample to film distance = 7.86 cm., A = 1.54051 A,
Magﬁetic field = 5 K. Gauss

185

Sample: 10CPS Sample: 12CPS
Model length L =25.7 A Model length L = 28.1 A
Temp. | lp in | Mean length laé/L Temp. | lpin lop/L
in°C | A lpin A n°C | A
34 316 31.7 1.23 51 339 1.21
42 317 |
46 319
50 319
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Table 4.17

Experimental values of the density (p) , magnetic susceptibility (),

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample 10CPS

Temp. | Density (p)* | -y x 107 | Ay x 10® | order parameter
in°C in gm/cc c.g.s.unit | c.g.s.unit <P, >
36.0 0.971 7.1 3.5 0.566
38.5 0.969 7.11 3.5 0.551
40.5 0.967 7.12 3.4 0.537
43.0 0.964 7.13 3.2 0.516
460 . 0.962 7.15 3.0 0.475
480 0.960 7.16 2.7 0.439
50.5 0.955 7.18 25 0.395
520 0952 735 = Yiso

Axo = 6.265x 10° c.g.s.unit ;
* Interpolated values from Table 4.1a.
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Table 4.18

Experimental values of the density (p) , magnetic susceptibility ( ),

susceptibility anisotropy ( Ay ), and the order parameter < P; >

Sample 12CPS
Temp. | Density (p)* | -y x 107 | Ay x 10® | order parameter
m °C in gm/cc c.g.s.unit c.g.s.unit <P, >
51 0.913 7.626 2.905 0.445
53 0.910 7.820 =" Yo

Ayo = 6.528 x 10 c.g.s.unit ;
* Interpolated values from Table 4.2a.
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| Table 4.19 |
Experimen‘tal values of splay elastic constant ( K;; ) for various (T.- T)
| values. |
Sample 10CPS

T.=50.7°C, Sample thickness = 162 pm, H; = Threshold magnetic field.

T,-T Hcin Gauss | Ay x 10 cgs unit| Kii x 10° dyne
1.7 710 2.6 0.35
3.7 746 2.9 042
5.7 780 ' 3.1 0.50
7.7 819 : 32 0.58
9.7 - 860 33 0.66
Table 4.20
Experimental values of splay elastic constant ( K33 ) for various (T, - T)
values. |
Sample 10CPS

T.=50.7° C, Sample thickness = 162 um, H, = Threshold magnetic field

T.-T Hcin Gauss | Ay x 10® cgs unit | Ks3 x10° dyne
1.7 700 26 | 0.34
37 726 29 | 0.40
5.7 750, 3.1 0.46
77 7715 32 052
9.7 800 33 | 0.57
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Table 4.21

Experimental values of splay elastic constant ( Ky, ) for various (T - T)

values.

Sample 12CPS

T.=52.5° C, Sample thickness = 162 um, H, = Threshold magnetic field

T.-T H,in Gauss | Ay x 10% cgsunit | Ki; x 10° dyne

1.5 725 2.9 0.41

Table 4.22

Experimental values of splay elastic constant ( K3; ) for various (T.- T)

values.

Sample 12CPS

T.=52.5° C, Sample thickness = 162 um, H, = Threshold magnetic field

T.-T

H. in Gauss

Ay x 10 cgs unit

K33 XlO-() dyne

1.5

720

2.9

0.4




Table 4.23
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Experimental values of the Frank elastic constant ratio ( K33 / Ky, ) at

different relative temperatures ( T.- T ).

Sample: 10CPS

Sample: 12CPS

T.-T Ks3/Kn T.-T K3/ Kn
1.7 0.89 15 .99
3.7 0.90
5.7 0.92
1.7 0.95
9.7 0.97
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CHAPTER-§

Magnetic susceptibility anisotropies of two mesogenic mixtures

exhibiting induced smectic A, phase
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In this chapter the magnetic susceptibility anisotropy values of two
different mesogenic mixture having different compositions have been
reported. The mixtures studied have one component as 4-n-penty1-4-n’-
cyanobiphenyl (5CB in short) and the other component being 4-n-pentyl
phenyl-4-n'-alkyloxy benzoate (alkyl=pentyl, MES50.5 in short or
alkyl=hexyl, ME60O.5 in short). Both these mixtures show induced smectic
A4 phase, i.e., the components in pure form have nematic phases only, but
on ﬁﬂxing produce mesogens having both nematic and smectic A4 phases in
certain composition range. The mixture of 5CB+ME60.5 has been
extensively studied by Das and Paul [1,2]. They have given the phase
diagram of the system as well as measured density and refractive indices at
different composition [1]. They have also studied x-ray diffraction pattern
from these mixtures and calculated the order parameters and layer thickness

‘as a function of composition. The mixture SCB+MES5O.5 has also been
studied by different workers [3-5]. Dunmer et al.[4] have given the phase
diagram of this system. Refractive indices have been measured by Palffy-
Muhoray et al.[5], while Das et al.[3] have performed x-ray diffraction
studies on this mixture. Orientational orderv parameters as calculated from
refractive inde)(( and x-ray diffraction studies of both the mixtures, when
plotted against the composition,show a minimum near the equimolar
concentration [2,3]. The ratio of bend to splay elastic constants has been
determined for one of the mixtures in our laboratory.[6] |

The present work was undertaken to see whether Ay the magnetic
susceptibility anisotropy and <P,>, the order parameter calculated from it
also show a minimum at equimolar composition of these two mixtures or
not. The phase diagrams of SCB + ME50.5 and 5CB + ME6O.5 are shown -
in Figures 5.1 and 5.2 reépectively[l,4]. |
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Figure 5.1. Phase diagram of SCB/MESO.S5 mixture as a function of mole
fraction (x5cp) of SCB [3].
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For the study of the system SCB + MES5O.5 (System I), six mixtures
were prepared by mixing the weighed amount of pure components and
heating the mixture to its clearing temperature and keeping it at that
temperature for 3-4 hours with constant stirring to produce homogenous
mixtures. The composition (rﬁole fraction of 5CB) and the transition

temperatures of these six mixtures are given below:

I. Mix. Al (XSCB = 0206)

<20°C 36.7°C 53.7°C
K< > Sp < >N < |

II. Mix. A2 (XSCB = 0303)

<20°C 45.2°C 53.5°C
K< > Sp < > N < > 1

II. Mix. A3 (XSCB = 040)

<20°C 48.8°C 53.7°C
K < > Sp < >N < > 1

IV. Mix. A4 (XSCB = 0501)
<20°C 46 .4°C 52.1°C
K<———> S, < >N < > I

V. Mix. A5 (XSCB = 059)

<20°C 39.6°C 49.7°C
K< S, < >N < > 1

V1. Mix. A6 (XSCB = 0702)

| <20°C 44.1°C
K< >N < —>1
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Figure 5.2. Phase diagram of 5CB/ME60.5 mixture as a function of mole
fraction (XSCB3 of SCB [2].
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Similarly, for the system 5CB + ME6Q.5 (System II), eight mixtures
with different compositions were prepared for our study. The composition

and the transition temperatures of these eight mixtures are noted below:

I. Mix. B.l (XSCB = 01845)

<20°C 52.5°C 61.5°C
K<—> S, < >N < >

1

o Mix. Bp_ (XSCB = 02488)

<20°C 54.7°C 61.°C
K<—> Ss < >N < ‘ > 1
. Mix. B3 (XSCB = 0.3025)
<20°C 57.2°C 60.2°C
K<——> 8, < >N < > 1
IV. Mix. B4 (xscs = 0.4008)
<20°C 57.3%C - 59.2°C
K<———> S, < >N < >
V. Mix. B5 (XSCB = 04986)
<20°C 52.8°C 56.3°C
: CK<——> 8, < >N < > 1
VI. Mix. B6 (XSCB = 055973)
<20°C 48.1°C 54.8°C
K<—>Sp<«——> N<—r"7-—->1

VII. Mix. B7 (X5CB = 06427)

<20°C 419°Cc - 51.9°C
K<——= S, < >N < > 1
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VIII. Mix. Bg (XSCB = 07075)

<20°C 48.6°C
K < SN < >

Some of the mixtures in both the systems show co-existence of both
nematic and isotropic phases over a small temperature range (~0.5°C) at the
clearing point. |

Of the six mixtures of System I, one has only nematic phase, all other
have both nematic and smectic Ay phases. The densities and the magnetic
susceptibilities were measured using the methods described in detail n
Chapter 2.

The experimental values of densities, ¥, the magnetic susceptibility

along the director, Ay, the magnetic susceptibility anisotropy and calculated
<Py> values', for these six mixtures (A; to Ag) are tabulated in Tables 5.1 to
5.6 respectively. The extrapolated values [7] of Ay for perfectly aligned
samples are also given in these tables. The magnetic susceptibility of the
pure MESO.5 and ME6O.5 have also been measured, but these values are
given in Chapter-7.

Figures 5.3a - 5.3¢ show the temperature variation of density of the
five mixtures. The density of one of the mixture (mix. Aj) is interpolated
values from Das et al [3]. In general near mid compositon region, the
density changes at nematic to smectic A transition are greater than those at
nematic to isotropic transition. Similar result on this systém has already
been reported|3] for this system at xscg = 0.4.

The temperature variations of Ay for these mixtures are shown in
Figures 5.4a -5.4f. The changes in Ay values at the smectic A to nematic
transition are more pronounced for mixtures A4 (x=0.501) and As(x=0.590).

The temperature variations of order parameters are shown in Fig. 5.5a-5.5f.
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Figure 5.4a. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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Figure 5.4c. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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Figure 5.4d. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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Figure 5.4e. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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Figure 5.5a-5.5f. Temperature variation of order parameter <P,> for 5CB -
and ME 50.5 mixture.. |
Xscg 1S the mole fras:tion of of 5CB, & and a are McMillan potential
parameter. Solid line in Figure5a-5e indicates McMillan theoretiéal

<P,> values. Solid line in Figure5f indicates Maier-Saupe theoretical

<P,> values. » = experimental data for <P,>.
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We have also tried to fit theoretical McMillan’s[8] order parameter values
with our experimental values by varying the o and & parameters of the
potential. For mixtures A;, A4, As and Ag the agreements with theoretical
values are good. Mixture A7 has only nematic phase, hence the experimental
<P,> values have been compared with theoretical Maier-Saupe values. In
this case agreement is fairly good except near the nematic-isotropic
transition temperature. However, the experimental order parameter values
for mixture A; and Aj could not be fitted well with McMillan’s values with
any combination a and 9.

Figure 5.6 shows the composition variation of the order parameter in
the mixture 5CB + MES50.5 at a constant temperature of 35 °C. The order
parémeter values of the x-ray diffraction data of Das et al.[3] are also shown
in this figure. The two sets of < P, > values are consistent within
experimental errors. The minimum in < P, > values occurs near the mole
fraction of 5CB equal to 0.4.

- The composition variation of the magnetic susceptibility in the
isotropic phase of the mixtures A; to Ag¢ is shown in Figure 5.7. The
experimental value of the pure component ME50.5 is also plotted in the
figure, though the experimental value of this mesogen has been given in
Chapter 7.{JI have also measured y;s, value of SCB and it is included in»the
figure. It can be seen that y;s, varies linearly with mole fraction as is
expected. , .

Of the eight mixtures of System II, one has only nematic phase, all
others ﬁave both nematic and smectic Ay phases. The densities of several

‘mixtures of this system have already been reported by Das et al. [1]. The»
magnetic susceptibilities along the director, ), of all the mixtures were

measured using the procedure described in Chapter 2. - The density values
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for the present mixtures were interpolated from the values given by Das et
al. [2].

The interpolated values of densities and experimetnal x"' values
together with Ay and calculated | order parameter values at different
temperatures for mixtures B; to Bg are tabulated in Tables 5.7 t6 5.14.

Mixtures B; (xscg = 0.1845) has induced smectic Ay phase. However,
magnetic susceptibility values of mixture B, in smectic Ay phase have not
been shown in Table 5.7. The experimental values in this phase were not
consistent and this may be due to the applied magnetic field being not strong
~ enough to align the sample pfoperly. We had no problem in aligning any
other smectic A4 phase of these mixtures. |

The values of Ay for perfectly aligned samples, obtained by Hallers
[7] extrapolation procedure, are also given in these Tables. The magnetic
susceptibility of ME6Q.S has also been measured, but the data are given in
Chapter 7. _
| The temperature variations of magnetic suceptibility anisotropy (Ax)
for mixtures By to B are shown in Figures 5.8a -5.8h. Again the bhanges in
Ay at smectic Ay to nematic phase transition are ‘the »1argést near the
equimolar compositions. The temperature variations of order parameters for
mixtures B; to Bg are shown in Figures 5.9ato 5.9h. Again we have tried to
ﬁf our experimental order parameter values with the theoretical <P,> values
calculated from McMillan’s theory [8] by varying the values of the pot_ential'
parameters o. and 6. The <P,> values for mixtures B, and Bg have been"
compared with Maier-Saupe values, since mixture Bg has only nematic
phase and for mixture B, the experimental data are avaliable only in the
nematic phasé. It can be, seen that the agreements with theoretical values are

good except Vfor mixtures” B;, B, and Bs, which are in the middle
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Figure 5.8g. Temperature variation of the anisotropy of the diamagnetic susceptibility (Ay).
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composition region. It may not be out of place to mention that in System I
also the worse fittings with theoretical values were the mixtures having
composition around xscg = 0.4. In particular, in mixtures Az (Xscp = 0.40)
and B, (xscg = 0.4008) the agreement are the worst. This is the composition
at which the order parameter values show a minimum (Figures 5.6 and
5.10). Figure 5.10 shows the composition variation of order parameter of
mixtures B; to Bg at a constant temperatures of 35 °C. Also shown in the
figure are the experimental <P,> values of Das et al. [2] from x-ray
diffraction data. The agreement between two sets of <P,> values is fair.
Again, the minimum value of <P,> occurs near xscg ~ 0.4.

The composition variation of magnetic susceptibility in the isotropic
phase of mixtures B; to Bg is shown in Figure 5.11. The y;s, values for the
pure components are also shown in the ﬁguie. Again Yiso Varies linearly with
composition as is expected.

In conclusion; we find that our magnetic susceptibility data
corroborats the findings from x-ray diffraction and refractive index studies.
on these two systems. The maximum in the stability of smectic Ay phases
(Please see' the phase diagrams Fig.5.1 and 5.2) corresponds to the minimum
of the order parameter. The smectic layer spacing shows a minimum in the
' same cémpostion range [2,3]. The minimum layer spacing can be attributed
to specific interaction between the components of the mixtures, which
stabilise the traslationally ordered smectic A4 phases, but in trying to pack
the- different molecules in layers these interactions in effect lower the
orientational order within the layers. This lowering in the order parameter

values has been confirmed by our present magnetic susceptibility studies.
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Experimental values of the density (p) , magnetic susceptibility (),

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (A;) of ME50.5 and 5CB

xscp = 0.206

Temp. | Density (p) | -xj x 107 | Ay x 10° | order parameter
in °C | ingm/cc cgsunit | c.gsunit <P, >
30.0 1.030 6.43 135 0.681

32.5 1.027 6.51 13.1 - 0.661

35.0 1.024 6.53 12.9 0.649

38.4 1.021 6.62 11.5 0.581

40.5 1.020 6.66 10.8 0.544
44.0 1.017 6.72 10.0 0.502

475 1.011 6.79 8.9 0.446

51.2 1.009 6.92 7.0 0.350

56.5 1.002 738 = %iso |

Axo = 1.99 x 107 ¢.g.s.unit;
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Table 5.2

Experimental values of the density (p) , magnetic susceptibility (),
susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (A;) of ME50.5 and 5CB

xscg = 0.303

Temp. | Density (p) | -y x 107 | Ay x 10® | order parameter

in °C in gm/cc c.g.s.unit c.g.s.unit <Py >
30.5 1.036 6.51 10.1 0.682
32.5 1.034 6.52 9.9 0.669
350 1.033 6.56 94 0.630
384 1.030 6.58 9.0 - 0.608
40.5 1.029 : 6.61 8.7 0.583
44.0 1.026 6.64 8.2 0.551
47.5 1.019 6.70 7.3 0.490
51.2 1.014 6.72 7.0 0.471
522 1.013 6.77 6.3 0.422
56.5 1.006 - 7.187 = %is

Ay, = 1.488 x 107 ¢.g.s.unit;
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Experimental values of the density (p) , magnetic susceptibility (y ),

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (A3) of ME50.5 and 5CB

Xscg = 0.400

Temp. | Density (p) | -xj x 107 | Ax x 10 | order parameter |

in °C in gm/cc c.g.s.unit c.g.s.unit <P, >
30.0 1.028 7.06 7.0 0.650
33.0 1.026 7.08 6.7 0.620
35.0 1.025 7.09 6.5 0.602
384 1.022 7.11 6.2 0.573
40.5 1.021 7.13 6.0 0.554
44.0 1.018 7.14 5.8 0.541
47.5 _1.009 7.15 5.6 0.520
50.3 1.008 7.19 5.0 0.466
51.2 1.0075 7.20 49 0.458
52.2 1.006 7.21 4.7 0.436
56.5 1.001 752 = Yiseo

Ay, = 1.08 x 107 ¢.g.s. unit;
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Table 5.4

Experimental values of the density (p) , magnetic susceptibility (),
susceptibility anisotrepy ( Ay ), and the order parameter < P, >

Sample: Mixture (As) of MESO.5 and 5CB

xscg = 0.501

Temp. | Density (p) | -xy x 107 | Ay, x 10 | order parameter

in °C | ingm/cc c.g.s.unit c.g.s.unit <P, >
30.0 1.0315 6.83 11.9 0.712
325 1.0290 6.84 11.7 0.693
35.0 1.0265 6.86 11.5 0.683
384 1.0233 6.88 11.2 0.664
40.5 1.0212 68 - -~ 110 0.653
440 1.0188 691 10.7 0.634
47.5 1.0129 7.09 8.0 0.479
49.5 1.0100 7.12 7.6 0.450
51.2 1.0075 7.15 7.1 0.423
522 1.0061 7.62= %is

Axo = 1.68x 107 ¢.g.s.unit;
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Experimental values of the density (p) , magnetic susceptibility ( x ), |

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (As) of MESO.5 and 5CB

-Xscg = 0.59

Temp. | Density (p) | -xy x 107 | Ax x 10° | order parameter
in °C. | ingm/cc c.g.s.unit c.g.s.unit <P, >
30.0 1.0230 6.79 137 0.738

325 1.0212 6.81 13.5 0.724
35.0 1.0195 6.83 132 0.711
37.0 1.0182 ' 6.84 13.0 0.700
38.4 1.0170 6.87 12.5 0.675
40.5 1.0140 7.08 93 0.503
44.0 1.0103 711 9.0 0.486
475 1.0049 7.17 8.1« 0.436
522 09988 771 = %iso

Ay, = 1.86 x 107 c.g.s.unit;
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- Table 5.6

Experimental values of the density (p) , magnetic susceptibility ( x ),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (Ag) of MES0.5 and 5CB

Xscg = 0.702
Temp. | Density (p) | -xj x 107 | Ay x 10 | order parameter
in °C | ingm/cc cgsunit | c.g.s.unit <P, >
30.0 1.0270 . 6.85 13.1 0.539
325 1.0245 | 6.87 12.8 0.526
35.0 1.0220 6.90 124 0.512
37.0 1.0195 6.91 12.2 0.505
384 1.0178 - 6.94 _ 11.8 0.486
41.0 1.0160 7.02 10.5 0.434
25 10140 715 8.7 0.358
44.5 1.0106 772 = %o

Axo = 2.425x 107 c.g.s.unit;
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Table 5.7

Experimental values of the density (p) , magnetic susceptibility (y ),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (B,) of ME60O.5 and 5CB

Xscg = 0.1845

Temp. | Density (p)* | -xy x107 | Ay x 107 | order parameter
in °C in gm/cc c.gsunit | c.gs.unit <P >

52.5 1.0110 6.72 7.8 0.511

53.5 1.0095 6.73 7.7 0.504

54.7 1.0076 6.73 7.6 0.499

56.5 1.0050 6.75 7.3 0.481

58.7 1.0030 6.78 6.9 0.455

60.3 1.0020 6.83 6.2 0.410

61.6 1.0010 724= Yieo

Axo = 1.523 x 107 ¢.g.s.unit;

* .Interpolated values from reference [1].
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Table 5.8
Experimental values of the density (p) , magnetic susceptibility (% ),
susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (B,) of ME60O.5 and 5CB

Xscg = 0.2488
Temp. | Denmsity (p)* | -y x 107 | Ay x 10® | order parameter
in °C in gm/cc cgsunit | c.g.s.unit <P, >
30 1.0372 6.71 10.2 0.664
35 1.0325 6.74 9.8 0.638
384 1.0293 | 6.74 9.7 0.632
40.5 1.0252 6.75 9.6 0.622
450 1.0163 6.77 ' 93 0.601
475 1.0121 6.79 91 0.589
50.3 1.0067 6.80 8.9 0.577
522 1.0022 6.81 8.8 0.569
55.5 0.9992 6.88 1.7 0.503
56.5 0.9959 6.90 7.3 0.476
58.0 0.9929 6.92 7.0 0.457
60.5 0.9905 6.97 6.3 0.408
635 09872 739 =

Ao = 1.542x 107 c.g.s.unit; .

* Interpolated values from reference [1].
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Table5.9 |
Experimental values of the density (p) , magneﬁc susceptibility (),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (B;) of ME60O.5 and 5CB

“Xscg = 0.3025°
Temp. | Density (p)* | -xj x 107 | Ay x 10° | order parameter
in °C in gm/cc c.gsunit | c.gs.unit <P, >
35.0 1.0305 6.72 112 0.625
38.4 1.0278 6.75 10.9 0.607
40.5 1.0260 6.76 10.7 0.596
44.0 1.0217 6.77 10.5 0.585
47.5 10118 678 104 0.578
522 10110 6.80. 10.0 0.557
56.5 10025 682 9.8 0.547
57.8 1.0000 6.92 83 0.460
58.7 0.9963 6.93 8.1 0.449
60.0 0.9900 698 7.4 0.411
63.5 09767  647= Y

Axo = 1.796 x 107 c.g.s.unit;

* Interpolated values from reference [1].
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Table 5.10

| Experimental values of the density (p) , magnetic susceptibility (% ),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (B4) of ME60O.5 and 5CB

xscg = 0.4008

Temp. | Density (p)* | -xy x 107 | Ay x 10°| order parameter

in °C in gm/cc c.g.sunit | c.g.s.unit <P, >
35.0 1.0270 6.77 11.3 0.598
40.5 1.0225 6.80 10.8 0.574
44.0 1.0189 6.82 10.5 0.556
47.5 1.0140 6.84 10.3 0.544
52.2 1.0082 6.85 10.0 0.529
56.5 1.0015 6.87 9.7 0.513
57.9 1.0000 6.95 8.5 0.450
58.7 0.9970 6.98 8.1 0.432
60.3 0.9920 7.52 = Yiso

Axo = 1.887 x 107 ¢.g.s.unit;

* Interpolated values from reference [1].
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Table 5.11

Experimental values of the density (p) , magnetic susceptibility (% ),
susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (Bs) of ME60.5 and 5CB

xscp = 0.4986
- Temp. | Density (p)* | -xy x107 |Ay x 10 | order parameter
in °C in gm/cc c.g.sunit | c.g.s.unit <P, >
350 10177 683 117 0.622
405 1.0157 16.87 11.2 0.592
44.0 1.0124 688 109 0.577
475 1.0110 690 106 0.562
522 1.0060 6.92 10.3 0.545
53.5 1.0028 7.03 8.8 0.464
54.7 0.9991 7.05 8.4 0.444
56.5 0.9971 7.61 = Yis

Axo = 1.89x 107 c.g.s.unit;

* Interpolated values from reference [1].
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Table 5.12

Experimental values of the density (p) , magnetic susceptibility (),

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixtare (Bg) of ME60O.5 and 5CB

Xscg = 0.560

Temp. | Density (p)* | -xy x 107 | Ay x 10® | order parameter

in °C in gm/cc c.gsunit | c.g.s.unit <P >
35.0 1.035 6.76 144 0.626
37.5 1.030 6.79 14.0 0.610
40.5 1.023 6.81 13.6 0.593
42.5 1.020 6.83 133 -~ 0.579
450 1.018 6.86 129 0.561
47.5 - 1.015 6.90 12.3 0.537
49.0 1.010 6.98 11.2 0.487
515 1.007 7.01 10.6 0.462
525 | 1.006 7.04 10.2 0.443
54.7 1.003 7.10 93 0.405
56.5 1000 772 = s

Axo = 2.30x 107 ¢.g.s.unit;

* Interpolated values from reference [1].
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\
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Experimental values of the density (p) , magnetic susceptibility (),

susceptibility anisotropy ( Ay ) , and the order parameter < P, >

Sample: Mixture (B7) of ME60O.5 and 5CB

xscg = 0.643

Temp. | Density (p)*'| -y x 107 | Ay, x 10® | order parameter

in °C in gm/cc c.gsunit | c.g.s.unit <P, >
32.0 1.055 6.90 16.7 0.649
35.0 1.051 6.94 16.0 0.624
384 1.048 6.99 153 0.597
40.5 1.046 7.0'l 15.0 0.583
42.5 1.043 7.13 13.1 0.512
45.0 1.041 7.17 12.6 0.489
47.5 1.037 7.21 12.0 0.467
503 1.035 7.26 11.2 0.437
513 1.030 . 7.32 10.3 0.400
522 1.025 8.01 = %iso '

1.019 8.01

54.7

Axo = 2.569 x 107 c.g.s.unit;

* Interpolated values from reference [1].
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Table 5.14

Experimental values of the density (p) , magnetic susceptibility (y ),
susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: Mixture (Bg) of ME60.5 and 5CB

Xscg = 0.7075

Temp. | Density (p)* | -~y x 107 | Ay x 10® order parameter

in °C in gm/cc c.g.sunit | C.g.s.unit <P, >
32.0 1.0347 7.02 15.9 0.555
35.0 1.0301 7.04 15.6 0.546
37.5 1.0282 7.05 154 0.538
40.5 -1.0271 7.08 15.0 0.525
42.5 1.0251 7.09 - 147 0.516
445 1.0229 7.13 143 - 0.499
147.0 1.0197 7.18 134 0.469
48.0 1.0188 7.32 114 0.400
49.5 10155  808= xw

Ayo = 2.86 x 107 ¢.g.s.unit;

* Interpolated values from reference [1].
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CHAPTER-6

X-ray diffraction studies and refractive index
measurements on a mesomorphic mixture showing enhanced

smectic A, phase and re-entrant nematic phase.
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The phase diagrams of the mixtures of 4 -"cyanobiphenyl 4" alkyl
biphenyl - 4 - carboxylates (nCBB) and alkyloxy - 4’ - cyanobiphenyls
(nOCB) have been studied extensively by Brodzik and Dabrowski [1].
Some of these mixtures have very interesting property of showing induced -
smectic Ad‘ phase as well as re-entrant nematic phase in a particular
composition range. Some of the mixtures even produce a smectic Aq4island
in a nematic sea. Hence, these mixtures are well suited for the study of
physical properties, which may elucidate the formation of induced smectic.
Aq phases and re-entrant nematic phases in these mixtures.

The mixtures of 4 - cyanobiphenyl -4’ heptyl biphenyl - 4 -
carboxylate (7CBB) and 4 - dodecyloxy- 4 - cyanobiphenyl (120CB) have
been studied by us. Figure 6.1 shows the phase diagram of this mixture as
~ obtained by Brodzik et al.[1]. This system shows enhanced smectic Ag
phase as well as re-entrant nematic phase. Whereas, in 120CB the smectic
Aq phase is stable only upto 88.5 °C, in this mixture at optimum
composition the smectic Ay phése can exist ilpto 264°C. Due to this
-unusual properties we decided to study this mixture by small angle x-ray
diffraction technique and also to measure the density and refractive index
of this mi‘xturé. |

The pure compounds were prepared at the Institute of Chenﬂs&y,
Military University of Technology, Warsaw. Mixtures were prepared at
Physics Department, North Bengal University, where the X-ray diffraction
studies and refractive index measurements were performed. Mixtures of
120CB and 7CBB were prepared with six different compositions all in the
range showing enhanced smectic Ay phase. One of the mixtures, having
mole fraction of 0.917 of 7CBB, showe(i re-entrant nematic phase as well.

The transition temperature of the mixtures were determined by observing
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Figure 6.1. Phase diagram of bicomponent mixture (7CBB and 120CB).
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textures under polarising microscope, using Mettler FP 80/82
thermosystem.  Unfortunately, at higher temperatures the éomponents
decompdse, so no high temperature (>200°C) experiments could be
performed on these mixtures. The composition of mixtures studied were
Xscgs = 0.917 (mix. Cy), 0.80 (mix. Cz); 0.604 (mix. Cs3), 0.502 (mix. C,),
.0.296 (mix. Cs), 0.202 (mix. C¢), X7cpp being the mole fraction of 7CBB.
The method of refractive index and density measurements and the details
of x-ray diffraction set-up used have been described in Chapter 2. Since,
mixture C;, having mole fraction 0.917 of 7CBB, shows both enhanced
smectic Ay and re-entrant nematic phases, we studied this mixture more
thoroﬁghly. The transition temperatures of the mixtures as dbserved by us

are given below:

I. Mix. C;
120:1°C 162°C - - ~261°C ~340°C

Ke=—— N, <—>Sup < >N < >1
104.8°C

II. Mix. C2
116°C ~260°C ~315°C

K= Saq < >N < >

100.1°C
III. Mix. C3

101.8°C ~224.7°C ~2514°C 2~67.6°C
Ke=—— Sx<- >SN <— SN+ I<——>1
85°C
IV. Mix. C4
- 93.2°C 198°C ~238°C

Ke—— S ad <——>Spgtl <—>I
62°C '
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V. Mix. Cs )
70°C 140°C 181.6°C
K e=——Spg<—>Spgtl <—>1
32.6°C
VI. Mix. C6
65°C 117.6°C 160°C
Ke——Sp<—> Spatlc—>1
30.3°C :

All the transition temperatures agree with the values obtained from the
phase diagfam [1] for this mixture. The densities and the values of
ordinary and extfaordinary refractive indices at three different wave lengths
(5461 A, 5780 A and 6907 A) for mixture C; in the temperature range
120°C to 175 °C have been tabulated in Table 6.1. Above 175 °C the
sample started to decompose, so experimental data at higher temperatures
could not be taken. The temperature variation of the density for mixture C,
is shown in Figure 6.2. No discontinuity in the density value could be
observed at the re-entrant nematic to smectic AAd'phase'. Hence, this phase
transition is probably of the second order. The temperature variation of the
ordinary and extraordinary refractive indices at three different wavelengths
is given in Figure 6.3. It can be seen that refractive indices also vary
continuously across the re-enfrant nematic to smectic Ay phase trénsition.
The polarisability values- calculated according to Vuks formula (equatioﬁ
2.24 & 2.25) and Neugebauer formula (equation 2.22 & 2.23) are given in
Tables 6.2 and 6.3 respectively. The polarisability and anisotropies in the
perfectly ordered state are determined by Haller’s extrapolation method.
The order parameters calculated using.Vuks and Neugebauer procedure are
given in Tables 6.4 and 6.5 respectively. Though the two methods give

quite different values of Ay (=yj- %), the order parameter values agree
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Figure 6.2. Density values as a function of temperature.
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almost eXactly. Figure 6.4 shows the temperature variation of the order
parameter as calculated from refractive index data. Again we find that
there is no sudden change in the order parameter value at the re-entrant
nematic to smectic A4 phase transition temperature.

X-ray diffraction patterns were recorded for mixture C; at ten
temperatures between/IZSOC to 195°C. A magnetic field of 5 kildgauss was
applied to align the sample. However, at three temperatures near the re-
entrant nematic to smectic A4 phase transition the sample could only be
partially aligned. The sample could be taken to higher temperature (195°C)
without decomposition, since the sample was sealed in a glass capillary
tube, where atmospheric oxygen could not get in to react with the
chemicals. In case of refractive index and density measurements, our
System was not sealed, hence decomposition set in at a lower (~175°C)
temperature. .' | |

- Angular distribution 6f the inténsities of the outer x-ray diffraction
pattern after conversion from optical density to x-ray intensity and
correction for the backgrouhd are tabulated in Tables 6.6 and 6.7. These
intensity data have been analysed to obtain angular distribution function
using Leadbetter [2] procedure and the angular distribution function values
are given in Tables 6.8 and 6.9. The order parameters as calculated from
the x-ray data for this mixturé (mix.C,) at different temperatures are
tabulated in Table 6.10. Figure 6.5 shows the temperature variation of order

parameter for mix.C; as obtained from x-ray diffraction and refractive
| index studies. It can be seen that if the <P,> values obtined from partially
aligned samples be ignored then the agreement between order parameters
determin_éd from two different techniques is fair. However, since samples

near the N - Smectic Ay transition could not be aligned for x—ray
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diffraction studies, the nature of this phase transition could not be inferred
from x-ray studies. But, the density and reﬁactive;swﬂﬁ)w that N - Smectic
A transition is most probably of the second order.

The rest five mixtures have only smectic Aq and normal nematic
phases at high temperature. None of the mixfures in the smectic phase
could be aligned in the magnetic field at our disposal (~5 kilogauss). The
x-ray diffraction pattern of the normal nematic phase could not be obtained
since the sample started to decompose at higher temperatures. Hence, only
layer thickness measurements could be done for these mixtures in their
smectic A4 phase from the study of the inner arc of the x-ray diffraction
pattern. The Ilayer thickness at different temperatures for all the six
mixtures are recorded in Tables 6.11 and 6.12. The apparent molecular
lengths in the re-entrant nemat_ic f)hase of mixture C, have also been given
in Table 6.11. X-ray diffraction 'phéfégféphs from the mixture C, in the re-
entrant nematic phase (at 125°C and ‘IS'OOC) and in the smectic A4 phase
(ISSOC) are shown in Plates 6a—66'; The temperature variation of apparent
molecular length in the re-entrant nematic phase and of layer thickness of
the smectic Ay phase for mixture C; is shown in Figure 6.6. It can be seen
that the apparent molecular lenght in the re-entrant nematic phase in
mixture C; is about 39.8 A, whereas the layer thickness in the smectic Ay
phase of the same mixture is about 38.7 A. So there is definite re-
arrangement of molecular packing at the phase transition. The apparent
molecular length in the N phase very near the transition temperature is
almost equal to the smectic layer thickness. This may be due to the pre-
transitional effect, when smectic like clusters may be forming in the re-
entrant nematic phase. Hence, x-ray diffraction from the re-entrant nematic

phase near the transition temperature should be very similar to those from
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Plate 6a: X-ray diffraction photograph of the oriented sample in the
re-entrant nematic phase of 7CBB+120CB mixture at 125°C.

1 ¥ ;

¥
¢
t

Plate 6b: X-ray diffraction photograph of the oriented sample in the
re-entrant nematic phase of 7CBB+120CB mixture at 125°C.

Plate 6¢: X-ray diffraction photograph of the oriented sample in the smectic
A4 phase of 7CBB+120CB mixture at 185°C.
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the smectic Aq phase. Indeed the x-ray diffraction pattern (Plate 6b) from
re-entrant nematic phase of mixture C; at 150°C does show typical inner
spots due to cybotactic clusters.

The temperature variation of the layer thickness in the mixture C, to
mixture Cs are shown in Figure 6.7a - 6.7¢. It can be seen that the layer
thicknesses are almost independent of temperature. This is quite common
in smectic A phases. The composition variation of layer thickness at 120°C
(except for mixture C; for which the layer thickness is at 170°C) is shown
in Figure 6.8. The variation shows a broad maximum of ~40A at about
equimolar concentration. This has already been reported by us [5]. This is
in contrast to some polar-nonpolar mixtures [3,4] showing induced smectic
Aq phase, where the layer thickness shows a minimum at about equimolar
composition. However, this maximum is not difficult to explain. The model
molecular lengths of 7CBB and 120CB molecules are 31.5A and 25.6A
respectively. 7CBB has a latent smectic A; phase [1], that means that pure
7CBB, if it forms a smectic phase will have a layer thickness of about
31.5A. 120CB forms a partial bilayer smectic (i.e. smectic A4 ) phase of
layer thickness 37.5A approximately [6]. However, in the mixture of 7CBB
and 120CB dimer formation between 7CBB and 120CB will certainely
occur. We can assume that in an equimolar mixture 7CBB + 120CB
dimers will predominate in number over 120CB + 120CB dimers. The
length of 7CBB + 120CB dimer should be greater than 120CB + 120CB
dimers and this length should be almost equal to the layer thickness of the
smectic phase of equimolar mixture of 7CBB and 120CB. To estimate the
length of 7CBB + 120CB dimers, we can proceed as follows; The length
of 120CB molecule is 25.6A and that of its dimer is 37.54, if we assume
that the layer thickness in the smectic A phase of IZOCB is equal to its
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dimer length. Then the overlap of the two 120CB molecules in the dimer is
about 14A. Now 7CBB molecule contains a cyanobiphenyl part identical to
that in 120CB. Since dimer formation is enhanced by the presence of
cyanobiphenyl in a molecule, we can assume that in 7CBB + 120CB dimer
an identical overlap of the molecules (162) takes place as in 120CB +
120CB dimer. Hence, the length of 7 CBB +120CB dimer comes out to be
31.5A + 25.6A - 14A = 43.1A. This value is slightly greater than the |
maximum value of the layer thickness (~ 4024) observed in the in the
mixture of 7CBB and 120CB. If we consider the presence of 120CB
dimers and some 7CBB monomers then the mean layer thickness should be
reduced somewhat from 43.1A. As the composition changes from
equimolar, the number of 7CBB + 120CB dimers reduces and 120CB +
120CB dimers increases. Since the 12OCB dimers (37.54) are shorter than
7CBB + 120CB (43.1A) dimers, it means that the effective layer thickness
should be maximum for equimolar mixture. This is exactly what is seen in
Figure 6.8. Further work is in progress to explain quantitatively this

variation of layer thickness with mole fraction.
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Density (p) ahd refractive indices (n,, n.) at different temperatures

of mixture Cl (X7CBB = 0.917) 0f» 7CBB and 120CB.

Temp. | Density | 2=6907A | A=5780A | A=5461A
in °C | in gm/cc n, Ne 1, Ne n, ’ Ne
120 1088 1470 1739 1476 1745 1482 1.751
124 1085 1471 1738 1478 1744 1483 1751
128 1.081 1473 1736 1479 1743 1485 1.750
130 1.080 1473 1735 1480 1742 1485 1.749
132 1.078 1474 1735 1481 1741 1486 1.748
135 1076 1475 1733 1482 1739 1488 1.746
139 1.072 1476 1730 1483 1738 1489 1.743
144 1.068 - 1479 1727 1485 1733 1491 1739
148 1065 1480 1725 148 1731 1493 1737
152 1.062 1482 1723 1488 1728 1495 1734
156  1.059 1483 1720 1489 1725 149 1.731
158 1057 1485 1718 1490 1725 1497 1.730
1603  1.055 1485 1715 1491 1722 1497 1727
163 1053 148 1713 1493 1719 1.500 1.725
167 1050 1488 1709 1494 1715 1.500 1.721
171  1.046 1490 1705 1495 1711 1503 1718
175 1043 1491 1703 1497 1706 1503 1713




Polarisability ( o,,a.) at different temperatures of mixture C

Table 6.2

(x7cg = 0.917) by Vuks method

251

Temp. A =6907 A A=5780 A A=5461 A
. n®C 0o Ole 0o Ole OLo Ole.

120 4407 7688 4456 7737 4504  77.86
124 4431 7695 4487 7748 4526  78.00
128 4468 7699 4516 7748 . 4564  78.09
130 4477 7694 4534 7749 4572 78.09
132 4491 7697 4546 7750 4592 78.00
135 4515 7697 4568 7749 4616 7792
139 4544 7681 4593 7742 4650 7781
144 4589 7666 4640  77.08 4689  77.61
148 4616 7661 4669 77.02 4719 7755
152 4651 7651 4699 7693  47.57 7743
156 4675 7636 4728 7678 4787 7117
158  47.03 7618 4745 7680  48.05  77.13

1603 4718 7599 4766 7657 4817  76.99
163 4744 7583 4795 7637 4854  76.81
167 4777 7561 4828  76.12 4883  76.62
171 - 4816 7531 4858 7587 4923 7633
175 4843 7526 4898 7544 4947  76.01

o, & 0o, arein 10%* ¢m® unit.



Polarisability ( o,, o) at different temperatures of mixture C,;

Table 6.3

(x7ce = 0.917) by Neugebauer method

252

Temp. | % =6907 A %= 5780 A %= 5461 A

in°C Ol Ole 0o Ole 0o Ole
120 4607 7289 4657 7334 4708 7379
124 4229 7298 4688 7347 4729  73.94
128 4665 7305 4715 7350 4766  74.06
130 4673 7302 4732 7353 4774 74.06
132 4687 7306 4743 7355 4729 7401
135 4709 7308 4764 7352 4814 7396
139 4735 7298 4787 7353 4845  73.90
144 4777 7290- 4829 7329 4880  73.78
148 4802 72.89 4856 7328 4908 7376
152 4835 7285 4884 7323 4943 7370
156 4856 7274 49.10 73.14 4970 7351
158 4881 7261 4926 7317 4986 7350

1603 4894 7247 4945 7300 4997 7340
163 49.18 7236 4971 7285 5031 738
167 4947 7221 5000 7268 5056  73.15
171 4982 7200 5027 7250 5092  72.94
175 . 5007 7198 5061 7218 5112 7270

ao, & o arein 10%* ¢cm?® unit,
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Table 6.4

Order parameter <P;> of mixture Ci(x7cps = 0.917) at different
temperatures by Vuks method.

(o -ay)=4545in 10" cm’ unit.

Temp. A=6907A | A=5780A | L,=5461A | Average

in’°C <P, > <Py > <P, > <Py >
120 0.722 0.722 0.722 0.722
124 0.718 0.717 0.720 0.718
128 0.711 0.708 0.714 0.711
130 0.708 0.707 0.712 0.709
132 0.705 0.705 0.706 0.705
135 0.700 0.698 0.699 0.699
139 0.690 0.693 0.689 0.691
144 0.677 0.675 0.676 0.676
148 0.670 0.667 0.668 0.668
152 0.660 0.659 0.657 0.659
156 0.652 0.649 0.644 0.648
158 0.641 0.646 0.640 0.642

160.3 0.634 0.636 0.634 0.635
163 0.625 0.625 0.622 0.624
167 0.613 0.612 0.611 0.612
171 0.597 0.600 0.596 0.598
175 0.590 0.582 0.584 0.585
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Table 6.5

Order parameter <P,> of mixture C; (x7cpp = 0.917) at different

temperatures by Neugebauer method.

(o -0 )=37.05in 10> cm’ unit.

Temp. | A=6907A | A=5780A | A=5461A | Average

iﬁ°C <Py> <P, > <Py > <P, >
120 0.724 0.723 0.721 0.723
124 0.720 0.718 0.719 0.719
128 0.713 0711 . 0.713 0.712
130 0.710 0.707 0.711 0.709
132 0.707 0.705 0.704 - 0.705
135 0.702 0.699 0.699 0.600
139 0.692 0.693 0.687 0.691
144 0.678 0.675 0.674 0.676
148 0.671 0.667 0.666 0.668
152 0.661 0.659 0.655 0.658
156 0.653 0.649 0.643 0.648
158 ©0.642 0.645 0.638 0.642

160.3 0.635 0.636 0.632 0.634
163 0.626 0.625 0.620 0.624
167 0.614 0.612 0.610 0.612
171 0.598 0.600 0.595 0.598
175 0591 - 0.580 0.582 0.585




Mean experimental intensity values I (v ), in arbitrary units , of

Table 6.6
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7CBB and 120CB mixtureC; (x7cgp =0.917) after background

correction.
v I (w) values at different temperatures in degrees
in deg. | 125 | 130 135 140 145
0 321 331 154 1.64 101
5 2.87 3.04 1.34 1.54 0.90
10 2.22 238 1.01 1.29 0.78
15 1.72 172 095 1.02 0.64
20 1.08 1.13 0.46 0.79 0.51
25 0.68 0.67 029 060 1039
30 0.42 038 0.8 043 029
35 0.26 0.19 0.08 0.30 0.22

40 0.16 0.11 0.04 0.21 0.16
45 0.10 0.09 0.03 0.15 0.11
50 0.08 0.07 - 0.03 0.11 0.08
55 0.07 0.06 0.03 0.07 0.06
60 0.03 0.04 0.02 0.05 0.04
65 0.02 ~ 0.04 0.02 0.04 0.03
70 0.01 0.04 0.01 0.03 0.02
75 0.00 0.03 0.01 0.03 0.01
80 0.00 0.01 0.00 . 0.02 0.00
85 0.00 0.00 0.00 0.01 0.00
90

0.00 0.00 0.00 0.00 0.00




Mean experimental intensity values I ( ), in arbitrary units , of

7CBB and 120CB mixtureC; (x;cgs = 0.917) after background

Table 6.7

correction.
W I (y ) values at different temperatures in degrees
in deg. 150 155 165 185 195
0 3.01 3.08 2.95 2.80 1.57
5 2.96 3.04 293" 2.75 1.49
10 2.81 3.01 288 . 263 1.33
15 2.57 2.92 2.81 245 1.10
20 228 2.81 2.67 2.20 0.90
25 1.98 2.62 2.51 1.88 0.70
30 1.64 242 2.31 1.58 0.53
35 1.30 2.17 2.34 1.20 0.39
40 0.99 1.92 1.60 0.93 0.28
45 0.73 1.62 1.26 0.73 0.21
50 0.52 1.35 0.94 0.50 0.16
55 0.34 1.04 .0.69 0.35 0.13
60 0.22 0.75 0.49 0.23 0.08
. 65 0.14 0.50 0.31 0.15 0.05
70 0.08 0.35 0.20 0.10 0.04
75 0.05 0.23 0.11 0.08 0.04
80 0.04 0.14 0.05 0.05 0.03
85 0.02 0.05 0.01 0.03 0.01
90 0.00 0.00 0.00 0.00 0.00
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" Table 6.8
Normalised distribution function values f () of 7CBB and 120CB

mixture C; (x=0.917).

[

B f ( B ) values at different temperatures in degreeé
in deg. 125 | 130 | 135 140 145

T 18828 19529 - 22266 12064 11198

5 17263  17.139  19.898  11.183  10.498
10 - 12250 12329 14234 9206 8.625
‘15 7.999 8.118 8.375 6.856 6.257
20 5.060 5.265 4515 4.996 4.294
25 3.162 3.360 2.600 3.668 3.086
30 1861 1.871 1651 2.322 2.378
35 0.983 0.825 - 0.950 1.356 1.817
40 0.781 0.332 0.366 0.825 1.208
45 0.249 0.155 0.099 0.488 0.679
50 0.158 0.094 0.036 0.335 0.388
55 0.126  0.083 0.031 0.297 0.277
60 0.111 0.097 0.035 0.246 0.244
65 008 0101 0045 0165 0209
70 0.050 0.074 0.036 0.093 0.128
75 0.006 0.039 0.014 0.043  0.049
80 0.002 0.013 0.00 0.020 0.012
85 0.00 0.005 0.00 0.014 0.004
90 0.00 0.002 0.00 0.012 0.002
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Table 6.9
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Normalised distribution function values f () of 7CBB and 120CB

‘mixture Ci (x=0.917).

B f (B ) values at different temperatures in degrees
in deg. 150 155 165 185 195

0 5.388 2.586 | 3.076 4716 9.115
5 5.193 2.655 3.097 4.730 8.586
10 4.751 2.767 3.074 4.674 7.300
15 4284 2.737 2.905 4.385 5.816
20 3.884 2.538 5 2.677 3.864 4.481
25 3.449 2.332 2.585 3.276 3.359
30 2.839 2.226 2.661 2.730 2.425
35 2.165 2.148 2.652 2.204 1.678
40 1.595 1.935 2.231 1.662 1.135
45 1.153 1.565 1.545 1.159 0.778
50 0.812 1.975 0.999 0.778 0.554
55 0.545 0.942 0.702 0.528 0.406
60 0.340 0.767 0.546 0.365 0.292
65 0.198 0.581 0.404 0.243 0.195
70 0.110 0.353 0.233 0.144 0.119
75 0.060 0.165 0.099 0.077 0.069
80 0.031 0.070 0.036 0.040 0.042
85 0.014 0.030 0.016 0.025 0.029
90 0026 000 0.025

0.009

0.021




259

Table 6.10
Variation of < P,> and < P;> with temperature.

Sample:- 7CBB & 120CB mixture C,;
X7CBB = 0.917

Temperafure in °C < le > <Py>
125 0.790 0.498
130 0.795 0.524
135 0.802 0.534
140 0.693 £ 0.360
145 0.665 0.306
150 - 0.563 *
155 0.395 * g
165 0457 *
185 0.553
195 0626 0.264

* data from partially aligned sample, magnetic field not sufficient for
alignment.



temperatures for mixtures of 7CBB & 120CB.

Table 6.11
Apparent molecular length (1, ) or layer thickness ( d ) at different

Mix.C, Mix.C, Mix.C;
(x7cee = 0.917) (X7cee = 0.80) (X7cee = 0.604)
Temp. lpord Temp. d Temp. d
in °C inA in °C in A in °C in A
120 39.92 110 39.15 | 100 39.98
125 39.93 120 3924 | 110 40.18
130 39.75 130 - 39.46 120 40.08
135 39.84 140 39.21 130 40.12
140 39.89 150 39.08 140 40.12
145 39.74 150 40.05
150 38.50
155 37.76
165 38.62
175 38.83
185 38.70
195 38.52

260
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Table 6.12
Layer thickness (d ) at different temperatures for mixtures of 7CBB

& 120CB.
Mix.Cy | Mix.Cs ~ MixCs

(Xrces = 0.502) (Xrces = 0.296) (Xrcos = 0.202)

Temp. | d | Temp. d Temp. d
in °C inA | °C in A in °C in A
100 40.59 90 39.72 70 39.79
110 40.38 100 40.12 80 39.53
120 4035 110 39.85 90 39.66
130 40.86 120 3992 100 39.79
150 4045 | 130 3992 110 40.12
165 - 4072 | 120 39.78
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Table 6.13

Concentration variation of layer thickness (d) for mixture of 7CBB &
120CB at 120 °C { except point x7cgg = 0.917 (A) for which
temperature is about 170 °C }.

X7CBB lp or din A
0.202 | 3978
0.296 39.92
0.502 40.35
0.604 40.08
0.800 39.24
0917 38.66




263

References:

1) M. Brodzik and R. Dabrowski, Liq. Cryst., 18, 61 (1995).

| 2) Chapter 2, equation 2.16.

" 3) M. K. Das and R. Paul, Phase Trans., 48, 255 (1994).

4) M. K. Das, R. Paul and D. A. Dunmer, Mol. Cryst. Liq. Cryst., 258, 239
(1995). '

5) S. K. Giri, N. K. Pradhan, R. Paul, S. Paul, P. Mandal, R. Dabrowski,
M. Brodzik and K. Czuprynski, SPIE, 3319, 149 (1998).

6) M. K. Das, S. Paul and R. Paul, Mol. Cryst. Liq. Cryst., 264, 89 (1995).



CHAPTER-7

Magnetic susceptibility, bend and splay elastic constants of four

nematogens.
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In this chapter I report the temperature variation of magnetic
susceptibility anisotropy values for four nematdgens. The bend and splay
elastic constants of two nematogens have also been reported. The
experimental data for magnetic anisotropy have been ainalysed to calculate
the order parameter of the nematogens.

The liquid crystalline compounds studied with their chemical names,
chemical structure and transition temperatures are given below:

L 4 -n- pentyl phenyl- 4 - n’ pentyloxy benzoate.
- (ME 50.5 in short).

C5H11-O-Ph-COO-Ph-C5H11

40.2°C 54.9°C
K< >N < > 1
<29°C
II. - 4 -n- pentyl phenyl- 4 - n’ hexyloxy benzoate.
(ME 60.5 in short).
C6H13-0O-Ph-COO-Ph-C5H11

49.5°C 62.2°C
Kz >N < > 1
35.4°C

" . 3E-n-butane-phenyl-(4-cyclohexane-4'-n-propane)-ether
(3CPOd(3)1 in short).
43°C 58°C
Ke=———>N<———>1
25.5°C

IV. 3E-n-butane-phenyl- (4-cyclohexane-4'-n-pentane) -ether
' (5CPOd(3)1 in short).

32°C 67°C
Ke=——N<———>1]
22.8°%C
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ME 50.5 and ME 60.5 were obtained from E. Merk, U. K. The
other two chemicals were donated to us by Hoffmann La Roche,
Switzerland. All the chemicals were used without further purification. The
. transition temperatures were determined by observing their textures under
polarising microscope using Mettler FP 80/82 thermosystém. The transition
temperatures agreed with the values supplied by the manufacturers. The
nematogens ME 50.5 and ME 60.5 have been used frequently in liquid
crystalline mixtures, which shows induced smectic A4 phases [1-5]. The
density and refractive indices of both the compounds in their mesophase
have been determined by Adamski [7]. The density and refractive indices
of ME 60.5 have also been reported by other workers [1,8]. Das et al [2,3]
he;ve also studied these nematogens and calculated order parameters from
x-ray diffraction data.

The refractive indices and elastic constants of the compound -
3CPOd(3)1 have been reported by Schadt et al [9,10]. The density and
refractive indices of both 3CPOd(3)1 ~and S5CPOd(3)1 have been
determined) by Nath et al [11,12]. They have also determined order
parameters and other molecular parameters from the x-ray diffraction
studies of these two nematogens [11]. 7

Magnetic susceptibility, density and elastic constants of the
nematogens were determined following the procedure given in Chapter-2.

The experimental values of d::nsify and 7y, the magnetic
susceptibility along the director, at different temperatures for ME 50.5 are
Tabulated in Table 7.1. The calculated values of Ay and order parameters
are also shown in the Table. The value of Ay for perfectly ordered sample
was determined by Haller's extrapolation method (Chapter 2) and this value

is also given in Table 7.1. The corresponding density, %, Ay and <P>
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~ values for 60.5 are given Table 7.2. The density values are those
interpolated from the data of Das et al [1]. The temperature variation of
density of ME 50.5 is shown in Figure 7.1. Figures 7.2 and 7.3 show the
temperature variations of Ay for ME 50.5 and ME"'60.5 respectively. Our
magnetic susceptibility values for ME 60.5 are in good agreement with
those obtained by Ibrahim and Haase [8]. The temperature variation of
order parameters of ME 50.5 and ME 60.5 are shown in Figures 7.4 and
7.5 respectively. The theoretical Maier-Saupe order parameter values are
also shown in the Figures. The agreement between our experimental values
and Maier-Saupe calculated values of <P»> is good except near the
nematic-isotropic transifion temperature. This type of behaviour of the
order parameters calculated from magnetic susceptibility is quite common
(see for example Chapter 3 and Chapter -4 of this thesis). The order
parameter values of ME 60.5 are some what larger than those obtained by
Das et al [1] from refractive index data. However, Das et al [2] calculated
<P> from x-ray diffraction data for ME 60.5 and found values which are
slightly larger than the present <P,> values obtained from magnetic
susceptibility.

The values of splay and bend elastic constants of ME 50.5 at
different temperatures are given in Tables 7.3 and 7.4 respectively. Tables
7.5 and 7.6 show the values of splay and bend elasitic constants
respectively. The values of critical magnetic field and the éample
thicknesses are also recorded in the respective Tables. The temperature
variation of splay elastic constants for ME 50.5 and ME 60.5 are shown in
Figures 7.6 and 7.7 respectively. Similarly, the temperature variation of
bend elastic éon‘stants for ME 50.5 and ME 60.5 are shown in Figures 7.8

and 7.9 respectively. All the four Figures show normal behaviour, i.c.,
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elastic constants are increasing with decreasing temperatures. The bend to
splay elastic constant ratios for ME 50.5 and ME 60.5 are giveh in Table
7.7 and shown in Figures 7.10 ¢and 7.11 respectively. The Kj; /Ky; ratios
for both the nematogens are greater than 1 at all temperatures and also
increase With décreasing temperatures. Thié behaviour is quite common in
normal nematogens. It is well known [13] that if any alkoxy part in a
mesogenjcl compound is replaced by corresponding alkyl chain, then Kj;
/K11 ratio is larger in the alkoxy 'compound than that in the alkyl
compound. It can be seen that if the alkoxy chain in ME 50.5 is replaced
by corresponding a-]kyl chain then the resulting compound is ME 5 5,
whose K33/K;; values are given by Bradshaw et al.[13]. One can see that
the Kj; /Kll‘ value of ME 5.5 are smaller than those of ME 50.5 if
comparisons are made at the same relative temperature (T, - T). For
example at T, - T = 24.9 °C, the K33 /K1; ratio for ME 50.5 and ME 5.5 are
1.194 and 1.145 respectively. ‘

The values of density, y , Ax, and <P, > at different temperatures
for 3CPOd(3)1 and 5CPOd(3)1 are tabulated in Tables 7.8 and 7.9
respectively. The values of Ay for <P, > =1 are obtained by Haller’s
extrapolation method (Chapter 2) and are shown in the Tables. The»density
values shown in the Tables are interpolated from the density values given
by Nath et al.[12]. The temperature variation of Ay for 3CPOd(3)1 and
5CPOd(3)1 are shown in ‘Figures 7.12 and 7.13 respectively. The values of
| Ax changes discontinously at the clearing temperature as it should for
nematogens. Figures 7.14 and 7.15 show the temperature variation of order
pafameter for 3éPOd(3)1 and 5CPOd(3)1 respectix}ely. The order
parameter values‘calculated.from Maier-Saupe theory are also shown in the

figures. Again, the agreements are very good except near the nematic to
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isotropic transition temperature. The present order parameter values for
both the nematogens are slightly lower fhan the <P,> values calculated
from x-ray diffraction data [11], Ibut are somewhat greater than those
determined from refractive index data [11]. This trend in order parameter
values obtained from different techniques is also well known and has been
discuésed ina previous Chapter (Chapter-3) in some detail. The bend and
splay elastic constant for 3CPOd(3)i have been reported earlier [9.10] and
those for both 3CPOd(3)1 and 5CPOd(3)1 have been measured in our
laboratory [13]. ’fhe K33 /K1y ratio for both the nematogens are greater than
1 and the temperature variation of elastic constants have no abnormal

behaviour.
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Table 7.1

Experimental values of the density (p) , magnetic susceptibility (%) ,
susceptibility anisotropy ( Ay ), and the order parameter < P, >.

Sample: MESO.S

Temp. | Density (p) | -xj x107 | Ay x 10* | order parameter
in °C | ingm/cc C.g.s.unit C.g.s.unit <P, >

35 1.0367 6.40 8.9 0.576
38.5 1.0336 6.42 8.5 0.555
405 1.0326 6.44 8.3 0.542

44 1.0292 6.45 8.2 0.533
47.5 1.0262 6.49 7.5 0.488
522 1.0221 6.59 6.1 0.395
53.5 1.0215 6.62 56 0.367
56.5 1.0186 699 = i

Axo = 1.54x 107 ¢c.g.s.unit ;



Table 7.2

281

Experimental values of the density (p) , magnetic susceptibility (%) ,

susceptibility anisotropy ( Ay ), and the order parameter < P, >.

Sample: ME60O.5

Temp. | Density (p)* | -y x 107 | Ay x 107 | order parameter
in °C in gm/cc c.g.sunit | c.g.s.unit <P, >
375 1.0193 6.69 72 0.591
384 1.019- 6.70 7.1 0.583
393 1.018 6.70 7.1 0.580
40.5 1.016 6.71 7.0 0.572
44.0 1.014 6.72 6.7 0.554
475 1.012 6.74 6.6 0.537
50.3 1.009 6.75 6.4 0.518
522 1.007 6.76 6.2 0.506
56.5 1.004- 6.79 5.7 0.468
58.7 1.001 6.84 4.8 0.408

63.7 0.992 7.18= %iso

Ayo = 1.226 x 107 ¢.g.s.unit ;

* Interpolated. values from reference [1].
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Experimental values of sf)lay elastic constant ( K;; ) for various (T -T)

values.
4 _ Sample MESO.5
T, = 54.9° C, Sample thickness =162 pm, H, =Threshold magnetic field
T.-T Hoin Gauss | Ay x 108 cgsunit | Kii x 10° dyne
0.9 495 5.5 0.36
5.9 515 71 0.50
9.9 535 8.0 0.61
149 564 8.4 0.71
19.9 580 8.9 0.79
24.9 595 93 0.88
Table 7.4
Experimental values of Bend elastic constant (K; ) for various (T.-T)
values.
Sample MESO.5
T. = 54.9° C, Sample thickness =162 um, H, =Threshold magnetic field
T.-T H. in Gauss Ay x 10° cgs unit | Kss x10® dyne
0.9 510 55 0.38
59 540 7.1 0.55
9.9 570 8.0 0.69
14.9 610 8.4 0.83
19.9 630 8.9 0.94
249 650 93 1.05
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Table7.5

Experimental values of splay elastic constant (K;;) for various (T.-T)

values. |
Sample MEG60.5
T. = 62.2° C, Sample thickness =162 pm, H= Threshold magnetic field
T.-T Hcin Gauss | Ax x 10 cgs unit | Kii x 10° dyne
22 515 46 0.32
72 Cs50 59 0.47
12.2 580 64 0.57
172 600 6.7 0.64
22.7 620 7.1 ' 0.72
25.7 ) 630 : 7.3 0.78
Table 7.6 |
Experimental values of Bend elastic constant (K3 ) for various (T.-T)
values.
Sample ME60.5
T, = 62.2° C, Sample thickness = 162 um,H, =Threshold magnetic field
T.-T Hin Gauss | Ay x 10® cgs unit | K33 x10™ dyne
22 520 45 0.33
72 560 5.9 049
12.2 600 - 64 0.61
17.2 645 67 074
227 670 71 0.85
257 690 ' 7:3 0.93
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Table 7.7

Experimental values of the Frank elastic constant ratio ( K33 / Ky; ) at

different relative temperatures (T - T).

Sample: ME50.5 ' " Sample: ME60O.5
T.-T K3 /K T.-T K33 /Ky
0.9 1.06 22 1.02
5.9 1.10 72 1.04
9.9 1.13 12.2 1.07
149 1.17 172 115
19.9 1.18 22.7 1.17
24.9 1.19 257 - 1.20




285

Table 7.8

Experimental values of the density (p) , magnetic susceptibility (y) ,

susceptibility anisotropy ( Ay ), and the order parameter < P, >

Sample: 3CPOd(3)1

Temp. | Density (p)* | -xj x 107 | Ay, x 10® | order parameter

in °C in gm/cc ¢.g.s.unit c.g.s.unit <P, >
36 0.973 6.37 78 0.600
38 . 0971 6.39 76 0.585
43 0.967 6.42 72 0.549
45 - 0965 . 643 7.0 0.535
48 0.963 6.45 6.7 0.514
52 0.958 6.48 6.2 0.475
55 0.955 6.53 5.5 0.420
57 0.951 6.55 5.2 0.400
60 0.945 6.90 = %iso

Ay, = 1.308 x 107 c.g.s.unit ;

* Interpolated values from reference [22].
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Table 7.9

Experimental values of the density (p) , magnetic susceptibilify (%),

susceptibility anisotropy ( Ay ), and the order parameter <P, > .

Sample: SCPOd(3)1

Temp. | Density (p)* | -xy x 107 | Ay x 10® | order parameter
in °C in gm/cc ¢.g.s.unit ¢.g.s.unit <P, >
33.0 0.963 6.85 6.8 0.660
37.0 0.962 6.87 6.5 0.630
40.0 0.959 6.88 6.3 0.611
45.0 0.955 690 5.9 0.578
500 - - 0.950 6.92 5.7 0.552
55.0 0.946 6.94 5.4 0.525
60.0 0.942 6.97 5.0 0.485
625 0939 699 47 0.457
66.5 0.930 702 - 42 0.413
70.0 0.925 730= %iso

Axo = 1.03x 107 c.g.s.unit ;

* Interpolated values from reference [22].
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General discussions and conclusion.
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In this dessertation I have presented experimental data for ten pure
nematogic compounds and three binary mixtures. The study includes x-ray
diffraction, refractive indices, density, magnetic susceptibility and
Freedericksz transition measurements and analysis of data to calculate
orientational order parameters <P,> (from x-ray diffraction, refractive index
and magnetic susceptibility data), apparent molecular length (1) or layer
thickness in the mesophase, birefringence (An), magnetic susceptibility
anisotropy (Ay), bend and splay elastic constants and their raﬁos. All the
binary'mixtures studied have induced (or enhanced) smectic Ay phases and
one has re-entrant nematic phase as well. .

The ten pure component nematogens studied can be subdivided into
five groups of two members each, from the structural point of view. Table
8.1 presents the five groups with their structural details and the short name
of the members of each group. All compounds have two rings with or
without a link between them. Four groups~ of compounds have one phenyl
and one cyclohexyl ring, while only one group has two phenyl rings. In

three groups the rings are connected through COO link, while in the other
| groups the rings are directly connected.

Regarding terminal parts, all the compounds have at least one alkyl or
alkoxy chain at one end. Two group of compounds have alkyl or alkoxy
chains at both ends. In the remaining three groups -CN, -NCS or
-OCH,CHCHCH; form the other terminal part.

" The main features of the results of my experiments for all the pure
compounds are tabulated in brief in Table 8.2. I have not tabulated the order
parameter values obtained for these nematogens from different experimental
studies, since éuch comparisons have been done in the chapters concerning

the related chemicals.
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Table 8.1
Structural details of the compounds studied.

Group No. Left Left* | Link | Right* Righ:c terminal
(Shon Chem.names) | terminal part .rilig ring part
GroupI | n-akyl | Cy |COO| Ph T CN
(CPPCC,CPBCC)
| Group I n-alkyl Cy {COO| Ph n-alkoxy
(BPPCC,PPPCC) , '
Group III n-alkyl Cy - Ph NCS
(10CPS,12CPS)
Group IV
(3CPOA(3)1, nalkyl | Cy | - | pp | OCH:CHCHCE
5CPOd(3)1)
Group V
(ME505, | nalkoxy | Ph |COO| Ph | n-alkyl
ME60.5) |

* Cy stands for cyclohexyl |
Ph stands for phenyl

However, one common feature is that the order parameters determined from
x-ray diffraction studies agreed well with the Maier-Saupe calculated
values, while the <P,> values calculated from refractive index and magnetic
' susceptibility data are always much smaller than the theoretical values near
the nematic-isotropic transition temperatures. This lowering seems to be
~ more pronounced for the <P,> values from refracﬁve index measurements.

- The possible causes for this discrepancy may be director fluctuations or
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imperfect alignment of sample in the bulk (in refractive index studies the
sample were aligned by surface treatment, whereas, in the other experiments
a magnetic field was applied for bulk alignment of the samples) near the
transition temperature. It should also be mentioned that the data analysis to
calculate <P,> involve many different assumptions for different
experimental techniques, hence there is no reason why two different
techniques should yield exactly same order parameter values. From Table
8.2, it can be seen that the ratio of apparent molecular length (l5,) to model
molecular length (L) is about 1.4 form the two cyano compounds of Group
I. This is in accordance with previous observations on cyanobiphenyl
compounds [1,2]. Therefore, the molecules CPPCC and CPBCC form
dime;rs in the mesophases. For Group III molecules with isothiocyanato
(-NCS) group there seems to be some association, since the value of l,,/L is
little larger than 1.2. The Group II molecules (BPPCC and PPPCC) also
show some association in mesophase, having 1,,/L. between 1.09 to 1.15.
However, Group IV and V molecules do not seem to form association in the
nematic phase, since for these compounds the apparent molecular lengths
are equal to the model lengths. '

The refractive indices (ne) and birefringence of Group III molecules
are the largest. It is not surprising since these compounds contain sulphur in
-NCS group as well as a phenyl ring. The refractive index (n.) of Group I
molecules are somewhat larger than that of Group II molecules though the
birefringence of the two groups seem to be same. The increase in the value
of n. for Group I molecules compare to Group II is due to the -CN terminal
part in the Group I molecules. |

-Regarding magnetic susceptibility (), we again find that the Group

III molecules containing isothiocyanato (-NCS) group have the largest value



Table 8.2

Physical properties of the nematogens studied

Taxa =T X-ray Refractive index | Mag. Susceptibility Elastic const.
Name of the compound diffraction at T.- 5°C at T~ 5°C at (T-5)°C
in’C |lpinA[ lLy/L ne An jx" x107 | Axx10® | Ksax10° | Ksa/Kuy
(cgs unit) | (cgs unit) | (dyne)

Groupl | CPPCC 700 | 2266 | 139 | 1.552 | 0.076 6.90 3.7 0.64 1.14

CPBCC 683 | 2442 | 142 | 1553 | 0.075 6.80 3.6 0.41 1.02

GroupII | BPPCC 726 | 2087 | 1.09 | 1531 [ 0075 632 2.6 0.26 0.86

PPPCC 750 | 2426 | 1.15 | 1.535 | 0.065 6.45 2.9 0.59 0.98

Group Il | 10CPS 507 | 317 | 123 | 1.632 | 0.098 7.15 3.0 0.44 0.92
12CPS 525 | 339 | 121 | 1.614° |0.121°| 7.63° 2.9¢ 0.40° 009

GroupIV | ME505 | 549 - - - - 6.53 6.8 0.52 1.09

ME60.5 622 | 245 | 1.00* | 1.061" | 0.074" 6.81 55 0.42 1.03

Group V | 3CPOd(3)1 | 580 | 16.8° | 0.98° | 1.504° | 0.068° 6.50 6.0 127° 1.14°

5CPOd(3)1 | 67.0 | 19.1° | 1.00° | 1.535° | 0.097° 6.99 4.7 0.83° 1.01°

* - value taken from reference [1].

° - value taken from reference [10].

b value taken from reference [9].

¢ _ at temperature T, - 4°C.

® - at tempetature T, - 1.5°C.

(44
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(magnitude) of xj. Again, this may be due the presence of sulphur. All

other molecules have the value of x in the range 6:3 to 6.9 x 107 ¢.g.s unit.
The Group 1 molecules with cyano groﬁp and Group IV molecules with two
phenyl rings have larger value of x. The Grbup IT molecules with only one
phenyl ring have the loweét xj values. Regérding magnetic susceptibility
anisotropy (Ay), the Group IV (with two phenyl rings) and Group V (with
one phenyl ring connected to alkenyl 'chainA at one end) have largest
anisotropies. Thesg large Ay may be the effect of enhanced dislocation of
7t electrons over two phenyl rings (Grbup IV) or between phenyl ring and
the alkenyl chain (Group V). This »may also be the reason for the
* birefringence values of the cbmpounds in these two groups (Group IV and
Group V) to be quite large. For all other molecules the Ay values are much
smailer. |
The values of bend elastic constants at T, - 5°C are also shown in
Table 8.2. The largest values are of the two alkenyl compounds (Group V).
For all pairs of molecules in each groﬁp, the K33 values decrease with
increasing length of alkyl or alkoxy chain, as is expected. The only
exception is in Group II, PPPCC has larger K33 values compared to BPPCC
even if it has longer alkyl or alkoxy chain at both énds. This is due to the
fact that PPPCC has a smectic phase at low temperatures and it)s nematic
phase x-ray diffraction pattern shows sign of cybotactic groups (Chapter 3,
Plate 3h). The bend to splay elastic constant ratios are greater than one for
Group I, IV and V compounds. It is well known that this ratio are larger for
molecules having large polarity. Since Group I molecules have a phenyl
ring and a cyano grdup they have large values of K33 /Ky;. The alkenyl |
compounds (Group V) and Group IV compounds (with two phenyl rings)

have also large po’larities; hence their K33 /Ky; values are larger than one.
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This ratio also should decrease with increasing chain lengths within each
group. Except for Group II and III it seems to be the case. In Group II,
PPPCC has larger values of K33 /K;; than BPPCC, since it has cYbotactic
groups in its nematic phase. In the Group III (10CPS and 12CPS) the
comparison cannot be made, since for 12CPS elastic constants could be
measured at only one temperature, 1.5°C below the transition temperature.

Mixture studies.

As mentioned earlier three binary mixtures have been studied by me.
Two binary mixtures of a terminal polar compound (5CB) and a non polar
compound (ME 50.5 or ME 60.5) show induced smectic A4 phase and have
been studied extensively before by other workers in our laboratory [3,5].
They observed that the orientational order in these mixtures show a
minimum in the same composition range where the smectic Aq phase is
most stable. They obtained the <P,> values from x-ray diffraction and
refractive index studies. I measured the magnetic susceptibilities of these
two mixtures at different compositions aﬁd calculated order parameteres
from these data. My data fully corroborates the earlier observations
regarding <P,> being minimum at the composition where smectic A4 phase
1s more stable.

The other binary system studied by me has both the components
terminal polar compounds (120CB and 7CBB, bothlhaving -CN group at
one end). This mixture has been previously studied by Dabrowski et al.[6]
and show an enhanced smectic A4 phase as well as a re-entrant nematic
phase in a certain composition range. I have studied in detail a particular
mixture ( x7;cgg = 0.917) of this binary system, which showed both re-
entrant nematic and smectic A4 phases. I studied density, refractive indices
and x-ray diffraction patterns of this particular mixture. My study seems to

indicate that the re-entrant nematic to smectic Ay phase transition for this
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‘mixture is continuous. I have also measured variation of layer thickness
- with both temperature and composition for the mixtures 6f 7CBB and
120CB. The main observation is that while -the temperature variation of |
layer thickness at a particular composition is negligible, the composition
variation of layer thickness shows a broad maximum near equimolar
concentration. This behaviour has been qualitatively explained in Chapter 6,
assuming formation of homo dimers (120CB. +120CB) and hetero dimers
(7CBB+120CB). A calculation which will presumably explain the variation
of layer thickness quantitatively in this system as well as in a related system

(7CBB+70CB), which has been studied in our laboratory, [7] is in progress.
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