CHAPTER-2

Theoretical background and experimental methods
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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.
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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)
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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



49

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

pattern when H > H; in the case of the splay mode.
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Figure 2.7 Schematic representation of the experimental set-up for elastic

constant measurements.
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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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