
Experimental Investigations on

Physical Properties of Some Novel

Liquid Crystals with Banana-shaped

and Rod-like Molecules

By

Brindaban Kundu

A thesis submitted to the Jawaharlal Nehru University

for the degree of Doctor of Philosophy

Department of Soft Condensed Matter Physics

Raman Research Institute

Bangalore 560 080

August 2008



ii

© Brindaban Kundu, 2009.

Typeset in LATEX2ε.



iii

Declaration:

I hereby declare that the work reported in this thesis is entirely original. This thesis

is composed independently by me at Raman Research Institute under the supervision

of Dr. R. Pratibha. I further declare that the subject matter presented in this thesis

has not previously formed the basis for the award of any degree, diploma, membership,

associateship, fellowship or any other similar title of any university or institution.

Dr. R. Pratibha Brindaban Kundu

Soft Condensed Matter Physics

Raman Research Institute

Bangalore 560 080

India



iv

Certificate:

This is to certify that the thesis entitled “Experimental Investigations on Physical

Properties of Some Novel Liquid Crystals with Banana-shaped and Rod-like

Molecules” submitted by Brindaban Kundu for the award of the degree of Doctor of

Philosophy of Jawaharlal Nehru University is his original work. This has not been published

or submitted to any other University for any other Degree or Diploma.

Prof. Ravi Subrahmanyan Dr. R. Pratibha

(Director) (Thesis Supervisor)

Raman Research Institute

Bangalore 560 080

India



Acknowledgements

I am grateful to my supervisor Dr. R. Pratibha for her guidance, encouragement, help and support

in accomplishing this work.

My special thanks are due to Prof. N. V. Madhusudana for very helpful discussions. He was

always there to listen and to give advice. His intuitive insight in physics has been a great resource

in my research.

I would like to thank Prof. B. K. Sadashiva and Dr. Sandeep Kumar for some of the compounds

used in this work and helpful discussions.

I also like to thank Dr. Arun Roy, Dr. Abhishek Dhar, Dr. Y. Hatwalne for many valuable

academic discussions and suggestions. I am also indebted to Dr. V. A. Raghunathan and Dr.

Madan Rao for theoretical course-work at the beginning of my research career. I am grateful to

Prof. Lakshminarayan, Prof. K. A. Suresh, Dr. T. N. Ruckmongathan, Prof. Joseph Samuel,

Prof. Bala Iyer, Dr. Reji Philip, Dr. Ranjini Bandyopadhyay and Dr. Vajayraghavan for helping

me in various ways.

I am thankful to Ms. Vani, Mr. M. Mani, Mr. H. Ram Subramonyam to fabricate the experimental

setup. My thanks to Mr. A Dhason, K. N. Vasudha, Mr. Ravi Sankar, Mr. Raju Varghese,

Jayadeva, Shashidhara, Srinivasa and RAL department for technical assistance.

I would like to thank Mr. Patil and all the staff members of the library for their assistance and

v



vi Acknowledgements

helpful attitude throughout my Ph. D.

I thank to Mr. Krishnamaraju, Mr. Radhakrishna, Ms. Radha and Ms. Marisa for making official

matters very easy.

I thank the computer section for their assistance. I also thank to all the hostel staffs, canteen

staffs and everyone at RRI for their sincere cooperation and help.

I am grateful to beautiful RRI green environment and Bangalore weather for making my stay

enjoyable.

I was lucky to have Surajit-da, Manjula and Viswanath, Rajkumar and Sanat as my seniors. I

learned many scientific things as well as about many computer applications from them.

My heartiest thanks to my friends Sajal, Dipanjan, Sutirtha, Abhijit, Debs, Chandryee, Qusailah,

Archana, Abhishek-da, Sudipto for the wonderful time I passed. Though Javed is no more

with us but he will be remembered always. I also thank Sarasij, Pani, Amarnath, Murty, Amit,

Ganesh, Arun as my seniors. I thank to my juniors Santanu, Alpana, Siddhartha, Rahul, Sandeep,

Dibyendu, Arif, Antara, Bibhuranjan, Harikrishna, Radhakrishnan, Suresh, Bharat, Nagaraju,

Rakesh, Jayakumar, Radhika, Tridib, Arijit, Wasim, Ravi, Anupam, Satyam, Anirban for their

cooperation and various kinds of help.

I thank Atikur, Debjyoti, Jyotirmoy, Purnendu-da, Santanu, Soumik, Priyadarshi, Nilotpal-da,

Ayan, Chris, Petros for their friendship.

Special thanks to Google Mathematica group

(http://groups.google.com/group/comp.soft-sys.math.mathematica/topics) and RRI football

ground where I used to forget surroundings.

Last, but not the least my deep gratitude to my parents and brother for their constant encour-

agement throughout this period.

http://groups.google.com/group/comp.soft-sys.math.mathematica/topics


Preface

This thesis reports some experimental investigations on physical properties of novel liquid crystals

made of (i) banana-shaped and rod-like molecules and (ii) dimers made of rod-like molecules.

Most of these studies have been made in the nematic phase.

Chapter 1 : We have given a general introduction to the topics which are relevant to the

discussions in the later chapters.

Chapter 2 : We have described the experimental setup used in measuring (i) optical phase

difference, (ii) dielectric constants ε⊥ and ε‖, and (iii) splay and bend elastic constants as functions

of temperature, using a single sample cell. This is possible if the nematic liquid crystal has

positive dielectric anisotropy, which is the case for all the materials studied in this thesis. In

the electro-optical setup, the transmitted and reference intensities are measured using a dual

frequency chopper along with a dual-channel lock-in amplifier using a single photo diode. The

ratio of transmitted to reference intensity is taken to get rid of the intensity fluctuation of He-Ne

laser. Another lock-in amplifier is used for the impedance analysis of the cell. All the instruments

ie., heater and two lock-in amplifiers are simultaneously interfaced with a computer. The heater is

programmed following a proportional-integral-derivative (PID) algorithm. Perpendicular dielectric

constant (ε⊥) is measured at different temperatures by applying a voltage which is well below the

Fréedericksz threshold, and simultaneously the birefringence is also measured from optical data.

Extrapolating the high voltage measurements of capacitance to infinite voltage ε‖ is also measured.

At a fixed temperature, the voltage is increased in small steps, and from the Fréedericksz threshold

vii
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Figure 0.1: (a) Measured values of birefringence of 8OCB sample. 2 represent our measure-
ments, # represent Lim’s[1] measurements and B represent Karat’s[2] measurements. (b) Measured
values of dielectric anisotropy of 8OCB sample. 2 represent our measurements and B represent Brad-
shaw’s[3] measurements. (c) Measured values of splay elastic constants of 8OCB sample. 2 represent
our measurements and  represent Karat’s measurements[2] (later re-analyzed by Madhusudana and
Pratibha[4]) and (d) Measured values of bend elastic constants of 8OCB sample. 2 represent our
measurements and  represent Karat’s measurements[2] (later re-analyzed by Madhusudana and Prat-
ibha[4])

voltage the splay elastic constantK11 is obtained. The optical phase differences at higher voltages

are fitted to an appropriate theory by an iterative procedure to get the bend elastic constant K33.

All the data analysis and the iterative fitting algorithm are written in Mathematica software. To

calibrate our setup we used the well known liquid crystal 4-n-octyloxy 4′-cyanobiphenyl (8OCB).

Measurements of various physical properties of this material are available in the literature.

We have compared our 8OCB birefringence data with those of Lim et al. [1] and Karat

et al. measurements[2]. Our results show good agreement with their data(see Figure 0.1a).
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The dielectric anisotropy of 8OCB is compared with the data of Bradshaw et al. [3]. Our data

are somewhat higher, and the difference increases close to TNI (Figure 0.1b). Our K11 and K33

measured data of 8OCB are compared with the earlier measurements by Karat et al. [2] which

were later reanalyzed by Madhusudana et al. [4]. Our values are higher by ∼15%. The present

result shows a smoother variation of K11 with temperature compared to the earlier data as the

temperature stability is higher(Figure 0.1c,d).

Our data on 8OCB compare very well with earlier measurements, as far as ∆n is concerned.

We believe that our measurements of ε⊥, ε‖, K11 and K33 are more accurate than the earlier

measurements.

Chapter 3 : Compounds with molecules having two different shapes, viz, rod-like (R) and

disc-like (D) have been studied in great detail in the past [5, 6]. The recently discovered liquid

crystals (LCs) made of banana-shaped or bent-core (BC) molecules are being presently studied

extensively [7, 8]. Unlike R and D molecules, the BC molecules have shape polarity. Recently

detailed studies have been carried out on mixtures of a binary system of compounds having

R and BC molecules[9]. The temperature-concentration phase diagrams of the BC compound

1,3-phenylene bis[4-(3-methyl-benzoyloxy)] 4′-n- dodecylbiphenyl 4′ -carboxylate (BC12) and R

compound 4-n-octyloxy 4′-cyanobiphenyl (8OCB) are shown in Figure 0.2.
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Figure 0.2: (i) Molecular structures and phase sequences exhibited by (a) 1,3-phenylene bis[4-(3-
methylbenzoyloxy)]4′-n- dodecylbiphenyl 4′ -carboxylate (BC12) and (b) 4-n-octyloxy 4′-cyanobiphenyl
(8OCB). (ii) Temperature-concentration phase diagram of the binary mixture (reproduced from Ref.
[9])
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The 8OCB molecules have the strongly polar cyano end groups and neighbouring polar molecules

have an antiparallel orientation and overlap at the aromatic cores [10] giving rise to the partial bi-

layer SmAd phase. This system exhibits three induced phases, viz. the biaxial smectic-A (SmAdb)

phase and two types of 2-dimensionally periodic phases B′1 and B1 in appropriate concentration

ranges of BC12. The mutual orientation of the R and BC molecules in the SmAdb phase has

been established by other studies[9, 11]. It has been shown that the aromatic cores and aliphatic

chains of BC12 molecules fit into the partial bilayer of 8OCB molecules with the arrow axes of the

bent-core molecules preferentially lying parallel to the layer normal. In the R rich mixtures of the

system, the nematic phase is exhibited over large temperature ranges and the mutual alignment

of the two types of molecules can change with temperature, affecting various physical properties.

We have undertaken the present work to explore this possibility.

We have studied 8OCB and its mixtures with 5, 11, 14 and 17 Mol% of BC12. In all further

discussions these mixtures are denoted as 5M, 11M, 14M and 17M respectively.

At any given relative temperature (TNI − T), birefringence (∆n) decreases with increasing

concentration of the BC compound. This trend is a consequence of the lower anisotropy of

polarizability of the BC molecule as compared to that of 8OCB molecule (see Figure 0.3a). The

parallel dielectric constant ε‖ of 8OCB monotonically increases up to SmAd. In 5M, ε‖ saturates

at lower temperatures of the N phase. In 11M, 14M and 17M mixtures, as the nematic to

SmAd transition point is approached within about 3◦C of the transition, ε‖ decreases sharply (see

Figure 0.3b). This sharp decrease results from the smectic like short range order which builds up

close to the transition point. The alignment of BC molecules in such short range ordered groups

should be with their arrow axes along the director defined by the long axes of 8OCB molecules.

The contribution of the BC molecules to the dielectric constant is sharply reduced. This reduction

implies that there is a large barrier against the reorientation of the BC molecules about the bow

axis in the smectic layers. This observation also implies that the BC and 8OCB molecules may

have a different mutual alignment in the high temperature nematic phase.

Figure 0.3c shows K11 as a function of temperature for 8OCB and four mixtures. As the

concentration of BC molecules is increased, K11 decreases. In all the mixtures the temperature

dependence of K11 changes sign and K11 decreases sharply close to the N-SmA transition point.

This anomalous behaviour reflects the reorientation of BC molecules in the smectic-like short
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Figure 0.3: (a) Dependences of birefringence of pure 8OCB and four mixtures on the relative
temperatures. (b) Dependences of ε‖ of pure 8OCB and five mixtures on the relative temperatures.
ε‖ of 22M mixture is measured using a homeotropically aligned cell. (c) Dependences of K11 of pure
8OCB and four mixtures on the relative temperatures and (d) Dependences of K33 of pure 8OCB and
four mixtures on the relative temperatures. The data for 8OCB and 5M mixture are shown in the inset.

range ordered (SRO) groups. As shown in Figure 0.4(b) the bent nature of the molecules can

aid the splay deformation in the smectic like short range ordered groups in the nematic phase.

The bend elastic constant K33 decreases with the concentration of BC molecules. In 11 M

mixture K33 decreases four times from that corresponding to 8OCB at 10◦C below the isotropic-

nematic transition point (see Figure 0.3d). This reduction is much more than the reduction

of K11. K33 also behaves anomalously with temperature. K33 initially increases and reaches

maximum in 14M and 17M mixtures and then decreases slowly as the temperature is lowered

from TNI. Close to nematic-smectic transition point, K33 again increases.
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(a) (b)

(c)

Figure 0.4: (a) Mutual alignment of R and BC molecules in the nematic phase (b) BC molecules
reorient when smectic like short-range order builds up. The bent core molecules favour a splay distortion
of the director field dominated by rods and (c) in the nematic phase the BC molecules fit very well in
a director field with bend distortion.

The molecules are bent and when there is a bend deformation they can more easily get accom-

modated with the director field of the rods (Figure 0.4c). The bend elastic constant decreases by

the presence of BC molecules in the medium. As the temperature is lowered the order parameter

increases and the influence of BC molecules becomes even stronger. Instead of the bend con-

stant increasing with that of the orientational order, it actually decreases. Very close to N-SmA

transition point K33 shows an increasing trend, because of the build up of smectic like SRO. In

this case, the bend distortion of the director field becomes more difficult, as is well known[5, 6].

A simple model has been proposed to account for the anomalous trend in K33.

In view of the anomalous trends in the temperature variations in the elastic constants found

in the mixtures with 14 and 17 mol % BC12 molecules, it is of obvious interest to investigate

mixtures with even higher concentrations of BC molecules. We undertook measurements on 24M

mixture.

Birefringence of 24M is lower compared to that of other mixtures. The dielectric constant 24M
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in the isotropic phase is ∼ 8.5, which is much above that of other mixtures, and almost similar to

that of pure 8OCB. ε⊥ is also much larger than that of 8OCB and other mixtures, at any relative

temperature. At same relative temperature the Fréedericksz threshold voltage is higher for 24M

than that of 17M mixture. This implies that the dielectric anisotropy of 24M should be lower

than that of 17M mixture near the threshold voltage though the measured ∆ε of 24M is similar

to that of 17M mixture, where ε‖ is measured by extrapolation of ε at high voltages to 1/V = 0.

In order to investigate this difference further, we conducted other experiments. A mixture with

20M of BC molecules was taken in a homeotropically aligned cell. The temperature dependent

dielectric constant ε‖ was now directly measured using this cell for various applied AC voltages
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ε⊥ of 24M exhibits highest values, (b) Temperature variations of ε‖ at different applied electric fields of
20M mixture. ε‖ increases with increasing electric field. The result implies formation of clusters of BC
molecules in a mixture with high concentration of BC molecules. (c) At the low voltages the clusters
are oriented with their bow axes along n enhancing ε⊥. (d) In high fields the clusters reorient and the
arrow axes align along n, enhancing ε‖. The optical birefringence measured in a direction perpendicular
to the plane of the figure is higher for (c) than for (d).
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of frequency 5.64 kHz (Figure 0.5b).

With decrease in temperature, ε‖ increases in the nematic phase. At close to TAN, ε‖ falls

rapidly as smectic like short range order build up. This trend is seen in all the graphs where ε‖

are measured in various different applied voltages. More surprisingly ε‖ increases with increase of

applied voltage (see Figure 0.5b). At higher applied voltages 10V and 20V, even in the isotropic

phase, εiso shows a higher value which is ∼ 6% larger compared to the value measured at lower

voltages. In the nematic phase as well as SmAdb phase, ε‖ is higher at all temperatures compared

to the values measured at lower applied voltages.

The above results clearly confirms the trends noticed in the 24M mixture in which ε‖ was

obtained by extrapolating the ε data to 1/V = 0 in a sample which was homogeneously aligned

in the field free state. ε‖ strongly depends on the applied field, increases by ∼ 15% for a voltage

of 20V, which corresponds to a modest field of ∼ 1.35 V/µm or ∼ 45 esu. The implication of the

above result is that there is a structural change in the medium as a function of applied voltage.

In 20M and 24M, the volume fraction of BC molecules exceeds that of 8OCB and the mutual

interactions between BC molecules becomes dominant. This leads to the formation of clusters

of 2 or more BC molecules, which enhance ε⊥ in 24M to high values. In 20M a sufficiently large

electric field applied along the director reorients the clusters such that their arrow axes point

along the field direction, which increases ε‖ (see Figure 0.5d).

Chapter 4 : The rod-like (R) and bent-core (BC) molecules can be expected to have different

order parameters in the nematic phase. The BC molecule which deviates strongly from cylindrical

symmetry requires two different order parameters for a full description even in a uniaxial phase.

When the molecules are cylindrically symmetric a single order parameter S can describe the

orientational order parameter. The orientational order of the BC molecules must be described

by two order parameters S and D where D is called the molecular biaxiality order parameter.

A measurement of D using the infrared dichroism technique is possible but would require two

independent vibrational modes from the same molecule which can give rise to isolated bands in

the IR spectrum[12]. We have used the CPh − O bonds attached to the phenyl rings and the

C = O bonds present in the BC12 molecule to estimate S and D order parameters of the BC12

molecules in a mixture with 11 Mol% of BC12(Figure 0.6a). This method requires a knowledge
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Figure 0.6: (a) IR spectrum of 11M mixture in the nematic phase, (b) energy minimized molecular
structures of a BC12 molecule (only core), (c) Order parameter of 8OCB using 2 different bonds
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and (d) Uniaxial and biaxial order parameters of BC12, estimated from IR data.

of the molecular structure.

We have calculated the S order parameter of 8OCB molecules using the absorption bands of

both C ≡ N and Cph − O bonds for different temperatures. Both the bonds are along the long axes

of the 8OCB molecule. These two order parameter values are very close (see Figure 0.6c). These

numbers are also very similar to, though somewhat smaller than the average order parameter of

the mixture estimated from optical birefringence. The difference between the IR data and the

optical data estimates increases at higher temperatures in the nematic phase.

In order to calculate the two order parameters S and D of BC molecules we should know the

geometrical structure of the molecule. We have used the Spartan 04 software to get the minimum

energy conformation of a BC12 molecule. From the minimized energy of molecular structure, we

calculate the angles made by all the four C = O bonds and all the four Cph − O bonds with the

Bow, Arrow and C axes. These angles and IR absorptions of the corresponding bonds are related
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with S and D of BC molecule. Using these we get S and D order parameters of the BC molecules.

Both S and D of BC12 are positive and increase with decreasing temperature in the nematic

phase(Figure 0.6d). In the smectic phase we could not get any reasonable values for S and D

order parameters with the known mutual arrangement viz. the arrow axes along the director.

From the NMR studies on a nematic liquid crystal made of only BC molecules, Xu et al. [13]

have found very low value (∼ 0.025) of the order parameter D. Indeed in order to get reasonable

values of the S order parameter, they had to use a molecular geometry which was different from

the energy minimized geometry of a single molecule. We believe that the values of S that we

have got are clearly underestimated compared to the values obtained from optical measurements

and IR data on 8OCB molecules. Further, D parameters are also overestimated. The attempt

to measure both S and D molecular orientational order parameters of the BC molecules in the

11M mixture shows that the average geometrical conformations of the molecule may be quite

different from the one got on the basis of energy minimization of a single BC molecule. The

packing effects are likely to change the molecular structure to favour entropic gain in the free

energy. Since BC12 has four relatively flexible O−C=O groups, such a change of structure which

may also depend on temperature, is highly likely.

Chapter 5: We have made flexoelectric studies on mixtures of rod-like and bent-core molecules.

Splay or bend distortion of a nematic liquid crystal can create an electric polarization. This

was first shown by Meyer[14] and this effect is known as flexoelectric effect. The flexoelectric

polarization P induced by a weak distortion of a nematic director field is given by,

P = e1 (∇.n)n + e3 (∇× n)× n (0.1)

where e1 and e3 are flexoelectric coefficients corresponding to the splay and bend distortions

respectively with the dimensions of charge/length or electric potential and of arbitrary sign. This

expression is the most general polar vector that can be constructed from the apolar director n.

Recently Harden et al. [15] have measured the flexoelectric coefficients of pure bent-core

nematic 4-chloro-1,3-phenylene bis 4-[4′-(9-decenyloxy) benzoyloxyl] benzoate (C1Pbis10BB) by

a mechanical technique where an oscillatory bend deformation is induced by periodically flexing a

thin layer of NLCs contained between nonrigid conducting surfaces and then measure the induced
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electric voltage which is generated by the e3 coefficient. The magnitude of e3 was found to be 3

orders of magnitude larger than in calamitics.

We are interested in measuring flexoelectric coefficients of nematic mixtures made of 8OCB

(R) and BC12 (BC) molecules. The mixtures exhibit large nematic ranges (see Figure 0.2b).

Using the Dozov technique[16], where we have used a hybrid aligned cell and a planar DC electric

field, we have measured e∗/K of pure 8OCB, 5M and 8M mixtures, where e∗ = (e1 − e3). The

signs of e∗/K of 8OCB and the two mixtures are all negative. In magnitude, e∗/K of 5M is ∼2

times larger than that of pure 8OCB (Figure 0.7). From this data we get,
(
e∗

K

)
BC
≈ 20

(
e∗

K

)
8OCB

,

which is very much smaller than Harden’s[15] result.

Our measurements of (e∗/K) in 8OCB and two mixtures 5M and 8M show that (i) the BC

molecule has a much larger flexoelectric coefficient than that of a rod like molecule like 8OCB.

The main contribution to e∗ should be of dipolar origin, as originally envisaged by Meyer. However

the estimated value of e∗ is much smaller than that of the pure compound. The large value in the

latter case may be due to enhancement by cluster formation, which is essentially absent in our
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mixtures 5M and 8M. (ii) The relatively large value of (e∗/K) of the BC molecules also gives rise

to an increased internal field in the hybrid aligned cell when the concentration of BC molecules

is increased. This in turn leads to a full reorientation of the director on the plate treated for

planar alignment to give only homeotropically aligned cells for concentrations > 11 Mol % of BC

molecules.

Chapter 6: Liquid crystal dimers are composed of molecules containing two conventional meso-

genic groups linked via flexible spacers. The physical properties of nematic liquid crystals made

of dimeric molecules are expected to be different from those made of monomers. Recently a few

disulphide-bridged alkoxycyanobiphenyl dimers

[N ≡ C− (C6H4)− (C6H4)− O− (CH2)n − S− S− (CH2)n − O− (C6H4)− (C6H4)− C] [17]

have been synthesized in our chemistry laboratory, where ‘n’ is the number of methylene units.

These dimers exhibit relatively low temperature liquid crystalline phases compared to other dimers.

Lower homologues exhibit only the nematic phase while higher homologues exhibit nematic as

well as smectic phases. The ninth homologue indicated by (D9) exhibits the reentrant nematic

(Nr) phase over a short temperature range (∼ 3◦C). We have made a mixture of 94 Mol % of

D10 with 6 Mol % of D6 which shows the reentrant nematic over a large temperature range

(∼ 8◦C). We have undertaken some measurements of the optical birefringence, both parallel and

perpendicular dielectric constants, and the splay and bend elastic constants in the nematic phase

of different dimers and one mixture(94 Mol % of D10 and 6 Mol % of D6).

Though all the dimers have an even number of carbon atoms in the flexible chains, the birefrin-

gence, the order parameter, ε‖ and dielectric anisotropy show clear odd-even effects, depending

on the number of carbon atoms in the alkoxy chain of a monomeric unit. Birefringence, ε‖ and

∆ε are lower for a given even monomer than those of next odd monomer (Figure 0.8a, c). Sur-

prisingly the order parameter shows exactly the opposite odd-even effect, the even homologues

having higher values than the neighbouring odd homologues (Figure 0.8b). D7 exhibits unusual

temperature dependences. It has the steepest variations in ∆n, S and ε‖ (Figure 0.8). The

dielectric constant in the isotropic phase and ε⊥ decreases with increase in the chain length of

the dimer.

In the nematic phase of the D6 dimer, a jump is seen in the optical transmitted intensity and
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Figure 0.8: Dependences of (a) the birefringence (∆n), (b) order parameter (S), (c) ε⊥, and (d)
ε‖ of 5 dimers and the mixture on the relative temperatures.

the perpendicular dielectric constant at the same temperature (T− TNI ∼ −6.2◦C) indicating

a nematic-nematic transition. We have conducted two independent experiments with different

cell thicknesses. In both the cells the jump is seen at the same temperature of 120.5◦C (see

Figure 0.9). Optical intensity jumps to a higher value indicating that the birefringence and hence

the order parameter have jumped to a lower value. ε⊥ jumps to a higher value again corresponding

to decrease in the order parameter. This phenomenon occurs within the nematic phase, without

any signature in the calorimetric data. It signifies a weakly first order N–N transition, which

occurs because of a change in the short range order in the medium[5, 18].

At any relative temperature, K11 of the mixture is higher than that of D9 dimer. In the

D6 dimer very close to N–N transition point K11 varies smoothly, and no indication of a N–N

transition is seen in Figure 0.9. At the same relative temperature, K11 shows a small odd-even
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effect close to TNI, the even members having higher values.

The divergence of K33 is observed when the temperature in the Nr phase approaches TAN

(Figure 0.9) in D9 and the mixture. In the nematic phase at any given relative temperature, K33

of the mixture is larger than that of D9 dimer. Again as in the case of K11, there is no evidence

of N–N transition in the D6 compound.

The odd-even effects are probably connected with the disulphide bridging group. In the case

of even homologues, the –S–S– bond itself is aligned along the long axis of the dimer on average,

and the two C–S bonds on either side are oriented at a large angle to this axis. The C–S bond

polarizabilities subtract from that of the polarizability along the long axis, and the birefringence

is lowered. In the odd homologues, the C–S bonds are aligned along the long axes, and add to
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the anisotropy, increasing the ∆n value, but not to the overall order parameter of the medium.

Moreover, the S–S bond makes a large angle to the long axis and it is easier for each alkoxy-

cyanobiphenyl moiety to reorient under the action of a low frequency electric field, thus increasing

the orientation contribution to ε‖(Figure 0.10). Further, the fluctuations about the S–S of odd

members lowers the order parameter to a greater extent than in the case of even members in

which the bond is aligned along the long axis of the dimers. The reorientation about the S–S

bond should be much easier compared to that about a CH2–CH2 bond as the sulphur atoms are

much smaller in size compared to the bulky CH2 groups. Indeed the sharp increase in ε‖ as the

temperature is lowered from TNI in D7 which is the lowest odd homologue studied, reflects this

tendency for a facile reorientation about the S–S bond till the conformational stiffening takes over

at ∼ 100◦C, and ε‖ starts to decrease sharply. As the temperature is lowered, the conformational

freedom of chains reduces and the orientation contribution to ε‖ decreases in all the homologues

studied (Figure 0.8).
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Some of the results in this thesis have been published in the following paper:

1. B. Kundu, R. Pratibha, and N. V. Madhusudana, Physical Review Letters 99, 247802

(2007).
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