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Synopsis

A typical bent-core (BC) banana-shaped molecule consists of a relatively rigid bent-
core part which has two rod-like arms joined end to end with an angle of about 120
degrees between them. In addition, flexible aliphatic chains usually are attached to
one or both ends of the rigid core of the molecule. Based on the rigid-arms and
associated chain lengths, BC molecules can be classified into two categories: symmetric
and asymmetric BC molecules. In a symmetric BC banana-shaped molecule, both the
arms and the chains are the same, giving rise to Cyy, point symmetry of the molecule.
However, in a asymmetric BC molecule, the asymmetry can be introduced either by
using different chain lengths and linkage groups in the symmetric BC banana-shaped
molecule or using rigid arms of different lengths. A bent-core hockey-stick shaped
(BCHS) molecule is formed when one of the arms is relatively shorter than the other
arm. The BCHS molecule can be considered to have an intermediate shape between

the bent-core banana-shaped and the rod-like molecules as shown in
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Figure 1: Molecular structure of a bent-core hockey-stick shaped molecule which lies
between a rod-like and symmetric bent-core banana-shaped molecules.

The BC banana-shaped molecules are known to exhibit a polar order in their tilted
smectic phases due to their transverse shape anisotropy. On the other hand, rod-like
molecules in their tilted smectic phases rotate almost freely about their long axes giving
rise to almost uniaxial layers. As BCHS molecules have an intermediate shape, it is

interesting to investigate the phase behavior and the molecular organization in their
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liquid crystal (LC) phases. Only a few studies had been reported on the LC phases
exhibited by BCHS molecules. The present thesis consists of experimental studies
on LC phases exhibited by pure compounds consisting of BCHS molecules and on the
binary mixtures of rod-like and BCHS molecules. We also developed theoretical models
to account for the observed LC phases and electro-optic effects on their smectic phases.
The motivation of this thesis is to decipher the self aggregated molecular organization
and physical properties of LC phases exhibited by such molecules with non-conventional

shape. This thesis is divided into six chapters.
Chapter 1

This chapter deals with the basic introduction of liquid crystals along with details

of their physical properties and classifications.
Chapter 2

This chapter contains the methodologies and experimental techniques which had
been utilized during this thesis work. The physical properties of BC liquid crystals were
characterized using a variety of experimental techniques such as differential scanning
calorimetry (DSC), polarizing optical microscopy (POM), X-ray diffraction (XRD),
polarization reversal switching current measurement, dielectric constant measurements,
electro-optic studies. POM is a simple and powerful tool to examine LC textures and
phase transitions. In this chapter, we described a home-built electro-optic experimental
setup which was used to measure dielectric constant and transmitted optical intensity
simultaneously as a function of temperature and applied voltage. The electro-optic
setup was interfaced to a computer using a LabVIEW program. The birefringence of a
planar-aligned sample can be obtained from the measured optical intensity. The setup
was calibrated using a well studied commercially available LC sample 4’-(Octyloxy)-
4-biphenylcarbonitrile (80CB). Our experimental measurements for the birefringence

and dielectric anisotropy (Figure 2)) showed good agreement with literature values.
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Figure 2: (a) Measured dielectric anisotropy and (b) birefringence of a planar-aligned
sample as a function of relative temperature for a compound 8OCB.

Chapter 3

In this chapter, we describe the experimental studies on two compounds consisting
of BCHS molecules. In the first part, we describe the experimental studies on a com-
pound 4-n butyloxyphenyl 4-(4-n-octadecyloxybenzoyloxy-4-benzoyloxy) biphenyl-3-
carboxylate which is abbreviated as 40C18. In the second part, we present experimen-
tal results on a different compound 4-(((3-((4-(nDecyloxy)benzoyl)oxy)phenyl)imino)
methyl)phenyld- (-(4-(n-tetradecyloxy)phenyl)diazenyl)benzoate which is abbreviated
as Al4.

The molecular structure of the compound 40C18 and the phase sequence is shown

in [Figure 3|

XV



CHAPTER 0

C4H90 : r‘“ J\@\
J\OOCmHs?

136.6°C 121.4°C 09.8°C
Isotropic ———— > SmC, ———— > SmC;, ——— > Crystal

Figure 3: The molecular structure and the phase sequence of compound 40C18 on
cooling the sample from the isotropic phase.

This molecule consists of five benzene rings with terminal chains attached at both
the ends of the molecule. This compound shows two new tilted smectic phases which
are characterized to have an axial-vector order parameter in addition to the tilt order
in the layers. We designated these higher and lower temperature phases as SmC4 and
SmC7, respectively. The subscript A denotes the anticlinic and anti-axial arrangement
of molecules in successive layers. The subscript I for the lower-temperature phase indi-
cates an intermediate arrangement of molecules in successive layers with the azimuthal
angle difference in tilt directions between 0 and 7. The POM studies on these phases

were carried out for both planar and homeotropic alignments of the sample as shown

in [Figire 4
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Figure 4: POM textures of compound 40C18 on cooling it from isotropic phase in
SmC4 phase at 125 °C for (a) homeotropic-alignment, (b) planar-alignment
and in the SmC} phase at 115 °C for (¢) homeotropic-alignment (d) planar-
alignment.

In the higher-temperature SmCy phase, a schlieren texture (Figure 4p) with both
unit and half strength defects was observed for the homeotropically-aligned sample.
The existence of both half and unit strength defects confirm the anticlinic tilt of the
molecules in the adjacent layers. For a planar-aligned sample, a focal-conic fan texture
(Figure [b) with optic axis parallel to the layer normal was observed. The optic
axis parallel to the layer normal is consistent with the anticlinic tilt of the molecules
in the successive layers. In the lower-temperature SmC; phase, again, a schlieren
texture in which the defect centers are less distinct was observed ([Figure 4k) for a
homeotropically-aligned sample. On the other hand, for a planar-aligned sample, a
large number of irregular bands appeared parallel to the smectic layers making the
focal-conic fans not clearly visible (Figure 4d). Both the textures in the SmC; phase

indicate the coexistence of different stable degenerate structures.
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The XRD studies were carried out on an unoriented sample filled in Lindemann
capillary tube while cooling the sample from the isotropic phase. XRD studies con-
firmed the tilted nature of molecules in the SmC'y and SmC phases with layer spacing
as 42.6 A and 43.1 A, respectively. Both the phases do not possess any spontaneous
electric polarization in the layers as no peaks were detected in the polarization re-
versal current measurements. Yet, an electro-optic response was observed under the

application of an AC electric field.

In the second part, the experimental studies on another compound A14 consisting
of azo-substituted BCHS molecules has been described. This compound also showed
similar phases as that of compound 40C18 confirming the generality of the observed

phases. The molecular structure of the compound A14 and the phase sequence is shown

in [Figure 5
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Figure 5: The molecular structure of compound A14 and phase sequence on cooling the
sample from the isotropic phase observed by differential scanning calorimetry.
The transition temperatures were measured by DSC.

The POM textures of the compound A14 between crossed polarizers are shown in
As can be seen from [Figure 6] the textures have similar characteristics as
that of compound 40C18. This sample has relatively higher birefringence giving rise
to color textures in both the phases. The POM textures again confirmed the existence

of the SmCy and SmC7 phases for this compound.
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Figure 6: POM textures for a homeotropically-aligned sample (column one) in the
SmC'y phase (a) schlieren texture with one and half defects just below the
clearing temperature (b) in deep SmC4 phase, and (c) in the SmC/ phase.
For a planar-aligned sample (column two) (d) batonnet growth of the SmCy
phase (e) completely grown focal-conic fan texture in the SmC'4 phase, and
(f) irregular band texture in the SmC} phase.

The XRD studies for this compound also confirmed the tilted nature of the molecules
in the smectic phases with layer spacing as 44.5 A and 46.1 A in the SmC 4 and SmC;
phases, respectively. We also measured the layer spacing (tilt angle) variation as a
function of temperature. The layer spacing (tilt angle) slightly increases (decreases)
on cooling the sample from the SmC4 phase to SmC; phase with a small jump at the
SmCy to SmCT phase transition temperature as shown in This increment in

the layer spacing is about 4% over the whole temperature range studied. This can be
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attributed to a slight increase in the molecular length due to straightening of the end
chains of the molecules with decreasing temperature. This behavior is contrary to the
calamitic SmC' phases consisting of rod-like molecules where the layer spacing usually

decreases with decreasing the temperature.
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Figure 7: The variation of layer spacing and tilt angle with temperature from the SmC'4
to SmC'; phase for compound Al4. The data was recorded on cooling the
sample from the isotropic phase.

Both the phases do not possess net electric polarization in the layers as no peaks
were detected in the polarization reversal current measurements. However, in spite of
the absence of layer polarization, some remarkable electro-optic effects were observed
under the application of an AC electric field in both the smectic phases similar to that

of the compound 40C18.

We developed a theoretical model to account for the observed phases. We proposed
that the molecules in these tilted phases adopt a zigzag shape for efficient packing in

the smectic layers.
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(a)

Figure 8: (a) The zigzag configuration of the BCHS molecules within the layer. (b)
The pseudo-polar tilted organization of the BCHS molecules in the layer.

shows the zigzag packing of BCHS molecules in the smectic layers. This
zigzag shape of the molecules induces an axial-vector order parameter in addition to
the tilt order parameter in the layers. The schematic representation of the tilt and
axial-vector order parameters used for the theoretical model are shown in [Figure 8p.
It should be noted that the zigzag packing of the molecules leads to the cancellation
of the dipole moments of the molecules with no net electric polarization in the layers

as found experimentally.

The theoretical model predicts five possible tilted smectic phases as shown in
ure 9t
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Figure 9: The schematic representation of the predicted structures in different smectic
phases. The arrows show the tilt direction of the molecules in the adjacent
layers.

(i) The SmC'4 phase with an anticlinic tilt and antiparallel axial-vector order in
successive layers. This phase is observed experimentally at higher temperatures in the
studied samples.

(ii) The SmCs phase with synclinic tilt and parallel axial-vector order in successive
layers. This phase is not observed experimentally in these samples.

(iii) The SmC,, phase with helically modulated tilt directions in successive layers.
As the BCHS molecules are achiral, both left-handed and right-handed structures are
equally possible.

(iv) A bilayer SmC5 phase, in which the sign of d¢ between the neighboring pair of
layers alternate.

(V) A random SmC phase, in which the sign of d¢ between the neighboring pair of
layers vary randomly.

In our model, the SmC',, SmC,; and SmC'y phases have same energy and are ,therefore,
degenerate structures. The lower-temperature SmC phase observed in the studied
samples is identified with the coexistence of these three degenerate SmC,, SmC5, and
SmC'r structures.

In summary,

e We studied LC phases of compounds consisting of BCHS molecules. There are
very few reports on the phase behavior of such compounds.

e We find two new pseudo-polar tilted smectic phases for two different compounds
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consisting of BCHS molecules. This is the first report on the pseudo-polar tilted
smectic phases exhibited by BCHS molecules.

In these new types of tilted smectic phases, these BCHS molecules adopt a zigzag
configuration which induces an axial-vector order parameter in addition to tilt
order in the layers.

Contrary to the B2 phase of bent-core banana-shaped molecules, the layers in
these pseudo-polar tilted smectic phases are achiral in nature with no net electric
polarization.

A theoretical model is developed to account for the observed tilted smectic phase.

In the higher-temperature SmC'y phase, an anticlinic tilt and antiparallel axial-
vector order are observed.

In the lower-temperature SmC; phase, an intermediate structure with the coex-
istence of three different degenerate structures is observed.
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Chapter 4

In this chapter, we have studied the field effects on the pseudo-polar tilted smectic
phases exhibited by BCHS molecules. Both phases show the absence of spontaneous
polarization in the layers as no peaks were detected in the polarization reversal current
measurements. However, in spite of the lack of layer polarization, some remarkable
electro-optic effects were observed under the application of an AC electric field in both
the smectic phases. We divided this chapter into two parts. In the first part, we dis-
cussed the experimental results on the field effects for both compounds 40C18 and
Al4. The changes in the average transmitted intensity were measured for both the
phases of a planar-aligned samples under the application of an AC electric field. The
effective birefringence of the planar-aligned sample in the higher-temperature SmC'4
phase was estimated from the measured average transmitted intensity. The effective
birefringence remains nearly constant up to a threshold field beyond which the bire-

fringence starts to increase gradually. This clearly showed a field-induced transition

beyond a threshold field.

A theoretical model to account for the field-induced changes in the effective bire-
fringence for a planar-aligned sample in the SmC'y phase. The experimentally and

theoretically calculated effective birefringence variation as a function of an applied

field for compounds 40C18 and A14 are shown in
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Figure 10: The effective birefringence of a planar-aligned sample in the SmCy phase

with increasing amplitude of applied electric field of frequency 1 kHz of
compounds (a) 40C18 (b) Al4. The data points are experimental values
whereas the solid lines show the theoretically calculated value of the effective
birefringence using our model.

Our theoretical model predicts a Fréedericksz type transition of the tilt plane in

the SmC'4 phase beyond a threshold field.

In summary,

The field effects on the observed pseudo-polar tilted smectic phases were studied
for two compounds.

The observed tilted smectic phases do not possess net electric polarization in the

layers. Yet, some remarkable optical responses were observed with an applied
AC electric field.

The steady-state optical responses in both the mesophases indicated quadratic
coupling of the electric field with the effective dielectric anisotropy of the sample.

The average transmitted intensity measurements indicated a field-induced tran-
sition beyond a threshold field in the higher-temperature SmC'y phase.

A theoretical model is developed to account for this field-induced transition in
the higher-temperature SmC'4 phase.

The proposed model predicts a Fréedericksz type transition of the tilt plane in the
SmC'4 phase beyond a threshold field, which agrees well with the experimental
results near the threshold field.
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Chapter 5

In this chapter, we describe the experimental studies of a lower homologue of a
compound consisting of an azo-substituted BCHS molecule (A9). The phase behavior
of higher homologue (A14) is described in chapter 3 and chapter 4. Interestingly, this
lower homologue shows a transition from the SmA to the deVries SmA phase which in
turn undergoes a transition to the SmC phase at the lower temperatures. This is the
first report on the observation of the deVries SmA phase exhibited by BCHS molecules.
The phase sequence of the compound A9 is shown in Moreover, a compound

showing the SmA-deVries SmA-SmC' phase sequence is not reported in the literature.

~
C1oH2¢0 O)KO\
=N
L

OCgHyg

S0 oC . oC 19C
Iso i(“ SmA 123_6.5, de Vries SmA M, SmC .99_1_C.. Crystal

Figure 11: The molecular structure and the phase sequence observed on cooling the
sample from the isotropic phase. The transition temperatures were detected
by DSC thermogram except for the transition from the deVries SmA phase
to SmC' phase. The latter transition was detected by POM.

Three smectic phases (SmA, deVries SmA, and SmC') were observed between the
isotropic liquid and crystal phases on cooling the sample from the isotropic phase.
DSC thermogram showed a transition peak from the isotropic to the SmA phase. On
further cooling, a transition peak was observed from the SmA to the deVries SmA
phase. The transition from the SmA to deVries SmA phase was associated with a
small enthalpy change (0.24 kJ/mole) indicating a very weak first-order transition. A
first-order transition was expected as there is no symmetry change between these two
phases. The transition from the deVries SmA to the SmC' phase was not detected in
DSC thermogram indicating a second-order phase transition as expected theoretically.

However, the XRD and POM studies clearly detected the transition from the deVries
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SmA to the SmC' phase.

POM textures for a homeotropically-aligned sample are shown in A
completely dark texture (Figure 12a) was observed in the SmA phase when the sample
was cooled from the isotropic phase between crossed polarizers. No textural changes
were detected on rotating the sample with respect to the polarizer indicating a uniaxial
SmA phase. The texture remained dark as the sample goes from the SmA to the deVries
SmA phase ) Again, no textural changes were observed as the sample was
rotated with respect to the polarizer. Together with XRD results, these observations
clearly indicated the existence of the deVries SmA phase. On further cooling of the
sample, a schlieren texture with the presence of unit strength defect was observed in
the SmC' phase (Figure 12) which indicates the synclinic tilted arrangement of the

molecules in successive layers.

Figure 12: The homeotropically-aligned sample for compound A9 under cross polariz-
ers on cooling the sample from the isotropic phase in (a) SmA phase (b)
deVries SmA, and (¢) SmCy phase.

The presence of a sharp small-angle peak in addition to a diffusive peak in the
wide-angle region in the XRD profile confirmed the layer structures in all these three
phases. The observed layer spacing in the SmA phase (51.7 A) is of the order of
molecular length indicating non-tilted nature of the molecules in the layers. The layer
spacing for the deVries SmA and SmC' phases are smaller than the molecular length
indicating that the molecules are tilted in the layers. The variation of layer spacing and
tilt angle as a function of temperature is shown in [Figure 13| The vertical dotted lines
show the transition between different phases. The layer spacing remained constant

in the SmA phase. On cooling the sample from the SmA to the deVries SmA phase,
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the layer spacing decreased gradually. A very small change in the layer spacing was
observed at the transition point from the deVries SmA to the SmC phase which was
about 2%. This small change in the layer spacing at the transition from the deVries

SmA to the SmC' phase is the characteristic signature of the deVries SmA phase.
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Figure 13: The variation of layer spacing and tilt angle with temperature for compound
A9. The data was recorded on cooling the sample from the isotropic phase.

In summary,

e A compound consisting of azo-substituted BCHS molecules was studied which
shows the SmA — deVries SmA— SmC' phase sequence on changing the temper-
ature.

e This is the first report of a BCHS compound exhibiting the deVries SmA phase.

e Interestingly, this compound shows a first-order phase transition from the con-
ventional orthogonal SmA phase to the deVries SmA phase which has not been
reported in the literature earlier.

e Our experimental evidences indicate a diffusive cone model structure for the
observed deVries SmA phase.
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Chapter 6

In this chapter, we present experimental studies on the phase diagram of a binary
mixtures of rod-like and BCHS molecules. The molecular structures and the phase

sequences of pure compounds 40C18 and 8OCB are shown in [Figure 14|

oo
C4Hs0 O OJKO\ 0
QL
Iso 136.6°C SmC, 121.4°C SmC; 99.8°C Cr OCsH

(a)

Iso 80.5°C Nematic 67.3 SmA 30°C Cr
(b)

Figure 14: Molecular structures of (a) a pure compound 40C18 consisting of BCHS
molecules (b) compound 80CB consisting rod-like molecules and phase se-
quence on cooling the sample from the isotropic phase.

The detailed physical properties of compound 40C18 made of BCHS molecules are
already discussed in chapter 3. The compound 80OCB consisting of rod-like molecules
has been well studied in the liquid crystal literature. It is known that the presence of
a strongly dipolar cyano end group in 8OCB rod-like molecules lead to an antiparal-
lel orientational correlation between them. The overlapping of the aromatic cores of
molecules gave rise to a partial bilayer SmA, phase at lower temperatures in addition
to the Nematic phase at higher temperatures. The temperature versus molar percent-
age phase diagram of the binary mixtures of these compounds is shown in [Figure 15|
It was found that two compounds mixed homogeneously at all concentrations at higher
temperatures but phase segregation was observed at lower temperatures on increasing

the molar concentration of BCHS molecules in the mixtures. For lower concentrations
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of BCHS molecules in the mixtures, the calamitic Nematic and SmA,; phases were
stable. The temperature ranges of stability of both the Nematic and SmA,; phases

became narrow with increasing concentration of BCHS molecules in the mixtures.
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Figure 15: Temperature-concentration phase diagram for the binary mixture of BCHS
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Interestingly, it was found experimentally that the layer spacing in the SmA, phase
increased continuously upon increasing the molar concentration of BCHS molecules in
the mixtures (Figure . The layer spacing in the SmA, phase increased to a value
which was about double the length of the rod-like molecules corresponding roughly to a
bilayer configuration of rod-like molecules in the layers. Beyond a certain concentration
of BCHS molecules, the calamitic liquid crystal phases became unstable and pseudo-
polar smectic phases were stabilized due to BCHS molecules. These studies on the
mixtures clearly demonstrated that the layer spacing in the SmA, phase could be tuned
continuously by controlling the concentration of BCHS molecules in the mixtures. The

incorporation of the BCHS molecules in the uniaxial smectic layers of the rod-like
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molecules introduced biaxiality in the layers due to hindered rotation of the BCHS
molecules about their long axes and beyond a certain concentration, the pseudo-polar
tilted smectic phases characterized by an axial-vector order parameter and a tilt order

were stabilized.
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Figure 16: Layer spacing variation as a function of the molar percentage of compound
40C18 in the binary mixtures. The dotted line roughly indicates the con-
centration above which the calamitic phases cease to exist and the pseudo-
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In summary,

e The phase diagram of the binary mixture of compounds consisting of rod-like
and BCHS molecules is constructed.

e The mixtures rich in rod-like component shows calamitic Nematic and SmAy
phases whereas rich in BCHS molecules mixtures exhibit pseudo-polar tilted
smectic phases.

e The phase diagram of binary mixtures indicates that the pseudo-polar tilted
smectic phases are the characteristic phases of BCHS molecules.
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e The Iso-Nematic transition temperature (7)) increases with the increasing con-
centration of BCHS molecules. Thus, the guest BCHS molecules tend to increase
the orientational order of the host rod-like molecules.

e The layer spacing in the SmA, phase of the mixtures can be tuned by varying
the concentration of BCHS molecules.
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Chapter 1

INTRODUCTION

In 1988, Austrian botanical physiologist Friedrich Reinitzer was working with cholesteryl
benzoate (Figure 1.1) and found that it has two melting points [I, 2]. On heating it, he
observed that at 145.5 °C it melts into a cloudy liquid, and on further heating around
at 178.5 °C, it becomes optically clear.

Figure 1.1: Molecular structure of cholesteryl benzoate.

Later on, Otto Lehmann, a German physicist, studied cholesteryl benzoate and
the other compounds with more than one melting point under polarized microscope
[3]. He found that the intermediate cloudy phase contains the property of both the
isotropic liquid and the solid crystal. Therefore, he coined the name for the cloudy
phases as “fliissiger Kristall,” which means liquid crystal as it contains the property of
the isotropic liquid and a solid crystal together. Daniel Vorlander, a German chemist,
synthesized many liquid crystals in 20" century [4] and the fascinating liquid crystal
phases are established as intermediate phases of isotropic liquid and crystalline phases.
Sometimes, liquid crystal phases are also called as mesophases or mesomorphic. The
term mesophase originated from the Greek word meso, which means an intermediate
or middle. When a liquid crystal compound is heated from it’s crystal phase under
the polarizing optical microscope, the solid changes into a cloudy liquid at the melting

point. This phase was found to be strongly birefringent. Upon further heating, a second
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transition appeared where this cloudy liquid becomes isotropic liquid and, therefore,

optically transparent. The second transition point is known as the clearing point of

the sample. The temperature range of stability of mesophase is defined by the melting

point and the clearing point. Compounds that possess the LC phases are called as

mesogenic. The fundamental requirement of the compounds to show the liquid crystal

properties is that constitutent molecules should be anisotropic in shape [5, [6].

Broadly, liquid crystals can be classified (Figure 1.2|) as thermotropic and lyotropic

liquid crystals.

Liquid Crystals

Lyotropic

Thermotropic

Rod-like

Bent-Core

Disc-like

Symmetric BC

Asymmetric BC

Hockey-stick

Bent-core hockey -stick

Figure 1.2: Classification of liquid crystals.

1.1 Thermotropic Liquid crystals

For thermotropic liquid crystals (thermo- means temperature and tropic means change)

)

the mesophases appear on varying the temperature of the sample as shown in
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A mesophase is known as enantiotropic when it is stable on both the heating
and cooling cycle of the sample. Whereas, a phase is said to be monotropic when it is

stable only on cooling the sample.

0OA0000

Crystalline solid | | | Liquid crystal | | | [sotropic liquid
>

Melting point Clear point

Figure 1.3: The stability range of thermotropic liquid crystals.

1.2 Lyotropic liquid crystals

Lyotropic liquid crystals (lyo- means dissolve and tropic means change) are formed
when an amphiphilic molecule is dissolved in a suitable solvent under the appropriate
physical conditions like concentration, temperature, and pressure [7]. The different
lyotropic mesophases can be obtained by varying the concentration at a given temper-
ature and pressure. The simplest example of a lyotropic liquid crystal is the mixture

of soap and water.

A liquid crystal is known as amphotropic when it shows both thermotropic and
lyotropic mesophases. We will restrict ourselves to the thermotropic liquid crystals

as this thesis deals with various properties of thermotropic liquid crystals consisting
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of rod-like and bent-core molecules. Based on the molecular shape, the thermotropic

liquid crystals can be classified as:

1. Calamitic liquid crystals: constituent molecules are rod-like in shape.
2. Discotic liquid crystals: constituent molecules are disc-like in shape

3. Bent-core banana-shaped liquid crystals: constituent molecules have bent-core
banana-like shape.

1.3 Common phases of rod-like liquid crystals

Liquid crystals consisting of rod-like molecules are known as calamitic liquid crystals.
A rod-like molecule contains a rigid rod-like core and the terminal aliphatic chains are
usually attached to either one or both end of the rigid part. shows the

molecular structure of a rod-like molecule.

CN

Rod- like

Figure 1.4: Schematic representation of a rod-like molecule.

The common mesophases formed by the calamitic liquid crystal are Nematic, Smec-

tic phases.

1.3.1 Nematic phase

The simplest example of LC phases exhibited by rod-like molecules is the Nematic
phase. The word Nematic originates form a Greek word which means thread and this
phase is named as Nematic because of the thread-like structures often observed in the

texture of the Nematic phase between crossed polarizers as shown in [Figure 1.5]
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Figure 1.5: Schlieren texture in the Nematic phase for a planar-aligned sample between
crossed polarizers [§].

In the Nematic phase, there is no long-range translational order between the center
of mass of the molecules but the molecules are on average aligned with their long axes
parallel to each other. The average orientation direction of the molecules is defined
as director and is denoted by a unit vector n. The director n in the sample gives
the preferred direction of the long axes of the molecules at each point but n and -
n are indistinguishable in the Nematic phase. The schematic representation of the

organization of rod-like molecules in the Nematic phase is shown in
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Al

!

\
\
/

y

Figure 1.6: Schematic representation of the Nematic phase exhibited by rod-like
molecules.

shows some example of Nematic liquid crystals.

c4Hg—< >—N
N YocH, Cr22N471

N-(pmethoxybenzylidene)-p'butylaniline,
MBBA

NCC?‘H‘]ﬁ Cr285N421

p-heptyl-p'-cynobiphenyl

Figure 1.7: Some examples of Nematic liquid crystals exhibited by rod-like molecules
[9, 10]. The temperatures are given in °C.
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The molecules in the Nematic phase are free to rotate about their long axes and
there are rotational symmetries, i.e., cylindrical symmetry (D, ) about the director
n in this phase and it is uniaxial in nature. The director n can vary continuously
in the bulk of the sample. The variation of the director n in space can give rise to
various topological defects which are visible in a optical polarizing microscope. The
XRD studies in the Nematic phase give only a diffusive peak (see in the
wide-angle region indicating fluid-like structure. No sharp peaks are usually observed
in the small-angle regions as there is no translational order in this phase. The inset of

shows the magnified view of the diffusive peak in the wide-angle region.

)

RN
o
o

Intensityx10™( arb.unit

00 05 10 15 20 25
q (A7)

Figure 1.8: XRD intensity profile of compound 8OCB in the Nematic phase at 70 °C.

The orientational order of the rod-like molecules in the Nematic phase can be
defined as follows. Let us consider the orientation of the long axis of a rod-like molecule
is specified by the unit vector a and the molecule has cylindrical symmetry about a.
Without loss of generality, let us consider the average orientation direction of the
molecules, i.e., n as the Z-axis of a coordinate system at that point in the sample. The

orientation of a can be specified by its polar angles # and ¢ giving

7
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a; = sin f cos ¢
a, = cosf cos ¢

a, = cos b

The distribution function f(6, ¢)d) gives the probability of finding a rod-like molecule
oriented in a small solid angle d2 at (0, ¢). As the uniaxial Nematic phase have

completely cylindrical symmetry about the director n. Therefore,

1. f(0,¢) is independent of ¢.

2. f(0)=f(m —0) as n and —n are indistinguishable.

The distribution function can be expanded in terms of the Legendre polynomials

as

F(0)=>"72g arP(cos0) = ag + ar Pi(cos0) + aaPy(cos b)) + ...

where [ = 0,1,2,3,4..... are the orders of the polynomials. The first term in the
expansion is independent of # and gives an isotropic distribution of molecules. The
coefficients of the terms with odd order | = 1,3, 5..... are zero due to the f(8)=f (7 —0)
symmetry of the distribution function. Therefore, the first non-vanishing anisotropic
term with [ = 2 corresponding to the quadrupolar orientational order of the molecules
can be taken as the order parameter. Thus, scalar orientational order parameter S can

be defined as,

S=1(Bcos?d—1)) = [ f(#)5(3cos*§ — 1)sinHdf
where the angular brackets denotes the ensemble average with respect to the distribu-
tion function. Therefore, the probability of finding the molecules parallel or antiparallel
to the director n is maximum at cosf = £1 giving S=1. For the random orientation,

we would have

<Cos29>:%andS:O

8
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Thus, the scalar order parameter S gives the measure of the degree of alignment of the
long axes of the molecules along the director n in the Nematic phase. More generally,
the combined orientational order parameter in the Nematic phase including the scalar
order parameter S and the director 7 can be defined using a second rank tensor @);;

which vanishes in the isotropic phase,

Qij = S(ninj — 50;5)

where 7,5 = z,y,2. The tensor order parameter ();; is symmetric, trace-less and has

five independent components. When the director is along the Z-axis, then

o
o O

]
]
Wi

1.3.2 Smectic phases

The word smectic originates from the Greek word which means soap. In addition to the
orientational order, the molecules in the smectic phase arrange themselves in a lamellar
or layered structure and hence called smectic or soap-like. Thus, the molecules in this
phase exhibit quasi long-range translational order along with the layer normal but
within a layer, they are arranged liquid-like with no long-range transnational order. In
addition, there is a long-range orientational order of the molecules. Thus, the smectic
phase can be considered as crystal-like in one dimension and liquid-like in the other
two dimensions. The X-ray diffraction studies give the direct evidence of the layered
structure in the smectic phases. In the XRD intensity profile, a sharp-peak in the
small-angle region corresponding to the translational order of the molecules is usually
observed. In addition, a diffusive peak at the wide-angle region is observed, indicating
the fluid-like short-range correlations of the molecules within the layers. The one-
dimensional periodic modulation of the density along the layer normal (the Z-axis) can

be expanded in term of Fourier series as
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p(z) =Y 0" 5 an cos(2mnz/d)
where 1 is an integer and the coefficients a,, are determined as
an = [ p(z) cos(2mnz/d)dz = (cos(2mnz/d))

The coefficient a; of the first harmonic term can be taken as the order parameter for

the smectic phase. The wave-vector ¢ = 27 /d is along with the layer normal denoted
by the unit vector k and d is the layer thickness. shows the molecular

structures of some compounds which exhibit smectic phases.

CoH1g < > NQN—@—CQHW

Cr38S;418, 541

p.p'-dinonylazobenzene

N~ p-CiH, CrB80 * S5 89.5 *Sy 112.5 S 144

CiHo<) N“‘*‘N@J Sc 172.5 S, 198.5% N 235.5* I
tetraphthal-bis-(p-butylaniline), TBBA
Figure 1.9: Some examples of the smectic liquid crystals exhibited by rod-like

molecules. The temperatures are given in °C [IT, 12]. * temperatures
were observed on cooling cycle.

Based on the orientation of the molecules within the layers, smectic phases can be

classified into different categories:
Smectic A phase

In the Smectic A phase (denoted as SmA), the long axes of the molecules are on
average parallel to the layer normal as shown in [Figure 1.10 The SmA phase also has
D, point symmetry like the Nematic phase.

10
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Figure 1.10: Schematic representation of the SmA phase exhibited by rod-like

molecules.

Usually, the layer thickness (d) obtained from XRD studies is close to the molecular

length (I) in this phase. Some of the compounds show a bilayer structure, where the

layer thickness is about double of the molecular length (d = 2[) or an intercalated

structure with the layer thickness between [ and 2I. The possible configuration of

structures in the SmA phase is shown in

'n':\u om ) ‘8 (‘ “

SN RRRRAAS

(a) d=1 b) l<d<?2l

HHH'l‘.lI

HN m
) d=2I

Figure 1.11: Schematic representation of possible molecular configuration in the SmA

phase exhibited by rod-like molecules.
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Smectic C' phase

In the Smectic C' (SmC') phase, the director n makes an angle 6, known as tilt angle

with respect to the layer normal k as shown in Figure 1.12

o~

k 7
v

i

i

/
/I
i

Figure 1.12: Schematic representation of the SmC' phase exhibited by rod-like
molecules.

The molecules are on average uniformly tilted with respect to the layer normal
in successive layers. The tilt direction of the molecules are correlated from layer to
layer. The tilt order in a layer can be described by a two dimensional vector, known

as c-director ¢ which is the projection of director n onto the layer plane as shown in

igure 1.

12
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Figure 1.13: Schematic representation of c-director in the SmC' phase.

The director n and -n still indistinguishable in the SmC phase. However, the c-
director ¢ and —c are distinguishable, therefore, ¢ is a 2-d vector. The tilt of the
molecules in the SmC' phase introduces biaxiality in the layers. The SmC' phase is
optically biaxial with Cy, point symmetry. The layer spacing in this phase is reduced
as d = [ cos § where d is the layer thickness, [ is molecular length and 6 is the tilt angle
of the molecules. The tilt order parameter in the SmC' phase can also be defined by

an axial-vector order parameter £ which is defined as

where k and 7 are layer normal and the director, respectively.

1.3.3 Chiral Nematic or cholesteric phase

A molecule is said to be chiral when it lacks mirror symmetry. For example, the
mirror images of hand can not be superimposed onto itself. A molecule can become
chiral when all the four groups attached to the four bonds of a carbon atom forming

tetrahedral structure are different as shown in

13
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aﬁmm 1 E counter clockwise

R-configuration S-configuration

Figure 1.14: Schematic representation of two different spatial configuration.

Chirality is an inherent property of the system. A compound shows chiral Nematic
phase if it is doped with chiral dopant or the molecules themselves are chiral. Chiral
Nematic phase is also known as cholesteric phase as it was first observed for cholesterol
derivatives. The chiral Nematic or cholesteric phase is denoted as N*. |Figure 1.15

shows some examples of chiral Nematic liquid crystals.

N@)_/ Cr15N*60 1
CEHﬁo@—//

N-(p-ethoxybenzylidene)-p'-(f-methylbutyl)abiline

Cr 96 I N* (64)
Cl

cholesteryl chloride

Figure 1.15: Some examples of chiral Nematic liquid crystals. The temperatures are
given in °C. For the second compound the N* phase was observed only
on cooling [13] 14].

This phase is locally similar to the Nematic phase. However, because of the chirality

14
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the director n varies in space and form a helical structure as shown in [Figure 1.16

Figure 1.16: Schematic representation of chiral Nematic or cholesteric phase exhibited
by rod-like molecules.

Taking the helix axis along the Z-axis, the helical structure of the director n in this

phase can be written as
ng = cos(qz), n, = sin(gz), ny, =0

where ¢ = 27 /p and p is the pitch of the helix. Here the pitch p is defined as the distance
over which the director n has a full rotation of 2. The sign of ¢ distinguishes between
left- and right-handed chiral Nematics. As the director n and -n are indistinguishable,

the repetition period in the chiral Nematic phase is p/2.

1.4 Discotic Liquid Crystal

In 1977, Chandrasekhar at al. discovered discotic liquid crystals in which the con-
stituent molecules are of disc shape [I5]. Discotic liquid crystals are generally composed
of an aromatic core surrounded by flexible terminal chains as shown in
In these systems, the director n arises from the tendency of the disc-like molecules

to align their short axes parallel to each other. The first synthesized discotic liquid
crystal, benzene hexa-n-alkanoates, is shown in [Figure 1.17pb.

15
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(a) (b)

Figure 1.17: Schematic representation of (a) disc-like molecules and (b) an example of
discotic liquid crystals.

In general, discotic liquid crystals form Nematic and columnar phase. The molecu-
lar arrangement in these phases are shown in [Figure 1.18 The columnar phase is the
simplest example of discotic liquid crystals, where the disc-like molecules stacked on
the top of each other. The Nematic phase exhibited by disc-like molecules has only
orientational order. The Nematic phase formed by disc-like molecules is often called

as Discotic-Nematic (Np) phase.

(a) Isotropic (b) Nematic (¢) Columnar

Figure 1.18: Some examples of mesophases exhibited by disc-like molecules.
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1.5 Bent-core liquid crystals

In 1932, D. Vorlander synthesized several bent-core or banana-shaped molecules and
reported their liquid crystal properties [16]. But in the beginning, scientists did not
pay much attention towards bent-core (BC) molecules because of its kink shape as it
hinders the free rotation of the molecules about their long axes. In 1975, Meyer et al.
first reported |[17] that chiral rod-like molecules in their tilted smectic phases can give
rise to layer polarization and the coupling of polarization with an external electric field

can produce a high-speed electro-optic response. Thus, in these systems
Tilt + chirality = polarity (1.1)

However, the synthesis of the homochiral liquid crystal molecules increased the cost
considerably. This created deviations of both theoreticians and experimentalists to-
wards the alternate possibilities to find a ferroelectric liquid crystal phase consisting
of achiral molecules. In 1990, R.H Tredgold reported theoretically that kinked shaped
molecules could also possess spontaneous polarization and therefore, it could be fer-
roelectric liquid crystals [18]. In 1991, Y. Matsunaga et al. [19] synthesized liquid
crystals consisting of achiral bent-core banana-shaped molecules and observed that
they could form smectic phase. In 1996, H. Takezoe et al., for the first time reported
experimentally that achiral bent-core banana-shaped liquid crystals possess sponta-
neous polarization in their smectic phases [20]. shows the typical molecular

structure of a bent-core molecule [21].

17
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Bent-core

Terminal Chains

Figure 1.19: A typical molecular structure of a BC banana shaped molecule.

A bent-core banana-shaped molecule consists of a relatively rigid central bent-core
moity which has two rod-like arms joined end to end making a bent angle which is
typically 120 degrees between them. The flexible terminal chains (generally alkyl or
alkoxy group) are attached at one or both ends of the rod-like arm of the molecules.
The long axis of the bent-core banana-shaped molecule is defined by the line joining
both ends of the molecule. The value of the bend angle for bent-core banana-shaped
molecules ranges from 105 degrees shows strong bent to 140 degree. |[Figure 1.20|shows

the front-, back- and side view of a BC molecule.
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Figure 1.20: Schematic representation of a bent-core banana-shaped molecule showing
front, side, and back view. The red and blue arrows show the long and

arrow axes of the molecule.

In general, the packing of the bent-core banana-shaped molecules tends to form
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a layered structure rather than a Nematic phase. The two rod-like arms at an angle
in the bent-core banana-shaped molecules often give rise to net dipole moment along
the arrow axis. The bent shape of the bent-core molecules hinders the free rotation
of molecules about their long axes in the layered structure. Therefore, the permanent
dipole moment of the molecules in the layer tends to align, resulting in a polarized layer.
Bent-core banana-shaped molecules show layer polarization though the constituent

molecules are achiral in nature.

The bent-core molecules grab the attention due to the polarity and chirality of their
tilted smectic phases. The chirality of these B-phases occurs as a result of spontaneous
symmetry breaking due to the close packing of the molecule in the layered structure.
The strongly anisotropic shape of the molecules hinders the free rotation about their
long axes [22]. Therefore, the orientation of a fixed banana-shaped molecule can be
specified using three vectors (see : long molecular axis defined as the line
joining from one end to another end and defined as a , bow direction ZA), and vector
m, which is perpendicular to the molecular plane. The banana-shaped molecules have
Coy point symmetry and invariance of the director n i.e., n to -n is still valid for this

system.

n

Figure 1.21: A Schematic representation of a bent-core banana-shaped molecules.
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The investigation of the properties of variety of liquid crystal phases exhibited by

bent-core banana-shaped molecules is an active field of research [23].

The bent-core molecules can be classified into three categories as shown in

1. bent-core banana-shaped molecules
2. bent-core dimers

3. hockey-stick shaped molecules

Figure 1.22: The pictorial representation of bent-core liquid crystals and the molecular
structure of the representative compounds.

1.5.1 bent-core banana-shaped molecules

As discussed above, in a BC banana-shaped molecule, both the rigid-arms of the
molecule are of similar length and the angle between them is about 120 ( see
ure 1.22h). The BC banana-shaped molecule can be symmetric or asymmetric de-
pending on the two arms of the molecule being the same or different but with similar
length. The asymmetry can be introduced by using different chain lengths or different
linkage groups in the two arms of the BC molecule, with the length of the arms being

comparable.
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1.5.2 Dbent-core dimers

In a bent-core dimer, two rigid arms are connected to each other with an odd-numbered
non-cyclic spacer unit, which provides the flexibe angle between them.
shows the schematic representation of the bent-core dimer molecule [24] 25| 26| 27, 28],
29]. The phase behavior of these type of molecules are not studied here and will not

be discussed in this thesis.

1.5.3 hockey-sticks haped molecules

In a hockey-stick shaped molecule, the length of two arms of the molecule is different.

These asymmetric molecules can further be divided into two categories:

1. meta chain hockey-stick shaped (MCHS) molecules

2. bent-core hockey-stick shaped (BCHS) molecules.

(b)  Hmuci0

Figure 1.23: The pictorial representation of hockey-stick shaped molecules and the
molecular structure.

A meta chain hockey-stick (MCHS) shaped molecule is consists of a rigid core and
one of the terminal chains is attached at an angle to the long axis of the rigid core.
This can be accomplished by attaching the terminal chain at the meta position of the
corresponding benzene ring of the rigid core. The meta position of the terminal chains

introduces the bent structure in the molecule |30, B} B2, 33] as shown in Figure. .
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In the other category of asymmetric bent-core molecules, one rigid arm of BC
molecule is relatively shorter than the other arm of the molecules as shown in
lure T.23h. We denoted these kind of BC molecules as bent-core hockey-stick shaped
(BCHS) molecules. There are only a few reports on phase behavior of BCHS molecules
including syntheses of these kinds of molecules |34, 35], 36, 37, 38, [39] 40}, 41} 42]. In this
thesis, we will describe our experimental and theoretical studies on the phases exhib-
ited by BCHS molecules. For the first time, we report two new type of tilted smectic
phases. We also developed a theoretical model to explain the molecular organization
of BCHS molecules in their smectic phases in The smectic phases exhibits
by BCHS molecules show some interesting electro-optic effects under the application
of an electric field, which is described in The homologue with shorter chain
length shows different kinds of phase behavior than the higher homologue, which is
described in in detail. We also studied the phase diagram of the binary
mixture of BCHS and rod-like molecules in

We now briefly describe the different phases exhibited by bent-core banana-shaped
molecules. Initially, seven mesophases exhibited by BC banana-shaped molecules were
identified. These mesophases were designated as Bi, where ¢ ranges from 1-7 and B
stand for the banana, bent, bow, or boomerang [43]. Later on, another phase, B8 was
observed. We briefly describe the molecular organization in different Bi mesophases

exhibited by BC banana-shaped molecules.

1.5.4 Bl phase

Sekine et al. observed the B1 phase in a compound as shown in and
designated it as SmA, phase based on XRD studies [20]. Later on, Watanabe proposed
a 2D rectangular columnar structure (see for the B1 phase [44]. The
mosaic textures (see [Figure 1.25h) are generally observed in this phase.
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Figure 1.24: Molecular structure of a compound showing B1 mesophase [20].
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Figure 1.25: (a) Mosaic texture of the banana B1 phase (b) Dendritic growth of the
banana B1 phase separating from the isotropic melt, and (¢) On further
cooling the dendritic aggregates transform into a mosaic B texture [§].
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In the XRD intensity profile, several sharp peaks were observed in the small-angle
region in addition to a diffusive broad scattering peak at the wide-angle region. The

XRD studies suggest a 2D center rectangular columnar structure in the B1 mesophase

as shown in

Blrevtilt

Figure 1.26: The proposed 2D rectangular columnar structure in the B1 mesophase.

1.5.5 B2 Mesophases

The B2 mesophase is the most common mesophase among all the observed banana

mesophases. In 1996, Niori et al. first observed B2 phase in compound as shown in

Figure 1.27h [45].

@] (0]
o,
C8H17/© H & ©C8H17
cr 977°C 5, 1564°C g 1614°C |

(b) o} Q 0
o O

sx, 139.7°C gx, 151.9°C gx 173.9°C

n=8

n=o X, 137.7°C gx 145.9°C gx 173.5°C |

Figure 1.27: Molecular structure of a compound showing B2 mesophase.
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In general, BC banana shaped molecules with relatively long terminal chains show
the B2 phase. A variety of POM textures such as fingerprint or finger pattern, focal-
conic fan texture, schlieren texture, etc are observed in the B2 phase. The chiral
domain of opposite handedness were also observed on slow cooling from the isotropic
phase. |[Figure 1.28 shows some examples of POM textures in the B2 phase. This
mesophase grabs more attention due to the spontaneous breaking of chiral symmetry

and the electro-optic response observed in this phase
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Figure 1.28: (a) A focal-conic fan like texture in the B2 phase. (b) Poorly developed
fan-like texture of the banana B2 phase, with striation across individual
fans (see bottom left), and (c) Same sample region after cooling into the

B3 phase. [§]. 98
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By careful electro-optic studies on compounds, shown in Link et al. [46]
first proposed that the molecules in the B2 phase are tilted with respect to the layer
normal with an in-plane layer polarization due to the close packing of BC molecules.
They also showed that tilt and polarization in the layer also lead to spontaneous
breaking of chiral symmetry in this phase. The layers in the B, phase become chiral
though the constituent molecules are achiral. The handedness of a layer is determined
by the relative orientations of the polarization and tilt direction with respect to the

layer normal as shown in Fig. [1.29

layer layer
normal normal

e ey

tilt
direction

mirror
plane

Figure 1.29: Chirality in the symmetric BC banana shped molecules.

Therefore, in these Smectic phases

Tt + polarity = Chirality. (1.2)
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In modern notation, these polar tilted smectic phases are denoted as SmC' P phases,
where C' and P indicate the tilt and polarization, respectively. These SmC P phases
can be homochiral or racimic depending on the sign of the handedness of the adjacent
layers in the staking of smectic layers [46] [47]. Based on the relative orientations of the
interlayer polarizations and the tilt directions, four possible configurations SmCg 4 Pr 4

I
I ]
i, i

{{ 99,

QW

SmC,P,

Figure 1.30: Four possible configuration of BC banana shped molecules based on in-
terlayer polarization and the tilt direction of the molecules.

Here, the subscripts S and A stand for the synclinic and anticlinic tilted arrange-
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ment of the molecules in the adjacent layers repectively. The subscript F and A denote
the ferroelectric and antiferroelectric configuration of polarization in the adjacent lay-
ers respectively. A phase is said to be synclinic when the tilt of molecules in successive
layers is in the same direction and anticlinic if the tilt in the successive layer is in
the opposite direction. A system is said to be homochiral or racemic if the layer chi-
rality remains uniform or alter between the successive layers respectively. Therefore,
SmCsPr and SmC4P 4 are Homochiral, and SmCsP 4 and SmC4Pp are racemic. In
most of the compounds, the SmCgP 4 (synclinic antiferroelectric) and SmC4P 4 (anti-
clinic antiferroelectric) are observed as the ground state. Under the application of an

applied electric field, the antiferroelectric phase switches to the ferroelectric phase, as

shown in [Figure 1.31]

LRV

SmCgP, ®E SmCgPr

Figure 1.31: Transition from the antiferroelectric phase to ferroelectric phase under
the application of an electric field.

The switching process from the antiferroelectric to ferroelectric state results from
the collective rotation of the molecules around the cone as shown in [Figure 1.31| [21]
48, 149]. The X-ray diffraction patterns of the B2 phase are similar to that of smectic

phases, i.e., small-angle sharp peak in addition to a the wide-angle diffusive peak [20].

1.5.6 B3 Phase

Very less information is known about the structures and properties of this phase com-
pared to the other Bi phases. This phase frequently appears between B2 and B4
phases [50]. shows the POM texture of the B3 phase on rapid cooling from
the B2 phase.
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Figure 1.32: POM texture in B3 phases between crossed polarizers.

But the slow cooling from the higher phase gives rise to a broken domain texture
in the B3 phase. Therefore, the formation of textures depends on the cooling rate as
well. For the B3 phase, the XRD studies show several sharp peaks in the small-angle
region in addition to multiple sharp peaks in the wide-angle region, indicating to have
crystal structure rather than high order smectic phase [20] 44, 46] 5I]. However, the
dielectric [52] and terahertz spectroscopics [53] studies suggested that the B3 phase is
a higher-order smectic phase rather than the crystal phase. In this thesis, we will only
deal with the fluid lamellar smectic phases. The detail structure and properties of B3

phase will not be relevant to the discussions of this thesis.

1.5.7 B4 Phase

The B4 mesophase appears in the lowest temperature, i.e., below a B2 or B3 phase in
the bent-core molecular system [54, B5]. POM texture between the crossed polarizers
in B4 phase appears as transparent dark-blue as shown in
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Figure 1.33: POM texture of compound P-8-OPIMB in the B4 phase (b) between the
crossed polarizers, by rotating one of the polarizers (a) clockwise and, (c)
anticlockwise [§].
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Two different domains with different brightness are observed between slightly un-
crossed polarizers [56]. The brightness of each domain interchanged by rotating the
polarizer clockwise or anticlockwise as shown in The circular dichro-
ism (CD) spectrum also clearly shows the presence of different domains with opposite

handedness, and this indicates that the observed domains are chiral [57].

In the XRD intensity pattern of the B4 mesophase, higher-order reflections of up to
third-order were observed in the small-angle regions. The presence of several peaks in
the small-angle region indicates the crystalline order in the B4 mesophase. However,
the dielectric studies for a low-frequency relaxation also suggest that the B4 phase
has a lamellar structure rather than a crystalline phase [52] 55]. This mesophase
exhibits a second harmonic generation (SHG) even in the absence of an electric field
indicating the presence of spontaneous non-centrosymmetric order in the system. The
B4 mesophase does not switch with an applied field and usually possess a low value of
dielectric constant. A TGB-like structure is observed in this phase which is consistent

with X-ray micro-beam experiments [20].

1.5.8 B5 Phase

This mesophase was first observed in 1998 in a derivative of 2-methylresorcinol as

shown in [58, 59]. Later, this phase was also observed in the derivatives
of 2-methyl- [60] and of 5-fluororesorcinol (see [6I]. In general, the B5
mesophase appears below B2 phase, and the transition from the B2 to B5 phase is
first-order with small enthalpy change across the transition [50, 61, 62, [63]. The POM
texture and the electro-optical effects observed in the B5 phase are similar to those in

the B2 phase.
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Figure 1.34: Molecular structure of a compound with different chain lengths showing
B5 mesophase [60].
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Figure 1.35: Molecular structure of a compound showing B5 mesophase [61].

Though, the XRD profiles in this phase are distinguishable from the B2 phase.
The XRD intensity pattern in this phase shows higher-order reflections of up to sixth
order in the small-angle region indicating a periodic lamellar structure. However,
inconsistency is there about the tilted and non-tilted nature of the molecules in the
lamellar structure [61],62]. In the 2D XRD pattern of the surface orientated sample, the
scattering in the wide-angle appears perpendicular to the small-angle layer reflections,

suggesting a 2D rectangular cell in a layer. The proposed structure in the B5 phase

for in-plane molecular packing [50, 62] is shown in [Figure 1.36]
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Side View Top View

Figure 1.36: Molecular representation in B5 mesophase.

1.5.9 B6 Phase

The B6 mesophase was first observed in the compound shown in [Figure 1.37| [64].

H @ H
0 ,©)\\I\E N"K©\ o)
o O
CeH130 OCgH13

Cr 134°C g 142°C ¢ 148°C |

Figure 1.37:  Molecular structure of a compound showing B6 mesophase [64].

The BC banana-shaped molecules with relatively shorter terminal chains exhibit
this phase. Upon cooling the sample from the isotropic phase, a long fan-shaped texture

was observed similar to the SmA phase exhibited by rod-like molecules as shown in

Figure 1.38| [65].
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Figure 1.38: POM texture in the B6 mesophase on cooling from the isotropic phase

[70].

The homeotropic-alignment of the sample could not be achieved in this phase. Some

compounds show the B6 to B1 to B2 phase sequence on increasing the terminal chain

length of the molecules [50), 66, 67, [69].

The XRD studies for an orientated sample show higher-oreder reflections in the
small-angle region in addition to the diffusive wide-angle reflection. The observed layer
spacing in this mesophase is equal to half of the molecular length [50, 66], indicating
the intercalated structure as shown in
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Figure 1.39: Molecular organization in the B6 mesophase.

In addition, the molecules are tilted with respect to the layer normal and the
observed tilt angle is of the order of about 10-30 degrees [50] [67]. The phase transition
from B6 to B1 and B1 to B2 can occur on increasing the terminal chain length of the
homologues [66] 67, 69, [70]. Though, the phase sequence Bl to B2 for a compound
is rarely found [58], 67, [7T]. This change was explained based on a frustrated packing
model of the molecules [68, 67, [69].

1.5.10 B7 Phase

The BT phase was first observed [50] in a compound derived from 2-nitroresorcinol.

show the example of compounds showing the B7 phase.
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Figure 1.40: Molecular structure of compound showing B7 mesophase [50].

The BT phase grabs considerable attention due to its characteristic textures as
shown in |50, (72, [73), [74], [75, [76], [77]. The spiral filament is a typical texture
observed in the B7 phase. Jakli et al. reported that the left-handed and right-handed
spiral exists with equal probability. The spiral texture consists of smectic filaments
that form single, double, or triple coils [77]. The B7 phase also shows the chiral
micromosaic domains with different optical rotation as observed in the B2 phase. The
different types of textures, for example, circular domains with equidistant concentric
rings, myelinic-like, checker-board-like, and banana-leaf-like textures, accordion-like

domains have been observed in this phase [77].
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Figure 1.41: Different POM textures observed in the B7 mesophase [54].

The XRD studies in the B7 mesophases indicate the presence of the several peaks
in the small-angle region in addition to the diffusive peak in the wide-angle region
[50, 75, [78), [79]. Coleman et al. suggested a 2D modulated layer structures in this
phase based on high-resolution synchrotron XRD results [79] for a compound PBCOB

(see [Figure 1.42). The modulated observed structure in this phase is different than
that in the B1 mesophase.
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Figure 1.42: POM texture for the B7 mesophase [50].

A ferroelectric-like polarization switching was observed under the application of
an electric field in the B7 mesophase just below the transition temperature from the
isotropic phase. The switching behavior changes to tri-stable switching on decreasing
the temperature. Fluorine-containing compound also shows similar ferroelectric bi-
stable switching [72, 80]. Two kinds of surface stabilized molecular orientational states,
low and high birefringence, are observed in these compounds in the absence of an
applied electric field. These two different states are explained by the differences in the
orientation of the molecular bending plane which depends on the layer tilt [81] 82].

1.5.11 Bg& Phase

In 2001, Bedel et al. reported some compounds 21,, [83] consisting of symmetric BC
molecules with decyl chains exhibiting a B8 mesophase as shown in |[Figure 1.43] How-
ever, the homologue of this compound with shorter terminal chains does not show this

phase. [Figure 1.44|shows POM texture in the B8 phase between the crossed polarizers.
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Figure 1.43: Molecular structure of compound with differnet chain length showing B8
mesophase [83].
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In this phase, a spiral domain growth is observed upon gradual cooling from the
isotropic phase as shown in [Figure 1.44h. A fan-shaped texture (Figure 1.44p.) was
observed on further cooling, where the extinction brushes are parallel to the layer nor-
mal. This phase shows antiferroelectric type switching under the application of an
electric field. For a homologue n=10, the XRD studies for an oriented sample in the
lower temperature range in the B8 mesophase designated as Sm0, show sharp diffrac-
tion peaks and its higher-order as observed in the B2 mesophase. This phase is a tilted
smectic phase with a tilt angle about 25 degrees. On the other hand, an additional
sharp peak was observed in the small-angle region in the higher temperature range of
the B8 phase designated as Sm1l. The layer spacing corresponding to this additional
peak suggests the bilayer structure in this phase. Later, these phases Sm0 and Sm1
were identified as SmCsP 4 and SmCsGaP 4, respectively [84]. Where SmC' P denotes
the polar tilted smectic phases, the subscript S indicates the synclinic arrangement of
the molecules in the layers, and A denotes the antiferroelectric behavior. The subscript

G and 2 denote the general and bilayer structure in the latter.

Figure 1.44: POM texture for B8 mesophase on cooling from the isotropic phase [83].

1.5.12 Orthogonal smectic phases exhibited by bent-core

molecules

In the orthogonal smectic phases, The BC molecules are not tilted with respect to the
layer normal but the layers are transversely polarized. Depending on the stacking of

these polarized layers, two possible configurations denoted as SmAPr and SmAP, are
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shown in [Figure 1.45

&

l?ﬁ

el e
BRSNS

(a) SmAP; (b) SmAP,

Figure 1.45: Two possible configurations in orthogonal smectic phase.

Here, SmA and P indicate the orthogonal smectic phase and the polarization in
the layers, respectively. The Subscripts A and F indicate the ferroelectric and antifer-

roelectric arrangement of polarization direction in successive layers.

shows the typical POM textures of homeotropically and planar aligned
samples in the SmAP,.
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Figure 1.46: POM texture in the SmAPr phase for (a) homeotropically and (b) planar-
aligned sample [85].

The SmAP, phase is observed as a stable ground state in most of the orthogonal
smectic phases exhibited by bent-core molecules [86]. The ferroelectric state can be
induced from the antiferroelectric state with an applied electric field. The SmAPr
phase relaxes back to the SmAP, phase upon removing the applied field.
shows the field-induced transition from the SmAP, phase to the SmAPr phase under

the application of an AC electric field.

shows the typical current response for an antiferroelectric phase of

BCLCs under the application of a triangular wave voltage.
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Figure 1.47: Schematic representation of the field-induced transition from the SmAP,

phase to the SmAPr phase with an AC electric field.
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Figure 1.48: Current response of the antiferroelectric phase of BC molecules.

The presence of two polarization reversal current peaks in each half cycle of an ap-

plied voltage is the characteristic of the antiferroelectric phase. The observed values of

the spontaneous polarization (P;) are typically in the range between 500-800 nC cm™=.

2

The value of P; is significantly larger than those of ferroelectric and antiferroelectric

smectic phases exhibited by chiral rod-like molecules (P, 5-200 nC cm™2).
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Chapter 2

EXPERIMENTAL TECHNIQUES

In this chapter, we will discuss some of the experimental techniques used in this thesis.
To characterize the liquid crystals, we have used a variety of exerimental techniques
such as polarizing optical microscopy (POM), differential scanning calorimetry (DSC),
X-ray diffraction (XRD), electro-optic measurements, polarization switching current

measurements.

2.1 Alignment of Liquid crystals

To measure the physical properties of the LC sample, the average orientational direc-
tion of the molecules, i.e., the director n should be aligned in a preferred direction. In
general, the director n can be aligned either parallel or perpendicular to the plane of

the glass plates of the liquid crystal cell [T}, 2, [3].

2.1.1 Planar-alignment

Rod-like molecules

fl

I —

N'd ITO coated glass plates
Polyimide

Figure 2.1: Pictorial representation of the planar-alignment of rod-like molecules on
glass-substrate.
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The alignment is said to be planar if the molecules are parallel to the glass plates of
the liquid crystal cell. The planar-alignment of the molecules can be obtained by the
coating of polyimide (PI) on the glass plates. The rubbing in a specific direction on
PT coated cells create micro-groves on the glass plates. These micro-groves help align
the long axis of the molecules parallel to the glass plate along the rubbing direction

giving rise to the homogeneous planar-alignment, as shown in [Figure 2.1}

2.1.2 Homeotropic-alignment

Rod-like molecules
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Figure 2.2: Pictorial representation of the homeotropic-alignment of rod-like molecules
on glass-substrate.

When the molecules align perpendicular to the glass substrate, the alignment is said
to be homeotropic. To get the homeotropic alignment, a glass plate is coated with
a surfactant that has long-chain, as for example, octadecyl triethoxy silane (ODSE).
These molecules are amphiphilic in nature, which contain two-parts: a polar head
group and aliphatic chains. The polar head group of these molecules absorb on the
glass plate of the liquid crystal cell, whereas the long aliphatic chains interact with the
terminal chains of the LC compound. This gives rise to the perpendicular arrangement

of the LC molecules with respect to the glass plate of the liquid crystal cell as shown
in the [Figure 2.2}
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2.2 Construction of liquid crystal Cells

Glass plates

Active area

Figure 2.3: Top view of a homemade liquid crystal cell.

To study the various physical properties of the liquid crystals, we used homemade
liquid crystal cells of different thicknesses. We have constructed two types of liquid

crystal cells depending on the requirements:

1. ODSE coated cells for the homeotropic alighment of the molecules.

2. Polyimide (PI) coated cells for the planar alignment of the molecules.

To construct the liquid crystal cells, we used Indium-tin-oxide (ITO) coated glass
plates of thickness 0.5 mm. The molecular structure of ODSE is shown in [Figure 2.4h.
To prepare the homeotropic cell, commercially available ITO glass plates were coated
with ODSE (0.1 % ODSE in 99.9 % toluene). The coated cell was cured in a oven at
150 °C for an hour. The glass plates were cut in the appropriate size and assembled
on top of each other in such a way that the active area of the cells overlaps. The

separation between the two glass plates was maintained by either mylar spacer of a
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given thickness or using glass beads in the form of powder mixed with epoxy glue by
putting at the edges of the cells. The cell was cured at 150 °C for 45-60 minutes in a
oven after applying the epoxy glue.

To get the homogeneous planar-alignment of the molecules with respect to the
glass plates, we used polyimide (PI) coating. The chemical structure of polyimide
is given in [Figure 2.4p. Polyimide is a polymer of imide monomers. Polyimide is
highly viscous, which was diluted with N-Methyl-2-pyrrolidone or methyl carbitol (2-(2-
Methoxyethoxy)ethanol) solvent (0.1 ml of polyimide in 10 ml of the solvent). A clean
glass cylindrical rod was used for uniform coating of PI on the I'TO coated glass plates.
For the polymerization, the glass plates were baked at 258-280 °C for an hour. After
baking the glass plates, the coated glass surface was rubbed in a particular direction
using premier tissue paper. This creates the grooves on the coated glass plates, which

favor the uniform alignment of the molecules along the rubbing direction.

(a) N\
W’\\M//\\/\//\\//\\/O\S{O
oo P
o O
. .

(b) O O

SN

R™ 'N<R|®

Figure 2.4: Chemical structure of (a) Octadecyl triethoxy silane (ODSE) and (b)
Polyimide (PI).

The thickness of liquid crystal cells was measured using Ocean Optics Spectrometer
(S-2000). The capacitance of the empty cell was measured before filling the LC sample.
The liquid crystal sample was filled into cells by capillary action in the isotropic phase

using a hot stage.
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2.3 Differential Scanning Calorimetry

Sample Reference

pan pan

v

\ /

Temperature \ /
controller

Figure 2.5: Schematic representation of a DSC set-up.

Differential scanning Calorimetry (DSC) is a powerful and versatile thermo analytic
technique to measure the transition temperatures. A schematic representation of the
DSC set-up is shown in [Figure 2.5, The DSC thermogram measures the tempera-
tures and corresponding enthalpy changes associated with the sample as a function of
temperature and time. DSC thermogram gives an accurate method to provide heat
capacities and enthalpy changes. It measures the heat capacity changes at constant

pressure as a function of temperature.

cr= (1), = (57)
P=XNar/)e— \or/p
where C'p is the heat capacity, H is the enthalpy, T is the temperature, and @ is the
total heat.

The area under the observed curve between any two given temperatures (77, Ts)

gives a change in the enthalpy,

s [ ()
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T
AH= | Cpdl (2.1)

T

In DSC thermograms, we observed the transition peaks as the sample goes from one
state to the other state. The change in the enthalpy is equal to the area of obtained peak
associated with the transition. For the minimum error in the measurements, the area
under the curve should be maximized which gives the enthalpy change corresponding
to the phase transition. The area under the curve can be maximized by controlling
the various parameters during the experiments. The scan rate also plays an essential
role while taking measurements as it defines the speed at which the temperature is
increased /decreased. A lower temperature rate gives a taller and sharp peak in the DSC
thermogram. The temperature range describes the sensitivity range, a small change in
heat capacity can get amplified on decreasing the range. In the DSC thermogram, the
transition temperatures are often taken the point at which the curve start rising from
the baseline. On the other hand, the transition points are taken at the maxima if sharp
peaks are observed in the DSC thermogram. When a solid melts, the molecules lose

orientational as well as translational order and the entropy of the system increases.

In the case of LC samples, there is more than one phase between the isotropic
liquid and the crystal phase depending on the orientational and translational order of
the molecules as described in Therefore, we get more than one peak in the
DSC thermograms in the case of liquid crystals. Sometimes, we can not detect the
phase transition using DSC if it is a second-order phase transition. For example, com-
pound 80OCB shows two mesophases between the isotropic liquid and crystal phase:
Nematic (only orientational order no translational order) and SmA, phase (transla-
tional order in one dimension and orientational order in 2D). There is a very small
peak at the transition from the Nematic to the SmA,; phase indicating a weak first-

order phase transition. The DSC thermogram of a the compound 80OCB consists of
rod-like molecules is shown in
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Figure 2.6: DSC thermogram of the compound 80OCB on cooling and heating at a
fixed rate of 3 °C/min. The inset shows the clear transition between the
Nematic and SmA,; phase on heating and cooling.

2.4 X-ray diffraction

The X-ray diffraction (XRD) technique is a common and powerful tool to investigate
the molecular organization in the liquid crystal phases. The characteristic length scale
of the positional order in the LC sample is determined using Bragg’s law. According
to Bragg’s law, the refracted X-ray from the adjacent planes of crystals will undergo
constructive interference only if the path difference between the adjacent crystal planes

is an integral multiple of the wavelength of X-ray.

2dsinf = nA (2.2)
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where d is the layer spacing between the adjacent crystal planes, 6 is the angle between
the incident beam and scattering plane, known as Bragg’s angle, n is an integer, and

A is the wavelength of the incident X-ray beam.

In the case of the Nematic phase, we observed only a diffusive peak in the XRD
profile corresponding to the orientational order of the molecule as shown in [Figure 2.7h.
Which indicates the fluid-like order of the molecules in the Nematic phase. Whereas,
for the SmA phase, we observed a sharp peak in the small-angle region corresponding to
the translational order in addition to a diffusive peak in wide-angle range corresponding
to the fluid-like organization of the molecules within the layer. If layer spacing obatined
from the XRD data is approximately equal to the molecular length then it indicates
that the long axis of the molecules is parallel to layer normal in the lamellar structure,
which is the characteristic of the non-tilted SmA phase. The XRD studies indicate the
tilted Smectic phase if the observed layer spacing by XRD data is smaller than the
molecular length (d<[). The shorter layer spacing than the molecular length indicates
that the molecules are tilted with respect to the layer normal as expected in the tilted
smectic phase. shows the XRD intensity profile in the SmA phase of the
compound 80OCB. The layer spacing in the SmA phase of compound 8OCB is 31.7
A which is intermediate between [ and 2! where [ is the molecular length of 8OCB
molecules (21.7 A). Therefore, the observed layer spacing in the SmA phase indicates

the intercalated structure of the molecules within the layers.

G L R T e T R D S 100| T S T O
e @73% | (b) |
= 15 80F .
S 80F 1€
2 P a ]
S 60 1 %
® :‘; [
> 40 1= "“9F ]
= = : d=31.7A ]
c c [ ]

20F 18 20 1
B \ g2 \./‘ ;
OF ] OF ]

00 05 10 15 20 2 00 05 10 15 20 25
g (A" q(A™)

Figure 2.7: The XRD intensity profile of compound 80CB on cooling from the
isotropic phase in (a) Nematic phase at 75 °C (b) SmA phase at 60 °C.
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In this thesis, all the XRD data was taken on cooling the sample from the isotropic
phase. The LC samples were filled in the Lindemann capillary of outer diameter about

1 mm in the isotropic phase.

2.5 Parallel plate capacitor
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Figure 2.8: A schematic representation of a parallel plate capacitor.

The capacitance of a capacitor is given by,

O —

<

where @) is the total charge, and V is the potential difference between two plates (see
Figure 2.8). The capacitance is a physical quantity to measure the capacity of storing
the electric charge in a given potential difference V. This is a geometrical quantity

which depends on the size, shape, and separation between two plates [4].

61



2.5. PARALLEL PLATE CAPACITOR CHAPTER 2

Let us consider a parallel plate capacitor separated by a distance d. Therefore, the
total charge enclosed is given by, Ej-+Fy=0/ey where o=@ /A is the surface charge

density and ¢, is the permittivity of free space. The potential difference between the

d
V:/ EdZ
0

d
— [ Zaz
o €o

V:

plates is given by,

od

€0

Therefore, the capacitance of a parallel plate can be written as,

C=Q/V
. EUA
C==" (2.3)
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Figure 2.9: Parallel plate capacitor in the presence of a dielectric material.

when a dielectric material is placed between two parallel plates. Then, by applying

the Gauss’ law to the Gaussian surface in the [Figure 2.9|

E:Uf—O'p
€0
E:O'f—P

€0

where 0, = P and P = feegﬁ, &, is the electric susceptibility of the dielectric material.
E(l —+ 56)60 =oy
The total charge on the capacitor is,

Q=0A=eBEA(l+¢&) =aVAL+¢E)/d
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The capacitance of the capacitor is defined as

C=Q/V =eAl+&)/d
C/COZ (1+ge> =¢€

€ is known as the relative permittivity or dielectric constant of the material. Cy =
Aé€g/d is the capacitance between parallel plates in the absence of a dielectric material.
Therefore, when a dielectric material is placed between two parallel-plate capacitors,
the capacitance is increased by a factor e = 1+ &, Therefore, the dielectric constant € is
the property of the material which tells us how effective an electric field is in polarizing

the material.

2.6 Impedance analysis of LC sample

R
—— AN R,
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|
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A o /CJ o
R R,
AL ANANN—————
Amplifier LIA

rrrriri

Figure 2.10: The schematic representation of RC equivalent circuit.
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The liquid crystal samples are not free from the ionic impurities and possess a finite
resistance. Therefore, a liquid crystal cell can be considered as a parallel-plate capacitor
with a resistance Rg and capacitance Cg in parallel as shown in A fixed
known resistor, R,, (= 1kQ) is connected in series with liquid crystal cell. An AC
voltage of frequency 5641 Hz from the lock-in amplifier (Standford Research System
model no. SR830) is fed into a voltage amplifier. The output of the amplifier is
connected to either a potential divider or the liquid crystal cell in series with R,,.
Using a manual double pole double throw (DPDT) switch. The potential divider is
made of two resistors By = 1M€2 and Ry = 100k€2 connected in series. This circuit
was used to measure the output amplitude and the phase of the amplified signal. The
amplitude and the phase of the voltage drop across R, are measured by the lock-In
amplifier. The capacitance Cs and the resistance Rg are measured by using impedance
analysis [5]. The impedance of a capacitor is given by

7 =—¢932
wCe

where w = 27 f is the angular frequency and f is the frequency of the applied signal,

and j =+—1.

The impedance of the liquid crystal cell is given by,

1 n 1

Zc Rg Xc
WhereXC:ijCS

1 1

= — 4 iwC

Zc RS+st

R5<1 — ij’SRS)

Z =
¢ (1 + w2C'52R32)

The total impedance of the circuit is given by,
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Zp = Zc + Zy,

_ RS<1 — jWCSRs)

A
g (1 +w2052R52)

+Rm

[Rs + Rm(l + MQCSQRsz) — jWCSRS2]
1+ WQCS2RS2

Zp =

An AC input voltage V = Ve @!*90) ig applied to the LC sample, where ¢ is the

phase. The total current is given by,

Voej(wlt-i-qﬁo)
Ir=———
Zr

Voed @) (1 4 w?Cs* Rg?)
[RS + Rm(l + UJ2052R52) — jWCSR52]

Ir = (2.4)

The voltage drop across R,, which was measured by lock-in amplifier is given by,

Ve tom) = [ R,

V. ed@ttom) Voe/ %) (1 + w?Cs®Rs®) Ry
m€ = -
RS + Rm(l + wQCSQRSQ) — ijSR52

where V,,, and ¢,, are the amplitude and the phase of the measured voltage. On

comparing real and imaginary parts,

Acos(wt + ¢g)[Rs + AR,,] — Bsin(wt + ¢y)
! —
Vi cos(wt + ) = Vi (Rs+ AR, + B

Asin(wt + ¢g)[Rs + AR,,] + B cos(wt + ¢y)
[Rs + ARy]? + B?

Vi sin(wt + o) = Vo
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where A = 1+ w?Cs’Rs?*, B = wCgsRs”. Solving the above two equations,

. ‘/Ovm Sin(‘bm - (b())
Cs = Rpuw(Vo? + V2 — 2V Vi, cos(éy — ¢0)) 29
and
VmZ o ‘/02
Bs = B Vrcos(om —d) 2 (2:6)

The dielectric constant of the LC sample is the ratio of measured capacitance with LC

sample (Cg) and the empty cell capacitance (Cp), i.e., g—i

We can also calculate the conductivity of LC sample using [Equation 2.6ps,

o=——" (2.7)

where A is the effective or active area of the liquid crystal cell and d is the thickness

of the sample.

2.7 Refractive index

When light passes through an anisotropic material, the ray splits into ordinary and
extraordinary rays with refractive indices n, and n., respectively [3, 6]. In case of
uniaxial liquid crystal, n. = nj and n, = n,. Therefore, the birefringence of an

anisotropic material is given by

An =ne—n,=n| —ny (2.8)
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After passing through the sample, the optical path difference between these two rays
is given by

d
Ap = T/o (n(z) —ney)dz (2.9)

Therefore, the transmitted intensity shows a series of minima and maxima depending

on the path difference whether A¢ equals an integer n or n + 1/2, respectively.

2.8 Electro-optic setup

Resistance

SRS 830LIA

Hot-stage
LC Cell

t ?

Photo Diodg

7265 DSP LIA

Figure 2.11: Schematic representation of the electro-optic experimental set-up to mea-
sure the dielectric constant and the transmitted optical intensity simulta-
neously as a function of temperature.

For simultaneous measurements of dielectric constant and the transmitted optical in-

tensity passing through the planar-aligned sample as a function of the temperature,
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we used a home-built experimental set-up as shown in The dielectric
constant and transmitted optical intensity data was collected simultaneously using a
LabVIEW program. First, we measure the capacitance of an empty liquid crystal cell.
Then the LC sample was filled into the liquid crystal cell. The filled liquid crystal
cell was kept under polarizing optical microscope (ORTHOLUX II POL-BK) between
crossed polarizers using a hot stage (INSTEC HS400). The hot stage was connected to
a temperature controller (INSTEC STC200) with temperature stability of +0.1°C with
the temperature resolution of 0.1°C. During the experiments, the temperature of the
sample was controlled by the temperature controller using the PID algorithm which
was interfaced with the computer. The data was recorded on cooling the sample from
the isotropic phase for given temperature steps. The impedance analysis had been
done under the application of a sinusoidal AC voltage of frequency 5641 Hz and ampli-
tude 0.5 volts as a function of temperature. The amplitudes and phases of the voltage
drop across a known resistor of 1 k€2, which was connected in series with the sample,
were measured using a lock-in amplifier (model no. SR830). The lock-in amplifier was
interfaced to the computer. Using we measured the capacitance of the
LC sample as a function of temperature. The dielectric constant data was extracted by
taking the ratio with the empty cell capacitance measured prior to filling the sample

into the liquid crystal cell.

To measure the transmitted optical intensity passing through the planar-aligned
sample between crossed polarizers, the sample was kept under microscope with the
director n at 45 degrees with respect to the polarizer to get the maximum intensity.
A He-Ne laser beam (wavelength A= 632.8 nm) is passed through a linear polarizer
followed by a chopper (Perkin Elmer model no. 198A). The light path of the laser beam
is shown in The transmitted intensity passing through the planar-aligned
sample under crossed polarizers was collected with a photo-diode which was mounted
on the microscope. The output of the photo-diode was connected to a dual channel
DSP lock-in amplifier (Perkin Elmer Model 7260). DSP lock-in amplifier provides a
high-resolution measurement of relatively clean signals over several orders of magnitude
and frequency. The transmitted optical intensity passing through the planar-aligned

sample is given by,
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I, = %sin2 200(1 — cos A¢p) + I (2.10)

where [ is the incident intensity of a linearly polarized light, v is the angle between
the polarizer and the optic axis of the molecule, I;— dark current (measured in the

absence of incident light). The path difference between ordinary and extraordinary ray

2w And

is given by A¢=="5"¢ where An = n. —n, = n| —ny where n. and n, are refractive
indices corresponding to the extraordinary and ordinary rays of lights, respectively and

d is the sample thickness.

The angle 1) was kept fixed at 45 degrees with respect to the polarizer to get the

maximum intensity,
Iy
I= 5(1—COSA¢)+Id (2.11)

Then the intensity will be maximum and minimum at A¢ = 7 and A¢ = 0, respec-

tively. Therefore,

]ma;t = ]0 + Id (212)
Lin = 1y (2.13)

Using above two equations,
Imam - Imzn - I() (214)

Putting the value of I in the main equation

1, = %(Imm — Lyo)(1 — cos AG) (2.15)
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I — ]min

Ag¢ = cos [l — 2(Z —7 )] (2.16)
RAYE)

For a given thickness of the planar-aligned sample and the wavelength of light, the
birefringence of the sample can be calculated using the above equation. To calibrate our
experimental set-up, we used a compound 8OCB. Most of the physical properties of the
compound 80OCB are already reported |7, [8, ©]. In the first experiment, we measured
the dielectric constant of a planar-aligned sample of thickness 5 ym as a function of
temperature. The measurements were taken on cooling the sample from the isotropic
phase in small temperature steps. The transmitted optical intensity passing through
a planar—aligned sample was also measured. The data was collected simultaneously

using a LabVIEW program. The measured dielectric constant and transmitted optical

intensity of the sample are shown in [Figure 2.12].
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Figure 2.12: The variation of the (a) real part of dielectric constant and (b) optical
intensity as a function of temperature.

In the second experiment, the sample was heated above the clearing temperature of
the sample. Then the sample was cooled down from the isotropic phase to a fixed tem-
perature of in the Nematic phase. The amplitude of the applied voltage of frequency
5641 Hz was increased in small steps from a low value to 5 volts in our experiments.

The dielectric constant and the transmitted optical intensity data was collected si-
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multaneously as a function of applied voltage at a given temperature as shown in

Figure 2.13
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Figure 2.13: The variation of (a) the dielectric constant and (b) the optical intensity
as a function of applied voltage at a constant temperature 74 °C in the
Nematic phase. The data was collected on cooling the sample from the

isotropic phase.
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2.9 Textural Intensity Measurements

Camera Computer

Analyzer

Oscilloscope

Temperature
Controller
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Figure 2.14: A flow chart of an experimental set-up to measure the textural intensity
of the LC sample between crossed polarizers as a function of an applied
field.

Some of the liquid crystal samples show the electro-optic response under the appli-
cation of an AC electric field. To measure the electro-optic response of the sample,
we measured the textural intensity or the effective birefringence changes under the
application of an electric field. The experiments were performed on a home-built ex-
perimental setup as shown in [Figure 2.14] To measure the textural intensity, the sample
was mounted on a polarizing optical microscope (OLYMPUS BX50) between crossed
polarizers. The microscope was equiped with a hot stage. The temperature of the hot
stage was controlled by a temperature controller LINKAM(T95HS). A wave function
generator (Agilent 33220A) was used to apply the voltage. The output of the func-
tion generator was connected to a voltage amplifier (TREK model no. 601B-3) with
amplification gain about 100. The output of the voltage amplifier was connected to
the LC sample. To measure the textural intensity, a planar-aligned sample of a given

thickness was slowly cooled from the isotropic phase to the LC phase of interest. A
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red filter was used to record the intensity while taking POM images. After stabilizing

the temperature, a voltage of varying amplitudes and constant frequency was applied

to the LC sample. At constant intervals of applied voltage, the POM images were

captured using an Olympus DPS12 camera, which was connected to the microscope.

The average transmitted intensity passing through a planar-aligned sample was ex-

tracted from POM images using a MATLAB program. We also calculated the effective

birefringence of a planar-aligned sample using average transmitted intensity passing

through the sample.

2.10 Steady-state optical responses
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ND |filter

Photo Diode Oscilloscope
Analyzer — | Multimeter
— Sample Voltage Amplifier
Polarizer Wave generator
/ Mirror

Figure 2.15: A flow chart diagram to represent the optical set up to measure the
optical responses of LC samples as a function of an applied field.

To measure the steady-state optical response of a planar-aligned sample, the experi-

mental set-up is shown in |[Figure 2.15 The steady-state optical response of a planar-
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aligned sample was measured between the crossed polarizers on cooling the sample
from the isotropic phase. The sample was loaded into a hot stage. During the ex-
periments, the temperature of the sample was controlled by a homemade temperature
controller using the PID algorithm. A wave function generator (Agilent 33220A) was
used to apply the voltage of varying amplitude at a constant frequency. The output
of the function generator was amplified using a voltage amplifier (TREK Model 60B1)
with the amplification gain about 100. The output voltage of the amplifier was applied
to the LC sample. The optical response of the sample was measured on cooling from
the isotropic phase to the temperature of interest in the mesophases. After getting a
stabilized temperature in the mesophases, a voltage of constant frequency was applied
to the L.C sample with increasing amplitude at a fixed voltage steps and corresponding

optical data was recorded.

To measure the optical intensity as a function of an applied field, a He-Ne laser
of wavelength 632.8 nm was passed through the planar-aligned sample. The output
optical signal passing through the sample with a varying amplitude of the applied
voltage at a constant temperature was collected using a high gain low noise photo-
diode. An oscilloscope (Agilent Technologies MSO6012A) was used to monitor the

response of the sample with applied voltage.
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2.11 Polarization Switching Current Measurements
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Figure 2.16: A pictorial representation of the experimental setup for the polarization
switching current measurements.
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Figure 2.17: A RC equivalent circuit to measure the voltage drop across the resistor
R.
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Figure 2.16| shows the schematic representation of the experimental setup to measure
the polarization switching current measurements. The equivalent circuit correspond-
ing to the experimental setup is shown in [Figure 2.17] The sample was studied under
polarizing optical microscope between crossed polarizers (OLYMPUS BX50). The tem-
perature of the sample was controlled by a temperature controller LINKAM (T95HS)
which was connected to a hot stage (LTS420E). The sample was mounted in the sam-
ple holder inside the hot stage. To measure the layer polarization of the sample, we
used a triangular wave voltage technique [10]. A triangular wave voltage at a constant
frequency was applied to the LC sample using a function generator (Agilent 33220A).
The output of the function generator was connected to the amplifier (TREK Model
601B with amplification gain about 100). The amplified voltage was applied to the
sample. The voltage drop across a known resistance (1 Kf2), which was connected
in series to LC sample, was monitored by an oscilloscope. The polarization reversal
current measurement is a powerful tool to know the ferroelectric or antiferroelectric
behavior of liquid crystal samples. The appearance of one peak in the half-cycle in
the current response indicates the ferroelectric behavior of the LC samples. Whereas,
the presence of two peaks in the half-cycle of the current response shows the antiferro-
electric behavior of the LC samples. The observations of polarization reversal current
peaks in the current response can easily detect the polar behavior of the liquid crystal
samples. In the present thesis, we use triangular wave voltage technique to measure
the spontaneous polarization [I0]. The particular reason to use the triangular wave
was to determine accurately the spontaneous polarization by the easy subtraction of
the background contributed due to the conductive and the capacitive current. The
induced current I (t) in the sample cells under the application of an applied voltage

V(t) can be written as:

I=Ic+1Ip+1I (2.18)
V. dP 'V

[=C— +— + = 2.1
a "a R (2.19)
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where [o= Capacitive current due to the charge accumulation in the capacitor
I,— conductive current due to the ion flow
Ip= polarization reversal current due to polarization realignment

P= spontaneous polarization

The extraction of I, from the other parts of current is shown in [Figure 2.18
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Figure 2.18: The schematic representation of the current by rapidly reversing a field
(a) or by applying a triangular wave voltage (b) three contributions, I,
I, and I; to overall current I, are due to the charge accumulation, the
polarization realignment, and the ion flow respectively [10].
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Chapter 3

PSEUDO-POLAR TILTED SMECTIC PHASES

EXHIBITED BY BCHS MOLECULES

3.1 Introduction

The understanding of the properties of the variety of liquid crystal (LC) phases exhib-
ited by bent-core (BC) banana-shaped molecules is an active field of research in soft
matter physics [I 2 Bl 4]. A typical bent-core molecule contains two rigid rod-like
arms joined end to end with an angle of about 120 degrees between them. The flex-
ible aliphatic chains are usually attached to one or both ends of the rigid core of the
molecule. The bent configuration of the rigid arms gives rise to a shape polarity to
the molecule which accounts for many unusual properties of bent-core liquid crystals
(BCLCs) [5), 6]. The manifestation of polar order and spontaneous breaking of chiral
symmetry of achiral bent-core (BC) banana-shaped molecules in their tilted smectic
phases led to considerable efforts to explore various phases of BCLCs [7, [§]. Since
the first report [7] on symmetric BC molecules showing an in-plane polar order in
their smectic phases, the phase behavior of such molecules has been explored in great
detail. The existence of sufficiently large transverse shape polarity of the symmetric
BC molecules often leads to chirality in their tilted smectic phases even though the
constituent molecules are achiral [6]. Many liquid crystal phases with properties very
different from those exhibited by rod-like or disc-like molecules have been observed
[9, 10 [11], 12]. Even the existence of the lowest symmetry fluid lamellar phase with a
triclinic C; point symmetry of the layers has been reported [13], [14]. The BC molecules
can be classified into two categories as symmetric and asymmetric BC molecules. In
a symmetric BC banana-shaped molecule, both the arms and the terminal chains are

the same, giving rise to the Cyy, point symmetry of the molecule. In a asymmetric BC
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molecule, the two arms are different reducing the symmetry of the molecule consider-
ably. The asymmetry in the BC molecule can be introduced in two ways:

(a) using different terminal chain lengths or linkage groups in the two arms of the BC
molecule, while the length of the two arms of the BC molecule being comparable. These
types of asymmetric BC molecules can still be considered to have a BC banana-like
shape. Some of these types of asymmetric BC banana-shaped molecules exhibit new
LC phases such as the orthogonal smectic phases with transverse electric polarization
[15] 16, 17].

(b) The other type of asymmetric BC molecule has one arm relatively longer than the
other arm giving rise to a hockey-stick like shape. In this thesis, we refer to these

types of asymmetric BC molecule as bent-core hockey-stick shaped (BCHS) molecules
as shown in [Figure 3.1h.
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(b)

Figure 3.1: The molecular structure of a (a) bent-core hockey-stick (b) a meta hockey-
stick shaped molecules.
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There are some reports [18, 19, 20] on the phase behavior of another type of
molecules which are also termed as hockey-stick shaped molecules. These molecules
have a rigid rod-like core and one of the terminal chains are attached at an angle to
the long axis of the rod-like core. This can be accomplished by attaching the terminal
chain at the meta-position of the terminal benzene ring of the linear core. The meta-
position of the terminal chain introduces the bent structure in the molecule as shown
in [Figure 3.1Ip. These types of hockey-stick shaped molecules can be termed as meta
chain hockey-stick shaped (MCHS) molecules in contrast to the BCHS molecules as
discussed above. These two different kinds of asymmetric BCHS molecules are shown
in the In the present thesis, we will restrict our discussion to only BCHS

molecules.

Most of the studies on BC molecules are performed on samples consisting of BC
banana-shaped molecules. The BCHS molecules can be considered to have an inter-

mediate shape between the BC banana-shaped and the rod-like molecules as shown in

Figure 3.2| [21], 22, 23] 24].

-3

iz,

i i i

Bent-core 4
Hockey-stick Bent-core

Rod- like

Figure 3.2: Molecular shape of a bent-core hockey-stick shaped molecule lies between
a rod-like and a symmetric bent-core banana-shaped molecules.
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For rod-like molecules in their smectic C' (SmC') phases, the molecules arrange
themselves in fluid layers in which the long axes of the molecules are on average aligned
at an angle with respect to the layer normal. This tilted organization of the molecules
produces a layer spacing smaller than the molecular length. But the molecules within
the layers rotate almost freely about their long axes due to their rod-like shape which
gives rise to an almost uniaxial local symmetry about the director [25]. On the other
hand, for the BC banana-shaped molecules in their tilted smectic phases, the free
rotation of the molecules about their long axes are highly hindered due to the strong
shape polarity of the molecules. This effect gives rise to the polar order and consequent
chiral symmetry breaking in the layers [6]. These BCHS molecules have an intermediate
shape between rod-like and symmetric BC banana-shaped molecules. It is interesting to
investigate the molecular organization of these BCHS molecules in their tilted smectic
phase. There are very few reports on the synthesis of BCHS molecules and their phase
behavior. Only a few studies have been carried out on the tilted smectic phases of

BCHS molecules [26], 27, 28, 29, 30, 31, 32].

In this cahpter, we will describe our experimental studies on the tilted smectic
phase of such compounds. This chapter is divided into two parts: In the first part,
we will describe the experimental studies on two LC compounds consisting of BCHS
molecules. Whereas, the second part deals with the theoretical model that accounts
for the observed mesophases of both compounds. The observed mesophases were char-
acterized using different experimental techniques such as: differential scanning calori-
metric (DSC), polarizing optical microscopy (POM), X-ray diffraction (XRD) studies,

dielectric constant, and polarization reversal current measurements.

First, we studied the LC compound, which showed two unusual smectic phases
between the isotropic liquid and crystal phases. Based on experimental studies, we
characterized these phases as pseudo-polar SmC' phases because the molecules are
tilted at an angle to layer normal and the layers possess an in-plane axial-vector order
parameter in addition to the tilt order. In analogy with polar order of BC banana-
shaped molecules in the layers of B2 phase, here the layers have a pseudo-polar orde

even though there is no net electric polarization. We characterized these SmC' phases
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as pseudo-polar tilted smectic phases with an in-plane axial-vector order parameter
in addition to the tilt order. In these phases, the BCHS molecules adopt a zigzag
configuration for close packing in the layers. As in a BCHS molecule one rigid arm is
relatively shorter than the other arm of the BC molecule, these molecules have head-tail
asymmetry. The average orientation direction of the long axes of the BCHS molecules,
i.e., the director n in a given layer is at an angle with respect to the layer normal k.
As there is no net polarization in the layers, therefore the BCHS molecules in a given
smectic layer have equal probability of pointing up and down, i.e., the molecules in

the layers align with a head-tail symmetry giving a apolar director n.

Figure 3.3: The schematic representation of the BCHS molecules having an equal prob-
ability of pointing up and down i.e.,head-tail asymmetry in a given tilted
smectic layer. The dotted line represents the long axis joining both the
ends of the molecules.

In addition, the zigzag plane of the molecules in a layer aligns on average parallel to
the tilt plane which induce an in-plane axial-vector order parameter (77) in the layers.
The layers in these smectic phases have an achiral Cy, point symmetry without any

spontaneous electric polarization, hence, the name pseudo-polar.
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Sample preparation

For the experimental studies, we used both the planar and the homeotropically-aligned
samples. Commercially available (Instec Inc.) liquid crystal cells of thickness 5 pum
were used for planar-alignment. For the homeotropic-alignment, the LC sample was
sandwiched between a clean glass plate and a glass cover-slip. The ODSE coated cells

did not give hometropic-alignment for most of these samples.

3.2 Compound 40C18

In this section, we will discuss about a compound 4-n butyloxyphenyl-4-(4-n-octadecyloxy
benzoyloxy-4-benzoyloxy) biphenyl-3-carboxylate. This compound is abbreviated as
40C18 in this thesis. The synthesis and the preliminary investigations on the com-
pound 40C18 had been studied earlier [28]. The molecular structure of compound

40C18 and the phase sequence on cooling the sample from the isotropic phase is

shown in [Figure 3.4]

C4Hgo : 7(“\‘\ J\@\
J.L‘©\OCN.’J_':.’J"'

; 136.6°C 121.49C 99.80C
I[sotropic > SmC, > SmC, > Crystal

Figure 3.4: Molecular structure of the compound 40C18 and phase sequence of the
sample on cooling from the isotropic phase. The transition temperatures
were detected in DSC thermogram.

The minimized energy configuration of 40C18 molecule is shown in

The molecular length was measured end to end in minimized energy configuration
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using Chem Draw software. The end to end estimated molecular length of compound

40018 is about 53 A.

Figure 3.5: The molecular structure of the compound 40C18 in the minimized energy.

3.2.1 Differential Scanning Calorimetry Investigations

The differential scanning calorimetry (DSC) studies were performed on METLLER
Toledo DSC with a fixed heating and cooling rate. The DSC thermogram for compound
40C18 was taken at a cooling and heating rate of 3 °C /min as shown in . The
DSC thermogram clearly shows the existence of two mesophases between the isotropic
liquid and crystal phases. We designate the high and low-temperature mesophases as
SmC'y and SmC; phases, respectively. The SmC' phase stands for the tilted smectic
phase and the subscript A denotes the anticlinic arrangement of molecules in successive
layers. The subscript I stands for the lower-temperature phase denotes an intermediate
arrangement of molecules in successive layers with the azimuthal angle difference in
tilt directions between 0 and w. This phase is analogous to the ferrielectric phases

exhibited by rod-like chiral molecules. A similar intermediate azimuthal angle differ-
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ence in the tilt direction was also observed for some rod-like chiral molecules in their
ferrielectric phases [33, 34 35, 36]. However, it should be noted here that for the stud-
ied compounds in this chapter, the layers in the observed mesophases do not possess
any net electric polarization and the molecules are achiral in nature. A small enthalpy
change was observed across the transition from the higher-temperature SmCy to the
lower-temperature SmC phase. The small enthalpy change (0.07 kJ/mole) indicates
a very weak first-order phase transition between these phases. The inset of
shows a clear phase transition from the SmCy to the SmC; phase on cooling and

heating of the sample.
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Figure 3.6: DSC thermogram of the compound 40C18 on heating and cooling at a
rate of 3 °C/min. The inset shows a clear transition between the SmC4
and SmC' phases on heating and cooling cycles.
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3.2.2 X-ray Diffraction Investigations

The X-ray diffraction (XRD) studies were carried out on an unoriented sample filled
in the Lindemann capillary tubes (outer diameter about 1 mm) while cooling the
sample from the isotropic phase. The layer spacing for the observed mesophases were

calculated from the XRD data using Bragg’s diffraction law:

2dsinf = nA,

where d is the layer spacing, A (1.54 A) is the wavelength of the incident X-ray beam,

and 6 is the Bragg’s angle and n is an integer.

The XRD intensity profile as a function of wave-vector for compound 40C18 is
shown in [Figure 3.7 For the compound 40C18, we observed three sharp small-angle
peaks with the ratio of wave vectors as 1:2:3 in addition to a diffusive peak in the
wide-angle region. The presence of the sharp small-angle peaks with the wave-vector
ratio as 1:2:3 indicates lamellar order in both the observed mesophases. The effective
layer spacing for the higher-temperature SmCy and lower-temperature SmC’; phases
are 42.6 A and 43.1 A, respectively. The presence of the diffusive peak in the wide-angle
region in addition to the sharp peak in the small-angle region provide the evidence of
the fluid lamellar structure. The diffusive peak in a wide-angle region has d-spacing
as 4.6 A in both the smectic phases. The d-spacing corresponding to the wide-angle

peak typically gives average lateral separation between the molecules in the layer.
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Figure 3.7: The XRD intensity profile for the sample in (a) the SmC, phase at 124
°C and (b) the SmC; phase at 116 °C on cooling from the isotropic phase.
The insets show the magnified view of the diffusive peak in the wide-angle
region.

For the investigated compound, the layer spacing in both the observed mesophases
are smaller than the molecular length (53 A estimated by the molecular formula)
indicating that the molecules are tilted with respect to the layer normal. We also

studied layer spacing variation as a function of temperature as shown in the [Figure 3.8

Peak Fitting

To calculate the layer spacing variation as a function of the temperature, we have fitted
the sharp peaks in the small-angle region obtained in the XRD data using origin Pro
2016. We used a peak analyzer for the peak fitting. We followed a few steps to fit the
peaks using peak analyzer as given below:

1. Created the baseline using the manual option.

2. Then chose line mode as adjacent-averaging smoothing by adjusting some parame-
ters.

3. Created baseline using a line interpolation method.

4. Then subtracted the baseline.

5. We found the peaks by using a quick peak option in origin.

The layer spacing gradually increased with decreasing the temperature from the
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higher-temperature SmCy to the lower-temperature SmC; phase. The slight increase
in the layer spacing can be attributed due to an increase in the chain length of the
molecules on decreasing temperature, as the molecular chains get straightened on low-

ering the temperature.
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Figure 3.8: The variation of layer spacing with temperature from the SmCy phase to
the SmC} phase. The vertical dotted line shows the transition between the
observed smectic mesophases.

To investigate the morphology of the lower-temperature SmC; phase of the com-
pound 40C18, we performed cryo-SEM imaging as shown in These studies
also revealed the layer structure in the SmC} phase as observed in XRD studies. How-
ever, cryo-SEM studies were not able to resolve the molecular organization in the layers

of the SmC phase.
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Figure 3.9: The cryo-SEM morphology of the lower-temperature SmC?.

3.2.3 Polarizing Optical Microscopy Investigations

The polarizing optical microscopy (POM) observations between crossed polarizers were
carried out for both planar as well as the homeotropic alignment of the samples. The
POM textures of the samples were investigated using OLYMPUS BX50 microscope.
The POM textures of the samples were captured using OLYMPUS camera DP12 at 20X
magnification. The sample was loaded onto the hot stage LINKAM (LTS420E) which
was connected to a temperature controller (LINKAM T95HS) with a resolution of 0.1
9C. The sample was slowly cooled from the isotropic phase to the higher-temperature

Sm(C'y phase for POM studies.

For a homeotropically-aligned sample, a schlieren texture (see [Figure 3.10p) with

half-and unit-strength defects was observed in the higher-temperature SmC'4 phase.

The existence of the schlieren texture represents the tilt organization of the molecules in
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the layers. The tilted nature of the molecules was also confirmed in the XRD studies.
The presence of half-and-unit strength defects in the schlieren texture revealed the
tilt organization of the molecules in the successive layers are opposite. The opposite
molecular tilt in the successive layers showed an anticlinic arrangement of the molecules
in the successive layers in the higher-temperature SmC'4 phase [37, B38]. On further
cooling, the sample undergoes a phase transition to the lower-temperature SmC'; phase,
again a schlieren texture was observed with hazy defects. It can be clearly seen from
that the defect centers were less distinct in the lower-temperature SmC/
phase.

For the planar-alignment of the sample, commercially available PI coated liquid
crystal cells of thickness 5 um were investigated between crossed polarizers. For the
planar-aligned sample, a focal-conic fan texture was observed in the SmC'y phase as
shown in [Figure 3.10b. The fan texture showed typical lamellar order in the SmCy
phase. The extinction brushes in the focal-conic fan texture appeared parallel to the
layer normal when it is parallel/perpendicular to the polarizer, indicating one of the
optic axes is parallel to the layer normal as expected in the anticlinic SmC'y phase.
On further cooling of the sample, a transition takes place from the SmCy phase to
the SmC} phase around 122 °C. In the SmC; phase, a large number of irregular bands
appeared parallel to the smectic layers (see [Figure 3.10d). The presence of irregular
bands parallel to the smectic layers made focal-conic fans less visible. The irregular
bands in the fans indicate the coexistence of different degenrate structures in the lower-

temperature SmC’ phase.
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SmC, SmC;
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Figure 3.10: The POM textures of the compound 40C18 in (a) the SmCy phase at 125
°C for a homeotropically, (b) a planar-aligned sample and in the SmC;
phase at 115 °C for (¢) a homeotropically (d) planar-aligned sample.

3.2.4 Polarization Switching Current Measurements

To investigate the existence of layer polarization, a planar-aligned sample of thickness 5
pm was used for the polarization switching current measurements under the application
of an applied AC electric field. The polarization switching current measurements were
carried out on a home-built experimental setup which is explained in
We used a triangular wave voltage technique to study the electric polarization state
of the smectic layers of the planar-aligned sample [39]. During the experiments, the
temperature of the sample was controlled by a temperature controller METLLER
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(FP80) with a temperature resolution of 0.1 °C. The sample was slowly cooled from
the isotropic phase between the crossed polarizers to the higher-temperature SmC'y
phase in the presence of a low-frequency electric field in order to get a better alignment.
The measurements were taken after achieving the stabilized temperature. The current
response of a planar-aligned sample was recorded by measuring the voltage drop across
a known resistor (1 Q) under the application of a triangular wave voltage of a given
amplitude and a frequency. The resistor was connected in series with the liquid crystal

sample.

The current response of the LC sample in the SmC4 phase is shown in [Figure 3.1T}.
No polarization reversal current peaks were observed in the current response indicating
the absence of net electric polarization in the layers in the SmC'y phase. Upon fur-
ther cooling, the sample from the higher-temperature SmC'4 to the lower-temperature
SmC'; phase between the crossed polarizers, a large number of the irregular bands were
observed under POM as shown in [Figure 3.10[d. The similar experimental studies were
carried out in the lower-temperature SmC phase to detect the current response of the
sample. The absence of polarization reversal current peaks (Figure 3.11p) revealed
the lack of net electric polarization in the layers in the SmC; phase. Thus, the layers

appeared to be non-polar in both of these smectic phases.
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Figure 3.11: The current response of the sample under the application of a triangular
wave voltage (30 V, 500 Hz) in (a) the SmC4 phase at 130 °C and (b)
the SmC; phase at 116 °C .
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3.3 Compound A14

In this section, we studied another azo substitutred compound 4-(((3-((4-(n-Decyloxy)
benzoyl)oxy)phenyl)imino)methyl) phenyl4-(-(4-(n-tetradecyloxy)phenyl)diazenyl)

benzoate. This compound also consisting of BCHS molecules. This compound is
denoted as Al4 for further discussion in the present thesis. This azo-substituted com-

pound is the 14" homologue of a series which showed similar phase behavior as of that

compound 40C18 discussed in [subsection 3.2.1] We also studied the other homologue

of the same series and found that compounds with chain length n >10 showed the same
phase behavior as that of compounds 40C18. Whereas, for n <10 compounds showed
different phase behavior. The phase behavior of 9" homologue of the same series will
be discussed in chapter 5. The molecular structure of compound A14 and the phase

sequence on cooling the sample from the isotropic phase are shown in |[Figure 3.12|
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Figure 3.12: The molecular structure of the compound A14 and phase sequence on
cooling the sample from the isotropic phase.

Here, again one arm of the molecule is relatively shorter than the other arm of the
BC molecule. The estimated end to end molecular length of compound Al4 from the
minimized energy configuration is about 53 A. The molecular structure of compound

A14 in the minimized energy configuration is shown in [Figure 3.13
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Figure 3.13: The molecular structure of compound A14 in the minimized energy con-
figuration.

3.3.1 Differential Scanning Calorimetry Investigations

The DSC thermogram of the compound Al4 on cooling and heating at a fixed rate
of 3 °C/min is shown in Two mesophases were observed between the
isotropic liquid and crystal phases in the DSC thermogram. Again, a samll enthalpy
change (0.11 kJ/mol) was observed on the transition from the higher-temperature
SmC4 phase to the lower-temperature SmC; phase. The inset of [Figure 3.14] shows
the weak transition peaks between the observed mesophases on heating and cooling the
sample. This compound also showed the same phase behavior as of that the compound
40C18, and the observed mesophases for compound A14 were also denoted as SmC'4

and SmC7 phases for the higher-temperature and the lower-temperature, respectively.
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Figure 3.14: The DSC thermogram on heating and cooling the sample at a rate of 3
0C/min showing the transition peaks. The inset shows the weak first-order
transition peak between the observed SmC' phases.

3.3.2 X-ray Diffraction Investigations

The XRD studies were carried out for compound Al4 on cooling the sample from the
isotropic phase to the respective phases with an exposure time of about 30 minutes
in each phase as shown in In the small-angle region, sharp peaks were
observed in both the mesophases in addition to the diffusive peak in the wide-angle
region. The sharp peaks in the small-angle region give the layer spacing of the SmC'4
phase and the SmC; phase as 44.3 A and 46.1 A, respectively. The presence of a
diffusive peak in the wide-angle region is the characteristic of the fluid lamellar smectic
phases. In the wide-angle region, the diffusive peaks were observed with d-spacing 4.4

A and 4.5 A in both the smectic phases, respectively.
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Figure 3.15: The X-ray diffraction intensity profile in (a) the SmC4 phase with a layer
spacing 44.3 A at 125 °C and (b) the SmC; phase with layer spacing 46.1
A at 106 °C.

We also studied the variation of the layer spacing (tilt angle) as a function of
temperature as shown in A gradual increase (decrease) in the layer spacing
(tilt angle) was observed on decreasing the temperature. A small jump in the layer
spacing (tilt angle) was observed at the transition from the higher-temperature SmC'y
phase to the lower-temperature SmC'; phase. The slight increase in the layer spacing in
the SmC} phase can be accounted for by the straightening of the terminal chain with

decreasing the temperature. The layer spacing for compound A14 varied similarly to

the compound 40C18 as a function of temperature as discussed in [subsection 3.2.2]

99



3.3. COMPOUND A14 CHAPTER 3

46.5 [r——

N P
w
w

46.0

TN
O

@)

)

PR Y
w
N

AN

o

o

T

N P
w
-

Layer Spacing (A)

P
w
o

Tilt angle (Degree)

445t

N
©

40
100 105 110 115 120 125
Temperature ('C)

Figure 3.16: The variation of the layer spacing and the calculated tilt angle as a func-
tion of temperature. The dashed line indicates the transition temperature
between the observed SmC' phases and the solid lines through the data
points are a guide to the eye. The black squares and red circles data
points represent layer spacing and tilt angle respectively.

3.3.3 Polarizing Optical Microscopy Investigations

A birefringent schlieren texture with the existence of half-and unit-strength defects was
observed for a homeotropically-aligned sample just below the transition temperature
on cooling from the isotropic phase to the SmC4 phase as shown in [Figure 3.17a. The
appearance of schlieren texture confirmed the tilted nature of the molecules in the
smectic layers which corroborated with XRD studies. The presence of half-strength
defects in the schlieren texture indicate the anticlinic arrangement of molecules in the
successive layers in the higher-temperature SmC'y phase as the half-strength defects in
the schlieren texture appear due to the existence of dispiration defects in the anticlinic

SmC' phase. At lower-temperatures in the SmCy phase, the schlieren texture acquired
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a birefringence color and defect network become less visible (Figure 3.17b) due to
an increase in the birefringence of the sample. On further cooling, the sample goes
to the lower-temperature SmC; phase. Here again, a birefringent schlieren texture
(Figure 3.17c) was observed for a homeotropically-aligned sample with the existence
of some domain structures separated by walls. The presence of different domains

indicated the coexistence of different degenerate structures in this phase.

For a planar-aligned sample, a batonnet growth of the SmC4 phase was observed
on cooling the sample from the isotropic phase at a rate of 1 °C/min between crossed
polarizers as shown in [Figure 3.17d. On further cooling of the sample, the batonnet
growth gives rise to a clear focal-conic fan texture (Figure 3.17), typically observed
for anticlinic SmC4 phase at around 120 °C. A transition from the SmC) to the SmC;
phase takes place around 110 °C. In the SmC; phase, a large number of irregular bands
appeared parallel to the layers (see [Figure 3.17f) for the planar-aligned sample. The
presence of irregular bands made the focal-conic fans less visible in the SmC'; phase.
The presence of a large number of irregular bands again indicates the existence of

different stable degenerate states in the SmC; phase.
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Figure 3.17: Polarizing optical microscopy textures (left column) for a
homeotropically-aligned sample (a) a schlieren texture with unit-
and half-strength defects just below the clearing temperature in the
SmC'4 phase (b) at lower-temperature in the SmC4 phase and (c) in the
SmC; phase. Right column, for a planar-aligned sample (d) a smectic
batonnet growth just below the clearing temperature in the SmC'y phase
(e) a completely grown focal-conic fans texture in the SmCy phase (f)
irregular band texture in the SmC'; phase.

For the compound Al4, we also measured the change in the average transmit-
ted intensity of the planar-aligned sample between crossed polarizers as a function of
temperature. The variation of the average transmitted intensity as a function of tem-

perature on cooling the sample from the isotropic phase is shown in The

POM images were captured after stabilizing the temperature of the studied sample.
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To calculate the average transmitted intensity, the POM images were captured at a
constant interval of temperature. We used a red filter of wavelength 650 nm to avoid
the color effects of the observed texture in both the mesophases. The average transmit-
ted intensity was extracted from the POM images by averaging over the pixels using a
MATLAB program. While capturing the POM images, the temperature of the sample
was controlled by a temperature controller METLLER FP80 with a resolution of 0.1
0C.
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Figure 3.18: The variation of average transmitted intensity with the temperature of
a planar-aligned sample of thickness Sum between crossed polarizers.

The transition between different mesophases could be clearly detected from the
variation of the average transmitted intensity with decreasing temperature. At the
transition from the isotropic to the SmCy phase, the intensity increased sharply due
to the increase in the birefringence of the sample below the transition temperature and
saturated at lower-temperatures in the SmC'4 phase. At the transition point from the

Sm(C'y to the SmC; phase, a sharp decrease in the intensity was observed due to the
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growth of irregular bands in the SmC} phase. As some amount of light was scattered
from the irregular band structure, the intensity decreases in the lower-temperature

SmC'; phase.

3.3.4 Polarization Switching Current Measurements

The polarization switching current measurements were carried out for compound A14
to study the polarization state of the smectic layers in both the observed mesophases.
The sample was cooled from the isotropic phase to the higher-temperature SmC'4 phase
at a rate of 3 °C/min in the presence of a low-frequency electric field.
shows the current response in the higher-temperature SmC'y phase. The absence of
polarization reversal current peaks indicated the absence of net electric polarization
in the smectic layers in the SmC'y phase. Similar experiments were carried out in the
lower-temperature SmCy phase (see [Figure 3.19p). Similar to compound 40C18, no
polarization peaks were observed in the current response of the sample in the lower-
temperature SmC; phase. The absence of the current reversal peaks in the response
indicated the absence of net electric polarization in the layers. Therefore, in both the
tilted smectic phases of compound A14, we found an absence of net electric polarization

in the layers.

il @ O Y® ]
< *f ine< T
E :205520_ 4150 5
[ 3 5 1 >
%2:‘ ;10“—’% 1 Rt
] fih) [0)
c I 3 o E o
Q L 1 CUO o
%0_— 40 %% OF 410 %
2t ] >0 1 =
— + :_10'UH 1 o
5 | 260} ] 2
5 1208 5 1908
0—47 <O <

Z 1-30 0l :
o PPN EFEPEEPEE PSSR S EPE E . .A..l.l.ll...,ll...l..l.l...._100

-60 -40 -20 0 20 40 60 -3 -2 -1 0 1 2 3

Time (ms) Time (ms)

Figure 3.19: The current response of the compound A14 under the application of tri-
angular wave voltage in (a) the SmCy4 phase (29 V, 50 Hz) at 120 °C
and (b) the SmC; phase (78 V, 200 Hz) at 102 °C on cooling from the
isotropic phase.
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Thus, the polarization switching current measurements showed that the layers in
both the observed mesophases d not possess any net electric polarization. However,
in spite of the absence of layer polarization, some remarkable electro-optic effects were
observed for both compounds under the application of an AC electric field in both of
these smectic phases. We will explain the field effects on the observed mesophases in
Based on our experimental results, we present a theoretical model in the

next section to account for the tilted smectic phases.

3.4 Theoretical Model

Both the studied compounds showed a similar phase behavior indicating that the ob-
served mesophases are more generic phases exhibited by BCHS molecules. In this
section, we will discuss the theoretical model to explain the molecular organization
in the observed tilted smectic phases. First, we defined the order parameters in the

observed tilted smectic phase.

3.4.1 Order parameters

We defined the long axis as the line joining both the ends of the BCHS molecules. In
the tilted smectic phases, the BCHS molecules aligned with head-tail symmetry, 7.e.,
asymmetric BCHS molecules in a tilted smectic layer point in the opposite direction
with equal probability as discussed in The average orientation direction of
the long axes of the BCHS molecules, i.e., the director n in a given layer is at an angle
with respect to the layer normal k. The molecular organization of BCHS molecules in

the tilted smectic phases can defined by two order parameters: tilt order parameter 5

and orientational order parameter 77 as shown in [Figure 3.20],

The tilt order of director n; in a given layer can be described by an axial-vector E

which is given by




3.4. THEORETICAL MODEL CHAPTER 3

where the unit vectors k and 7 denote the layer normal and average orientation direc-
tion of the long axes of the molecules, respectively [40]. It should be noted here that
the c-vector ¢ is perpendicular to the tilt orderparameter E in a given layer. Here, we
assume the layer normal along the Z-axis. Therefore, the tilt order parameter is given
by

5 = nz‘z(—niy,nz’z)

& = cos 0;(— sin 0; sin ¢;, cos ¢; sin 6;)

- 1
& = §sin 20;(— sin ¢, cos ¢;) (3.1)

where n;,, n;, and n;, are the cartesian coordinates of director 7 in the ith layer.

Because of the asymmetric structure of the molecules, the rigid bent ends of the
molecules strongly hinder the free rotation of the molecules about their long axis in
the tilted smectic layers. Therefore, the packing and the entropy consideration favored
a zigzag configuration [41] of the BCHS molecules in the tilted smectic phases. The
zigzag configuration of the BCHS molecules in the layered structure is shown in
[ure 3.20h. The zigzag structure of the molecules in the layered structure induced a
strong biaxiality. Therefore, we needed an additional order parameter to define the
orientation of the short axis of the molecules in the layered structure. The average
orientation of the short axes of the BCHS molecules can be described by another axial-
vector order parameter 77. This additional axial-vector order 7 align parallel to 5 as

the tilt order tends to align the bend-plane of BCHS molecules [Figure 3.20pb.
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(a)

Figure 3.20: (a) The zigzag configuration of BCHS molecules within the layer. (b) The
pseudo-polar tilted organization of the BCHS molecules in the layer.

To understand the axial-vector orderparameter 177, let us take an example of a sym-
metric BC molecule with a vector P along the arrow axis. This P changed the sign
under mirror reflection when we put a mirror plane perpendicular to P. On the other
hand, this P did not change the sign under mirror reflection if a mirror was placed
parallel to P as shown in . Therefore, P showed the property of a true
vector. Whereas, in the case of zigzag molecule, we consider a vector 7 perpendicular
to the bend planes. In this case, 177 did not change sign under mirror reflection when
a mirror was placed perpendicular to 77. But, 77 changed sign under mirror reflection
when a mirror was placed parallel to this 7. Therefore, 77 shows the property of an
axial-vector as shown in [Figure 3.2Th. Hence, we considered an additional axial-vector
order parameter 77 to describe the orientation of the short axis of BCHS molecules in

the layer.
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Figure 3.21: Perpendicular and parallel mirror reflections to vectors P and 7 of (a) sym-
metric BC banana shaped (b) bent-core hockey-stick shaped molecules.

3.4.2 Free energy expansion

Using these two order parameters, the free energy of an N layer system can be written

as

where f;, denotes the homogeneous free energy density of a given layer arising from the

intralayer interaction between the molecules, whereas f;,, denotes interaction energy
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density between the layers. The summation is over the N number of layers. Consistent

with the achiral symmetry of the system, f;, can be written as,

= €= &% = Mgneost + P (32

where ¢ and 7 denote the magnitudes of the tilt and axial-vector order respectively
and &, is the magnitude of the bare tilt order of the molecules in the absence of
axial-vector order 7. 1 is the angle between tilt order (,;5’) and axial-vector order 7.

We have considered terms up to quadratic order in both order parameters in equation

FlEquation 3.2l The two order parameters E and 77 have the same symmetries which gave
rise to bilinear coupling (second term of free energy density in [Equation 3.2)) between

them consistent with the achiral symmetry of the system analogous to the coupling of

the tilt and polarization in the chiral system [42]. Minimization of gives
¥ =0,m = A& € = AL /(A= Nx)

The minimization of the [Equation 3.2| clearly indicates an induced axial-vector order
177 along with the tilt order 5 in the layers. We found that with this type of packing,
the layers have an achiral Cq;, point symmetry and the electric dipole moments of the
molecules in the layer expected to cancel each other with no net polarization in the

layers as found experimentally.

To describe the possible stacking of the layers, the interaction between the layers
needed to be taken into account. Assuming nearest neighbor interactions, the effective

interaction energy density between the layers can be written as

finn = J1(Ei - E1) + (& - Ei41)?, (3.3)

where & and &1 denote the tilt order of the i and i + 1" layer, respectively. The
coefficients J; and J; denote the coupling constants for the bilinear and biquadratic
interactions between the successive layers, respectively. In our system, we considered
that the molecules are already tilted uniformly in each layer due to intralayer inter-

actions. The stacking of these tilted layers was determined by minimizing the free
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energy given in due to the interlayer interactions between the molecules.
The bilinear and the biquadratic coefficients could have contributions from the entropy
as well as the dispersion interaction between the molecules in the neighboring layers.
Therefore, the coefficient J; and J, were expected to be temperature-dependent in our
model. For J; > 0, the bilinear interaction between the layers favored an anticlinic or-
ganization whereas, for J; < 0, the synclinic organization is stabilized. The biquadratic
interaction between the layers with J, > 0 accounts for the favorable non-coplanar ori-
entation of the molecular director in the successive layers due to the asymmetric bent
structure of the molecules. We assumed that the intralayer interaction between the

molecules is much stronger than the interlayer interactions. The magnitudes of 5 and

17 determined by minimizing [Equation 3.2} are homogeneous across different layers.

In this constant amplitude approximation, the inter-layer interaction part of the

free energy can be written as [33] [16]

finn = J1&% cos(ip1 — ¢;) + Jo&* cos® (i1 — &), (3.4)

where ¢ is the magnitute of tilt 5: and ¢; denotes the azimuthal orientation of the tilt

order parameter 5 in the " layer.

5 : &':—1 = &(—sin ¢, cos ¢;) - &1 (—sin @iy1, cos Piy1)

In constant amplitude approximation, & = &1 = &.

Therefore,

& €1 = £*(cos ¢; coS i1 + Sin ¢; sin ¢4 1)

5 : 52’11 = 52 C05(¢i+1 — @)
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3.5 Theoretical results

The minimization of [Equation 3.4 with respect to ¢;’s give five possible configuration
of tilted smectic phases as shown in [Figure 3.22;

L I e O]
$=6=4=3:=1

O 000

O 000
©0O 00

SmC2 SmC

o R

Figure 3.22: The schematic representation of the predicted structures in the differ-
ent phases. The arrows show the tilt direction of the molecules in the
successive layers.

(I) The SmC, phase with an anticlinic tilt and antiparallel axial-vector order be-
tween successive layers was stabilized when J; > 0 and |J;| > Jo&2. This phase was
identified with the higher-temperature SmC'4 phase as observed experimentally in these
samples.

(IT) The SmCg phase with synclinic tilt and parallel axial-vector order between suc-
cessive layers was stabilized when J; < 0 and |.J;| > Jo&2. This phase was not observed

in the studied samples.

For |J1| < Jo&?, minimization of Eq. 3.4 leads to cos(¢;i1 — ¢;) = —(J1/J2£?) and
three degenerate structures can be stabilized.
(IIT) The SmC,, phase was stabilized with a helically modulated tilt directions in the
successive layers. As the BCHS molecules are achiral, both left-handed and right-
handed structures are equally possible.

(IV) A bilayer SmC; phase in which the sign of d¢ between neighboring pair of layers

111



3.5. THEORETICAL RESULTS CHAPTER 3

alternate.
(V) A random SmCg phase, in which the sign of §¢ between the neighboring pair of

layers vary randomly.

The lower-temperature SmCy phase observed in our system perhaps represents the
coexistence of SmC,, SmCs,, and SmCpg structures as discussed above.
shows the phase diagram and stability regions of the different phases in the J; — J,

parameter plane.

As discussed earlier, the parameters J; and J, are temperature-dependent in our
model. For the studied sample, we assumed that J, > 0 and .J; is large and positive
at high temperatures. On decreasing the temperature, J; decreases and a transition
to the SmC} phase occurs as shown in The possible configurations of the
tilt order of the molecules in the layers are also indicated for the different phases in
[Figure 3.23] For the studied compounds, the crystallization transitions preceded the
transition from the SmC'; phase to the SmCs phase on further cooling of the sample

and the SmC's phase was not observed for the studied samples.
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Figure 3.23: The phase diagram showing the stability regions of different phases and
the transitions between them in the J;-Jo parameter plane. The thick
solid and the dotted lines indicate first-order and second-order transitions
respectively. The possible configurations of the tilt order in layers for
different phases were also indicated. Note that SmC5, SmCg, and SmC'y
phases are degenerate configurations in our model denoted collectively as

the SmC’; phase.

3.6 Conclusions

In conclusion, we have investigated two compounds consisting of bent-core hockey-stick

shaped molecules. The studied compounds showed two pseudo-polar tilted smectic

phases which are characterized by an in-plane axial-vector order parameter in addition
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to tilt order in the smectic layers. At the higher-temperatures, an anticlinic SmC'y
phase with an antiparallel axial-vector order was observed. Whereas, at the lower-
temperatures, an intermediate tilted SmC; phase with coexisting degenerate struc-
tures of SmC,, SmC5, and SmCr was observed. Two different compounds consisting
of BCHS molecules showed very similar phase behavior which indicate that the ob-
served phases are generic phases exhibited by BCHS molecules. A theoretical model
to account for the observed mesophases was developed to describe the organization of
the BCHS molecules in the tilted smectic phases. In the next chapter, we will describe
the experimental results on the effects of an applied electric field in these mesophases

and use this model to account for the observed field effects.
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Chapter 4

FIELD EFFECTS ON PSEUDO-POLAR TILTED

SMECTIC PHASES

4.1 Introduction

In the previous chapter, we studied two compounds consisting of bent-core hockey-stick
shaped (BCHS) molecules [1, 2, B[4, 5 6]. These compounds showed two pseudo-polar
tilted smectic phases between the isotropic liquid and crystal phases [7,[8]. Based on the
experimental results, we proposed a theoretical model for the molecular organization of
BCHS molecules in the observed tilted smectic phases. As described in[section 3.4] the
BCHS molecules adopt a zigzag configuration for close packing in the layers of these
smectic phases [9]. The molecules aligned with a head-tail symmetry within a layer
and the average orientation direction of the long axes of the BCHS molecules, 7.e., the
director n in a given layer is at an angle to the layer normal. In addition, the bend
planes of the zigzag molecules in a layer align on average parallel to the tilt plane, which
induced an in-plane axial-vector order parameter (77) in the layers. The layers in these
smectic phases have an achiral Cy;, point symmetry without any spontaneous electric
polarization. The polarization reversal switching current measurements indicated the
absence of net electric polarization in the layers of the observed mesophases of both
compounds. However, a field-induced change in the birefringence of the samples was

observed under the application of an AC electric field in both the observed mesophases.

In this chapter, we will discuss the effects of an applied electric field on the observed
pseudo-polar tilted smectic phases. This chapter is divided into two parts. In the first
part, we will present the experimental results and discuss the electric field effects on
the observed mesophases for two compounds 40C18 and Al4. In the second part,

we will also describe the theoretical model to account for the observed field-induced
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changes in the effective birefringence of the sample in the higher-temperature SmC'y

phase.

4.2 Experimental Studies

The field effects on the observed mesophases were investigated using electro-optical
(EO) measurements and polarized optical microscopy (POM) studies. The experimen-
tal setups used for these studies were discussed in For the measurements, we
used commercially available liquid crystal cells of thickness 5 ym. The ITO coated glass
plates of the cell were pretreated for a planar-alignment of the sample with electrode

area bxbh mm?.

4.3 Compound 40C18

4.3.1 Dielectric and Optical Transmittance Measurements

The dielectric constant measurements were performed on a customized experimental
setup which was described in detail in The sample was placed between
crossed polarizers and studied using a POM (ORTHOLUX II POL-BK) at 10 X magni-
fication equipped with a hot stage. The real part of the effective dielectric constant of
a planar-aligned sample of thickness 5 pm was measured on cooling from the isotropic
phase. The dielectric constant was measured as a function of temperature under the
application of a sinusoidal AC voltage of frequency 5641 Hz and an amplitude of 0.5
volts. The dielectric constant data was taken at a constant temperature interval of
0.2 °C using a temperature controller (INSTEC Inc.) with a temperature resolution
of £0.1°C. The amplitudes and phases of the voltage drop across a known resistor of 1
k() connected in series with the sample were measured using a lock-in amplifier (LIA).
Using impedance analysis (see [section 2.6]), we measured the capacitance of the sample

from which the effective dielectric constant was calculated by taking the ratio with the
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empty cell capacitance. The empty capacitance was measured before filling the sample

into the liquid crystal cell.

shows the temperature variation of the real part of the effective dielectric
constant of the compound 40C18 on cooling the sample from the isotropic phase.
The measured dielectric constant does not vary appreciably in the isotropic phase on
cooling the sample. A sharp decrease in the dielectric constant is observed around 136
OC indicating the phase transition from the isotropic phase to the higher-temperature
SmC'y phase. The dielectric constant in the SmCy phase remained constant with a
value of about ~4.3. Again a sharp decrease in the dielectric constant was observed at
about 120 °C which clearly indicates the transition from the SmC)y to the SmC; phase.
The low value of the dielectric constant in both the tilted smectic phases indicates the
absence of electric polarization in the layers as found from the polarization switching
current reversal measurements. On further cooling, a sharp decrease in the dielectric

constant was observed at the transition from SmC' to the crystal phase.

In addition to the dielectric constant measurements of a planer-aligned sample,
several attempts were made to measure the dielectric constant of a homeotropically-
aligned sample. But over several trials with different alignment techniques, we were
not able to get homeotropic-alignment of the sample in both commercially available
and custom made liquid crystal cells using ITO coated glass plates. Therefore, the
dielectric constant measurements for homeotropically-aligned samples could not be
achieved and the direct measurement of the dielectric anisotropy of the sample was
not possible. However, the sign of the dielectric anisotropy in the higher-temperature
SmC'4 phase could be inferred by assuming that the component of the dielectric tensor
perpendicular to the director mostly contributed to the measured dielectric constant
for a planar-aligned sample and the average dielectric constant € = (¢ + 2¢,)/3 in
the SmCy phase was same as the extrapolated values from the isotropic phase [10].
Then, the measured dielectric constant of the planar-aligned sample smaller than €
implied Ae > 0 in both the observed mesophases. Therefore, the dielectric constant
measurements indicate a positive dielectric anisotropy in the SmC'4 and SmC'; phases

of compound 40C18.
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We also simultaneously measured the transmitted optical intensity passing through
a planar-aligned sample of thickness 5 um as a function of temperature as shown in
[Figure 4.1b. The transmitted intensity increased sharply at about 136 °C as the sample
was cooled from the isotropic phase. The abrupt increase in the optical intensity in-
dicate the transition from the isotropic phase to the higher-temperature SmC'y phase.
The optical intensity remained almost constant in the SmC'4 phase. On further cooling,
a decrease in the intensity was observed around 120 °C indicating the transition from
the higher-temperature SmC'4y phase to the lower-temperature SmC; phase. The de-
crease in the transmitted intensity in the lower-temperature phase could be attributed
to the presence of a large number of irregular bands in the texture as observed in the
POM studies which scattered the incident light. On further cooling, the sample goes
to the crystal phase at about 96 °C. Therefore, the simultaneous measurements of the
dielectric constant and the transmitted optical intensity as a function of temperature

clearly detected the phase transitions between the observed mesophases.
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Figure 4.1: (a) The variation of the real part of effective dielectric constant and (b)
transmitted optical intensity as a function of the temperature of the com-
pound 40C18 for a planar-aligned sample of thickness 5 ym on cooling from
the isotropic phase between crossed polarizers. The vertical line shows the
phase transition among the different phases.

4.3.2 Steady-state electro-optic responses

As discussed earlier in |[subsection 3.2.4] both the observed mesophases SmCy and

SmC7 did not exhibit any polarization reversal current peaks in the current response
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under the application of a triangular wave voltage [IT]. Further, the measured value
of the effective dielectric constant in these phases was also relatively small. Hence,
it could be concluded that the layers in these smectic phases did not possess any net
electric polarization for both compounds. Yet, for both the mesophases, a field-induced
change in the optical transmittance through a planar-aligned sample of thickness 5
um was observed under the application of an AC electric field. The time-dependent
electro-optic transmittance of the sample at a given temperature was measured using
a He-Ne Laser passing through a planar-aligned sample of thickness 5 pm between the
crossed polarizers. The transmitted intensity was monitored using a high gain low noise
photo-diode. The output signal of the photo-diode was measured by an oscilloscope
(Agilent Tec. MSO6012A). During the experiments, the temperature of the sample

was controlled by a home-built temperature controller using a PID algorithm.

The steady-state electro-optic response of the compound 40C18 in both the SmC'4
and SmC7 phases on the application of a triangular wave voltage of frequency 30 Hz is
shown in [Figure 4.2] The observed electro-optic response is symmetric with respect to
the positive and negative values of the applied voltage, indicating a quadratic coupling
of the electric field with the effective dielectric anisotropy of the sample. The electro-
optic response clearly originated from the effective change in the birefringence of the
sample due to the reorientation of the molecules in the smectic layers with applied fields.
It can be seen from that the transmitted intensity decreased with increasing
the magnitude of the applied field in the higher-temperature SmC'y phase. Thus, the
optical intensity was minimum at zero volts and it attained the maximum values for
both positive and negative maximum of the applied voltage. This behavior tends to
give about 90 degrees phase shift between the applied field and the optical response.
However, it should be noted that there was a negligible phase difference between the
optical response and the applied voltage for the frequency used in the experiments.
This effect arose because of the zero-field optical phase difference introduced by the
sample between the ordinary and extraordinary rays. For a planar-aligned sample of
thickness 5 ym in the SmCy phase, the zero-field phase difference A®, lied between 7
and 27. This phase difference increased with increasing the magnitude of the applied

field and gave rise to a decrease in the transmitted intensity with increasing magnitude
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of the field.

In the lower-temperature SmC; phase, the optical intensity increased with increas-
ing magnitude of the applied electric field (see [Figure 4.2b). The maxima of the trans-
mitted intensity coincided with the corresponding maxima and minima of the applied
voltage. The zero-field phase difference in the SmC} phase of the sample possibly lies
between zero and 7 due to the presence of many degenerate structures in the texture.
Then, the field-induced increase in the phase difference beyond the zero-field value in
the SmC phase gives an increasing intensity with increasing magnitude of the field.
The measured optical contrast in the lower-temperature SmC; phase is lower compared
to that in the SmC'4 phase due to the coexistence of different degenerate structures in

the lower-temperature SmC7 phase [12].
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Figure 4.2: The optical response of the compound 40C18 between crossed polarizers
for a planar-aligned sample of thickness 5 pm under the application of
triangular wave voltage of frequency 30 Hz in (a) the SmC)y phase and (b)
the SmC’ phase.

4.3.3 Field effects on POM textures

To further investigate the structures of observed mesophases of compound 40C18,
we measured field-induced changes in the birefringence of a planar-aligned sample of
thickness 5 um. The POM textures [I3] were studied for a planar-aligned sample under
the application of an AC electric field of frequency 1 kHz. The sample was slowly cooled
from the isotropic phase to the high-temperature SmCy phase and observed between

the crossed polarizers in a polarizing optical microscope (Olympus BX-50). During
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the experiment, the temperature of the sample was controlled using a LINKAM hot
stage (LTS420E) and temperature controller LINKAM (HST95) with a temperature
resolution 0.1 °C. The POM textures were captured by OLYMPUS camera (DP12) at
20X magnification at a constant temperature with a varying amplitude of the applied

electric field.

The POM texture in the SmC'y phase between the crossed polarizers in the absence
of an AC electric field of frequency 1 kHz is shown in[Figure 4.3h. It was observed that
upon increasing the amplitude of the applied field, beyond a threshold value, few orange
color bands parallel to the layers began to grow at the cost of the otherwise smooth
yellow color fan regions of the texture in the SmC'4 phase. Upon further increasing the
amplitude of the applied field, the orange color bands started to increase in number, and
the fans in the texture became uniform orange in color at higher fields (see[Figure 4.3p).
Even at higher values of the applied electric field, the fans remained uniform in color,
but the birefringence color of the fans changed gradually to purple (Figure 4.3¢). Using
the Michel-Levy interference color chart, we found that the birefringence color of the
focal-conic fan regions increased upon the increasing amplitude of the applied electric
field. It was also found that the optic axis parallel to the layer normal remained the
same without any rotation of the brush pattern under the application of the field.
Interestingly, a few orange color bands parallel to the layers were found to be stable in
the high-temperature SmC'y phase even in the zero field. The stability of these orange
color bands parallel to the layers in the absence of an electric field possibly arises due

to the surface field effects.

The sample was cooled from the higher-temperature SmC'y phase to the lower-
temperature SmC; phase between the crossed polarizers. The POM texture in the
SmC phase at zero fields is shown in the [Figure 4.3d. The fan regions of the texture
in the SmC'4 phase became obscure due to the appearance of a large number of irregular
bands parallel to the smectic layers across the transition from the SmC'4 to the SmCY
phase. It was found that upon increasing the amplitude of the applied electric field
in the SmC'; phase, the bands parallel to the layers gradually decreased in number

(see [Figure 4.3e) and even at higher fields, fan texture tends to get restored as shown
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in [Figure 4.3f. As discussed in [subsection 3.2.3] these large numbers of bands in the

SmC'; phase appeared due to the coexistence of different degenerate structures. These
degenerate domains with random tilt directions in the layers gradually aligned due
to the applied electric field for a planar-aligned sample which tend to restore the fan
texture as observed experimentally at high fields. Therefore, the applied field tend to
remove the degeneracy of different stable structures in the SmC; phase at the zero

fields giving rise to a uniform fan texture.
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Figure 4.3: The field-induced effects on the POM textures with a planar-aligned sample
at a constant temperature 125°C with a varying electric field of amplitudes
(left column) in the SmC'y phase at (a) 0 V/um (b) 2.5 V/um (c¢) 20 V/um
and at 115°C (left column) in the SmC; phase at (d) 0 V/um (e) 2 V/um
(f) 20 V/pm.

To quantitatively determine the field-induced changes in the effective birefringence
of a planar-aligned sample in the SmC'4 phase, the average transmitted intensity pass-
ing through a planar-aligned sample was measured with increasing the amplitude of
applied AC electric field of frequency 1 kHz. The sample was cooled from the isotropic
phase to a given temperature in the SmC'y phase allowing sufficient time to stabilize

temperature. The POM images of a planar-aligned sample of thickness 5 ym placed be-

127



4.3.

COMPOUND 40C18 CHAPTER 4

tween the crossed polarizers were captured for different amplitude of the applied field.
A red filter of wavelength 650 nm was used for the measurement of average transmitted
intensity and to avoid the effects of birefringence colors appearing in white light. The
average transmitted intensity of the POM images was then extracted using a MATLAB
program [12].

The variation of optical average transmitted intensity in the SmC'y phase as a
function of the applied field is shown in [Figure 4.4h. The optical average transmitted
intensity remained nearly constant up to a threshold field (1 V/um) beyond this value
the average transmitted intensity decreased gradually and tend to saturate beyond 10
V/pm in the higher-temperature SmC'4 phase. The decrease in the average transmitted
intensity beyond the threshold field indicates an increase in the effective birefringence
of the sample as observed in POM investigations. Similarly, we also measured the
average transmitted intensity in the lower-temperature SmC; phase. The variation
of average transmitted intensity in the lower-temperature SmC; phase as a function
of an applied field is shown in [Figure 4.4b. Initially, the intensity increased sharply
with the increasing field up to a field of about 3.2 V/um and then got saturated to
a nearly constant value beyond this field. The increase in the intensity in the SmC}
phase indicates an increase in the effective birefringence of the sample. The applied
field aligned the different degenerate structures in the SmC; phase, leading to a rapid
increase in the intensity. The average transmitted intensity get saturated when a
majority of the degenerate structure aligned, giving rise to a field-induced fan texture

in the SmC'; phase, as observed in POM investigations.
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Figure 4.4: The variation of average transmitted intensity passing through a planar-
aligned sample of thickness 5 pum between crossed polarizers under the
application of an AC electric field of frequency 1 kHz in (a) the SmC} at
124 °C and (b) the SmC; at 115 °C phases, respectively.

4.4 Compound Al4

We also studied the field effects on the smectic phases exhibited by another compound
Al4 consisting of BCHS molecules. As we discussed in this compound
also shows similar phase behavior as that of the compound 40C18. In this section,
we will present the field effects on the observed mesophases of compound A14 which
further corroborated the experimental observations for the compound 40C18. Again,
a planar-aligned sample of the thickness of 5 ym was used to study the field effects in

the smectic phases.

4.4.1 Dielectric Constant Measurements

Similar to compound 40C18, we measured the real part of the effective dielectric con-
stant of compound A14 as a function of temperature. shows the temperature
variation of the real part of the effective dielectric constant of compound Al4 on cool-
ing the sample from the isotropic phase. The measured dielectric constant sharply
increases at the transition from the isotropic phase to the SmCy phase. On further

decreasing the temperature, dielectric constant saturated to a value of about 5.25 deep
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in the SmC4y phase. The dielectric constant varied continuously across the transition
from the SmC'y to the SmC; phase. This compound also shows relatively low values

of the effective dielectric constant in both the smectic phases as that of compound

40C18.

The low value of the dielectric constant in the observed mesophases confirmed
the absence of electric polarization in the layers. For this compound also, we could
not achieve homeotropic-alignment of the sample in their smectic phases using I'TO
coated liquid crystal cells. The sign of dielectric anisotropy in the higher-temperature
SmC'y phase of compound Al4 was estimated by adopting the same assumption as
that of compound 40C18. The average value of the dielectric constant € in the SmC'y
phase was greater than the value of €, in the observed tilted smectic phases indicating

negative dielectric anisotropy (Ae < 0) in the observed smectic phases of compound

Al4 [10].
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Figure 4.5: The variation of the real part of the effective dielectric constant of the
compound Al4 as a function of temperature for a planar-aligned sample
of thickness, 5 pum.
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4.4.2 Steady-state electro-optic responses

As discussed earlier in the polarizing switching current and dielectric con-
stant measurements clearly indicated that the layers in the observed mesophases of
compound A14 also did not possess any net electric polarization. But a field-induced
change in the optical transmittance through the sample between the crossed polarizers
was observed in both the mesophases similar to that for compound 40C18. The exper-
iments were performed under the same conditions as that of compound 40C18. Briefly,
the optical transmittance passing through the sample of thickness 5 ym between the
crossed polarizers was measured under the application of an AC triangular voltage
wave. [Figure 4.6| shows the electro-optic response in both the mesophases under the
application of an AC electric field of frequency 30 Hz. The change in the optical trans-
mittance through the sample originated from the effective change in the birefringence
with the field. The changes in the effective birefringence of the sample arise due to the
reorientation of the molecules in the smectic layers with the applied fields which could
also be inferred from the observed field effects on POM textures. Thus, the observed
smectic phases of compound A14 could be identified with the SmC'4 and SmC phases
of compound 40C18.
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Figure 4.6: The optical response of compound A14 between crossed polarizers for a
planar-aligned sample of thickness 5 um under the application of triangular
wave voltage of frequency 30 Hz in the (a) SmCy4 and (b) SmC; phases.
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4.4.3 Field effects on POM Textures

The POM textures in the SmC'y and SmC phases of compound A14 were studied with
an applied AC electric field of frequency 1 kHz. A planar-aligned sample of thickness
5 pum was cooled from the isotropic phase to the higher-temperature SmCy phase. A
focal-conic fan texture [I3] (Figure 4.7) was observed in the SmC phase between
the crossed polarizers in the absence of an applied electric field. Interestingly, it was
found that upon increasing the amplitude of the electric field, the birefringence color
of the focal-conic fan texture started to change beyond a threshold field (4 V/um).
The birefringence color changed gradually from purple to blue and then to green (Fig-
—d) on increasing the amplitude of applied field beyond the threshold field. The
birefringence color changes with field were observed without any rotation of the ex-
tinction brushes in the SmC'4 phase. This implied that the birefringence of the sample

increases with field without any change in the local optic axis.

Figure 4.7: The changes in the birefringence color of POM textures of a planar-aligned
sample of thickness 5 pum at 115 °C in the SmC4 phase under the applica-
tion of an AC electric field of frequency 1 kHz with increasing amplitudes
(a) 0 V/um (b) 4.4 V/um (c) 8.6 V/um, and (d) 16 V/um. The scale bar
used in all the images is 40 pm.
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The changes of the POM textures in the SmC’; phase with increasing field are shown
in The number of irregular bands decreased with an increasing field in the
SmC'; phase as found in the case of compound 40C18. The decrease in the number of
irregular bands indicates that the coexisting degenerate structure aligned due to the
field. The tilt directions of the molecules in the layers gradually aligned due to the
applied in-plane electric field of a planar-aligned sample tending to restore the uniform
fan texture. The field-effect on the POM textures of compound Al4 was similar to
that of compound 40C18. Though, the field-induced transition from the irregular
band texture to the clear focal-conic fan texture was not observed in the SmC; phase

up-to an electric field strength of 20 V/um used in our experiments.

Figure 4.8: The changes in the birefringence color of POM textures of a planar-aligned
sample of thickness 5 um in the SmC’ phase under the application of an
AC electric field of frequency 1 kHz with increasing amplitudes (a) 0 V/um
(b) 4.4 V/pm (c) 8.6 V/um, and (d) 16 V/um at 104 °C. The scale bar
used in all the images is 40 pm.
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Figure 4.9: The variation of average transmitted intensity passing through a planar-
aligned sample of thickness 5 pum between crossed polarizers under the
application of an AC electric field in (a) SmC)4 at 124 °C and (b) SmC} at
115 9C phases respectively.

4.5 Average Transmitted Intensity

We measured the transmitted intensity through a planar-aligned sample of thickness 5
pm in the observed mesophases with an applied AC electric field of frequency 1 kHz.
The variation of the average transmitted intensity in both the SmC'y and SmC} phases
is shown in [Figure 4.9 As observed in POM investigations, the textural intensity
remained nearly constant up to a threshold field (4 V/um) beyond which the intensity
started to decrease gradually with an increasing field (see [Figure 4.9p). The gradual
decrease in the intensity beyond the threshold field implies an increase in the effective

birefringence of the sample in the higher-temperature SmC'y phase.

For the lower temperature SmC; phase of compound Al4, the average transmitted
intensity did not increase smoothly with the applied field because of the presence of
irregular band structure, as shown in [Figure 4.9b. With the applied electric field,
the number of irregular bands decreased in number resulting in an increase in the
average transmitted intensity. At a threshold voltage, the birefringence color of the
texture changed with an applied field gives rise to an increase in the intensity. The

number of irregular bands in the lower-temperature SmC; phase decreased in number
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but these bands did not disappear even at the high electric field (20V/um) used in our
experiments. Due to the presence of the irregular band in the lower-temperature SmC'
phase, we could not estimate the change in the effective birefringence of the sample

with the applied field.

The effective birefringence changes of a planar-aligned sample of thickness 5 pym
were measured quantitatively by monitoring the variation of average transmitted in-
tensity with the field. The variation of intensity with an applied field could be easily
correlated with the change in the birefringence of the sample in the SmC4 phase due
to the uniform texture. But in the SmC; phases, the texture was not uniform due to
the coexistence of different degenerate structures and the determination of the changes
in the birefringence of the sample was not possible. Therefore, we had only estimated
the effective birefringence of a planar-aligned sample of thickness 5 pym in the higher-
temperature SmC'4 phase. In this section, we now described the method which was
used to estimate the effective birefringence of the sample using photomicrography un-
der the application of the electric field. Both the compounds, 40C18 and A14, showed
similar behavior with an applied field. Using the average transmitted intensity passing
through the sample, we estimated the change in the effective birefringence of a planar-
aligned sample of thickness 5 pm in the SmC'y phase with an applied field as follows
[14], 15, [16]:

The transmitted intensity at a given pixel of the POM image of a planar-aligned

sample in the absence of an applied electric field can be written as:
Ii .92
Iy = 3 sin (2409 (1 — cos A¢y) (4.1)

where [ is the transmitted intensity at zero-field, [; is the incident intensity of light,
1o is the angle between the local optic axis and the polarizer, and Ag, is the local
phase difference: A¢y = M. Anyg is the effective birefringence of the sample at
zero-field. Here, d is the sample thickness, A is the wavelength of the incident light.
The subscript () denotes the value of the corresponding quantity at zero electric fields.
For the higher-temperature SmC'4 phase, the phase difference (A¢yg) in the absence of
a field is about 3.8665.
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Similarly, the transmitted intensity at a given pixel of the POM image of the

planar-aligned sample under an applied field can be written as:

I= % sin?(2¢)(1 — cos A¢) (4.2)

where [ is the transmitted intensity at non-zero field, I; is the incident intensity of
light, v is the angle between the local optic axis and the polarizer, and A¢ is the local
phase difference at non-zero field : A¢ = MT"d, An is the effective birefringence of the

sample at that pixel under an applied electric field.

In our experiments, we used a wavelength of A = 650 nm of a red filter. The angle

between the optic axis and the polarizer does not change under the application of field

at a given pixel ;i.e., Yo=1. Therefore, dividing [Eiquation 4.2 by [Equation 4.1] gives,

I 1—-cos(Ag)
Iy 1—cos(Ady) (4.3

where A¢ is the total phase difference, A¢p = A¢y + d¢, and d¢ is the small change in
the phase difference in the presence of an applied electric field. Therefore, [Equation 4.3

can be written as

I 1—cos(Agy+09)

Iy 1—cos(Agp)

I Sin2<A¢o+5¢)

Iy s 2(8f0)

I sin(A¢0+5¢)
I 81n(A¢°) (44

Assuming the field-induced change in the path difference d¢ is small, we can write

dp — 0, Sln——)%,cos——>1

. Apy 00 . Apy 69 Apg . 0¢ . Adg Agy oo
sin(—— 5+ 2) 8 — = €08 —- + €O —=sin - = sin — = + cos — 2(4.5)
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Using [Equation 4.4] and [Equation 4.5]

— =1+ cot ——

T 56 Ady
To 2 2

Therefore, the small field-induced change in the phase difference is given by,

A I
6 = ztan%(\/;o— 1) (4.6)

The small change in the phase difference of the sample was estimated by using eq[Equa

in the higher-temperature SmC'y phase by averaging over the pixels of the

POM images. The small change in the effective birefringence of the sample under the

59

5+ Lherefore, the effective
md

application of electric field can be calculated as dn =
birefringence of a planar-aligned sample can be calculated as, An = Any + dn. The

zero-field effective birefringence of the sample was estimated using the Michel-Levy

interference color chart (see [Figure 4.10) for a given thickness.
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Figure 4.10: The Michel-Levy interference color chart to estimate the effective bire-
fringence at zero-field using POM textures.
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For compound 40C18, we have estimated the effective birefringence at zero-field,
Ang =0.08, for a planar-aligned sample of thickness 5 pum in the focal-conic fan tex-
ture in the SmC'4 phase. The field-induced changes in the effective birefringence for
compound 40C18 in the higher-temperature SmCy phase are shown in
The effective birefringence of the sample remains constant at low field and increases

gradually above a threshold value with the applied field.
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Figure 4.11: The experimentally measured effective birefringence for compound 40C18
of a planar-aligned sample of thickness 5 pum in the higher-temperature
SmC'y phase at a constant temperature with increasing amplitude of the
applied electric field of frequency 1 kHz.

Similarly, for the compound A14, the estimated zero-field effective birefringence
for orange color focal-conic fan texture of a planar-aligned sample of thickness 5 um
in the SmCy phase is about Any=0.07. shows the field-induced change
in the effective birefringence of compound Al4 in the SmC'y phase. The effective

birefringence of compound A14 in the SmCy phase also changed in the same manner
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as that of compound 40C18.
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Figure 4.12: The experimentally measured effective birefringence for compound A14
of a planar-aligned sample of thickness 5 pum in the higher-temperature

SmC'y phase at fixed temperature with increasing amplitude of the applied
electric field of frequency 1 kHz.

The field-induced variation in the transmitted intensity (effective birefringence)
passing through the sample showed a clear threshold phenomenon in the observed

tilted smectic phases for both the studied compounds.

4.6 Theory of field-induced transition

Experimentally, we found that the birefringence of the samples changes with an ap-
plied electric field. In this section, we will discuss the theoretical model to account

for the field-induced change in the effective birefringence of a planar-aligned sample in
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the higher-temperature SmC'y phase. In particular, the threshold field-effect observed
experimentally in our system. To explain the field-induced effects on the structure of

observed mesophases, we need two order parameters: tilt order parameter £ and orien-

tational order parameter 77. These order parameters were explained in [subsection 3.4.1]

In the SmC'y phase, the tilt order of the BCHS molecules in a layer can be described

by an axial-vector 5 which is given by,
&= (k- )k x )

where the unit vectors k and 7 denote the layer normal and average orientation direc-
tion of the long axes of the molecules, respectively [17, [18]. The c-director, ¢, is defined

as the projector of director n onto the layer plane, which is perpendicular to the tilt

order 5

The rigid bend ends of BCHS molecules strongly hindered the free rotation of the
molecules about their long axess in the tilted smectic layers. Therefore, the packing
and entropy considerations favored a zigzag configuration of the BCHS molecules in the
tilted smectic layers as described in [9]. When the long axes of these zigzag
molecules are on average tilted, the tilt plane favored the bend plane of the zigrag
molecules align parallel to itself (see [Figure 4.13). The orientational order of the short
axis of the BCHS molecules can be described by an axial-vector order parameter 7.
The order parameters 5 and 17 have the same symmetry, and the lowest order bilinear

coupling favored them to be parallel to each other [7].
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Figure 4.13: The zigzag configuration of BCHS molecules in a layer of tilted smectic
phase. The order parameters &, 177 and ¢ denote the tilt, axial-vector the
tilt, axial-vector order and c-director in the plane of the layer.

The quadratic coupling of the electric field due to the dielectric anisotropy of the
layers could lead to a structural transition in this system. The bent-shape of the
molecules led to large biaxiality of the layers characterized by three principle dielectric
constants €; < €5 < €3, where €3, €; denote the principle dielectric constant parallel to
the director and perpendicular to the tilt plane, respectively. The intermediate value €,
corresponds to the principal component in the tilt plane, respectively. To account for
the observed electric field effects, we assumed that in the smectic layers, the principle
dielectric constant parallel to the director is maximum while that along the axial-vector

order parameter is minimum.

4.6.1 Effective dielectric anisotropy in the SmC'y phase

For a planar-aligned sample in the higher-temperature SmC'y phase, the smectic layers

were assumed to have a bookshelf geometry between the glass plates. The planar
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anchoring of the molecules on the substrates favors the tilt plane of the molecules in
the layer to be parallel to the glass plates and perpendicular to the applied electric
field bottom). Then, due to the dielectric anisotropy of the SmCy layers,
the applied electric field tended to reorient the molecules such that the layers has a
maximum projection of its dielectric indicatrix along the field. Beyond a threshold field,
the decrease in the intensity as found experimentally was attributed to the orientational
transition of the molecules in the layers. With increasing field, the reorientation of the
molecules about their long axes as well as the reorientation of the director about the

layer normal occurred simultaneously.

1.3

1,3 1.3
E>=Ey @@

. ' 24

Figure 4.14: The schematic representation of the molecular organization at the mid-
plane of the cell in the smectic layers in bookshelf geometry between
two glass plates at different electric fields. The circles on the right side
represent the orientation of the vectors E, 77 and ¢ (red arrow) in successive
layers viewed along the layer normal. The number 1,2,3,...represent the
sequence of the layers.

The dielectric tensor in 3D can be written as [19]

Eij = A71€A
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where

cos 1) cos ¢ — cos f sin ¢ sin cossin g + cosf cospsiny  sinesind
A= | —siniycos¢p — cosfsinpcosty —sinsine + coscospcosty cossinb

sin # sin ¢ —sinf cos ¢ cos 6

The transpose of A is given by

cos Y cosp — cosfsingsiny —siny cosg —cosfsingcosy  sinfsin @

Al = cossin g + cosfcos psiny —sinsin @ + cosf cos pcosy —sin b cos @

sin ¢ sin 6 cos v sin 6 cos 6
€1 0 0
eE=10 e O
0 0 €3

Therefore, the dielectric tensor in 3D is given by,

€11 €12 €13
€ij = | €21 €22 €23

€31 €32 €33

where,

€11 = €1(cos ¢ costh — cosfsin ¢sin1h)? + ey(cos O sin ¢ cos 1) + cos psin))? + ez sin? f sin? ¢

€12 = (€1 cos? 1 + ey 5in% 1) sin ¢ cos ¢ + (e — €3) cos  cos 2¢ sin ¥ cos Y

— sin ¢ cos ¢[(€; sin® 1) + € cos® 1) cos® O — €3 sin® )]

€13 = (€1 — €2) sin @ cos psinyh cos P — sin O cos O sin ¢le; sin® P + €5 cos® P — €3]

143



4.6. THEORY OF FIELD-INDUCED TRANSITION CHAPTER 4

€21 = (€1 cos? 1 + €3 8in% 1) sin ¢ cos ¢ + cos O cos 2¢ sin 1) cos P (e; — €3)

— sin ¢ cos ¢[cos® O(e; sin® ¥ + €3 cos® 1) + €3 sin® 0]

€90 = €1(sin ¢ cos b + cos  cos ¢ sin1h)? + e3(cos O cos ¢ cos Y — sin ¢ sin ¥)? + €3 sin”  cos? ¢

€23 = (€1 — €) sin fsin @ sin v cos ) + (€1 sin? 1p 4 €5 cos 1 — €3) sin 6 cos  cos ¢

€31 = (€1 — €2) sin # cos ¢psin ) cos 1) — sin @ cos O sin ¢(e; sin Y + €5 cos? 1 — €3)

€30 = (€1 — €2) sin @sin ¢sin ) cosy + (€1 sin® Y + € cos® 1 — €3) sin O cos # cos ¢

€33 = (€1 8in* 9 + €3 cos? 1)) sin® @ + €3 cos® @

For a given layer, ¢ = 0 and ¢ = 7 the dielectric tensor can be written as,

€5 cos? 0 + e5sin? 6 0 —egcosfsinf + e3cosfsinf
‘5113‘ = 0 €1 0
—€gcosfsinf + ez cosfsinf 0 €9 5in% 0 + €3 cos?
For the adjacent layer, retaining anticlinic arrangement, ¢» = 0 and ¢ = —7 the

dielectric tensor can be written as

€9 c0s% 0 + €5 sin? 0 0 eycosfsinf — e3cosfsind
2 _
€5 = 0 €1 0
€ycosfsinf) — ez cosfsind 0 €552 0 + €5 cos? 0

Thus, the dielectric tensor in the SmC'4 phase can be written by averaging over adjacent

layers as [20]

1 2
q2 G
1] 2
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€902 0 + e5sin?h 0 0
€ = 0 €1 0
0 0 eysin® 6 + e3cos 6?

Here, we assumed the Z-axis along with the layer normal, the Y-axis is normal to the
glass plates of the cell, and the X-axis is in the plane of the glass plates orthogonal
to both the Z- and Y-axis and 6 is the tilt angle. However, in the presence of the
applied field along the Y-axis, the field tend to align the tilt plane of the molecules due
to the dielectric anisotropy of the layers. Whereas, the strong anchoring on the glass
plates tend to retain the tilt plane of the molecules parallel to themselves. Beyond the
threshold field, the tilt plane in successive layers made an angle § with the XZ-plane
while retaining anticlinic organization in the SmCy phase (Figure 4.14] middle). The
angle § at the mid-plane of the cell (/3,,) tended to the value of 7/2 at a very high field
top). Therefore, in the presence of the electric field the dielectric tensor

is given by,
/o -1

where

cosf —sinfg 0
B=|sinB cosB 0
0 0 1

And the transpose of matrix B is given by,

cosf sinf 0
B™'=|—sinB cosB 0
0 0 1
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And
€z 0 0
€ij = 0 €yy 0
0 0 e,
where
€z = €9 COS> 0 + €38in° 0
Eyy = €1
€,, = €58In% 0 + €5 cos® 6
where
€2z COS% 3 + €, sin® B €xe — €yysinPBcos B 0
/ . .
€ij = | €xx — €yysin B cos B+ €y sin? 8 + €yy COS% 3 0 0
0 0 €1z

Therefore the electric field energy is given by,

1~ o
.=——D-F
/ 2
1 — —
__550.623,.3.3
where
0
E=|E
0
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where

€z — Eyy = €2 cos? 0 + e3sin? 6 — ¢;

= eyc08 0 + e35in? 0 — €1 (sin? 6 + cos® 0)
_ 2 . 9

= (€3 — €1) cos” 0 + (e3 — €1) sin” 0

= decos® O + Aesin? 6 = Ae

where Ae = (e3—¢€1) and de = (e3—e;) are dielectric anisotropy and dielectric biaxiality

of the sample in the SmC's phase.

4.6.2 Fréedericksz type transition in the SmC'4 phase

Therefore, the free energy per unit area of the sample cell in the presence of an applied
electric field can be written as [21]

2
f= %K(%) — %EOEQ [Ke sin’ B + 61] (4.7)

Here, K is a suitable elastic constant corresponding to the distortion of the tilt planes
of the molecules across the sample cell and the last term corresponds to the free energy
density in the presence of the electric field. Ac is the effective dielectric anisotropy of
the sample in this configuration.

We define,

b ()

Assuming f is small near the threshold,

sin § ~ 3 ~ [3,, cos (7%)
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The free energy density,

d d

fe= —%EOEQ A, COSZ(@) + 61} + %kﬁi(gy sin? (ﬂy> (4.8)

Therefore, the total free energy can be written as,

d

F= [ fdy

_d
2

kS|
I

[— %€0E261 - ;leofAveEQBfn{ oS (%;Ty> — 1} + ikﬁi <g>2{1 — cos (%ZZJ) }]dy

N L Smeg Leg2 (7Y
——260E erd — 460A6E Bond + 4kﬂm<d> d

o —%60E251d _ igid{eOKsE2 _ k<g>2}

The free energy density in [Eiquation 4.7]is analogous to that of a planar-aligned Nematic

sample under electric field and predicts a Fréedericksz type transition above a threshold

field for Ae > 0. The threshold field is given by,

s k
Ey, = — — 4.9
' d\ egAe (49)
The Fréedericksz voltage is given by
k
‘/th =T — (410)
€oAe

—_—~

Assuming that the elastic constant K ~ 107!% N in the anticlinic SmC4 phase and

Ae ~ 0.2, the calculated threshold fields from the above equation was quite close to
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the experimentally measured thresholds field in the SmCy phase. We also calculated
the S-profile across the thickness of the sample cell by assuming the strong anchoring
condition, S=0 at both the bounding glass plates. The minimization of free energy
with respect to § gave a non-linear Euler-Lagrange equation, which was solved using

Mathematica.

d*B ~ .
k:(d—y2> + egAeE“sin fcos B =0

Multiplying both sides by 42,

d’By dj NI dp
k(d—y2>d—y + egAeE” sin [ cos d_y =0

d[l

dy 12

dp
dy k<_

2 1 —
) + ceAeE?sin? 8| = 0
dy

2

1. ,sdBgN2 1 —

—k<—6> + —egAeE?sin® B = constant
2 \dy 2

Using the boundary condition, § = 0 at y = j:% and y = Oat 8 = f3,, First integral is
given by,

k(%)z + GO/AVEEQ ( sin? f — sin? ﬂm> =0

% = \/A;E2 <sin2 B — sin? ﬂ)

We integrate over half of the thickness of the liquid crystal cell.

Pm 1 T
/o V/ (sin?B,, — sz’n%)dﬁ T d
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ﬁm 1

L
0 +/(sin?B,, — sin%)dﬁ N §(Eth>

R.H.S,

Bm 1 p
/0 \/(sm26m — singﬁ) ’

fm 1
/ ——df}
0 (1 _ sin?g )

Sin ﬁm $in2Bm

Let’s assume that

the above equation become

/71'/2 1
dp
0o /1—sin®usin®g,,

which is the elliptic integral of the first kind and defined as

w/2 1
/ du = K (sin )
0 1—k2sin’u

where k = sin (,,

T F

5 () = K(sin ) (4.11)

Using the above elliptical integral of the first kind, we calculated the [ profile across
the thickness of a liquid crystal cell of thickness d using Mathematica. We assumed
the strong anchoring 5 = 0 at both boundary glass plates. shows the
profile of 3 across the cell for different fields beyond the threshold value. The [S-profile
depicts, the tilt planes of the molecules in successive layers reorient above threshold

field, keeping anticlinic arrangement in successive layers. For a given field, £ attained
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the maximum value (3, at the mid-plane of the cell, and its value increased with

increasing field. shows the variation of f3,, with an increasing applied
field.
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Figure 4.15: (a) The variation of 5 across the sample cell at different normalized electric
fields. (b) The variation of the maximum value of /3 at the mid plane (3,,)
as a function of the Eith
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4.7 Theoretically predicted changes in effective bire-

fringence

Similar to the dielectric tensor, the refractive tensor in 3D for a planar-aligned sample

in the SmC'y phase can be written by averaging over the adjacent layer as:

1 2
iz = My
1] 2
2 .2
ng cos®f +nzsin“f 0 0
12
Ny = 0 ny 0
.2 2

0 0 ngsin® 6@ + ngcos” 6

In the presence of an applied field, the tilt plane of the molecules make an angle g
to the horizontal plane XZ. Then, for a given point at a distance r, the elliptic equation

is given by

r2cos’ S r?sin?f

2 2
n2 n;
Ny
/r.: y
2 2 2 qin2
\/nycos B+ n2sin* g

Therefore, the local effective birefringence at a given point is given by,

(An)esp=mn, —r

NNy

2
\/ni cos? B + n?2sin”

(An)esp = n. —
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The effective path difference is given by

/2
A¢=2—”/ (n. — r)dy
N s

2 d/2 .
—d/2 \/ n2 cos? 3 + n2 sin? B

Changing the variable from y to 3,

dy
dy = —=d
Yy dﬁﬁ

L d1 1
T E"\/sin2B,, — sin?f

where
oo
Ey,
Ao 4d1/ﬂm< Namy ) 1 L
=4 ns — —
A E" Jo \/ n2 cos? B +n2 sin? B \/ 1-— —Sisllffﬂ’g Sin B
4d 1 [Bm Ny 1 1
e = TE 0 (nz B (n2 —n2)sin25> 1 sin? 3 8in Sy, i
R T 7B
where
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4d 1 (™ n 1
Ap = ——/ n, — ud du
i A E" o ( \/1+Vk2sin2u) V1—k2sin?u

_4d 1 1 /2 N, 1
p du — = du
CAE 1 — k2sinu 0o V1+rvk2sin®u+/1— k2sinu

Ap =

/ d / 1 1 d
——|n, U — Ny u
A E 0 1 — k2sin®u 0 V1 +vk2sin?u /1 — k2sin u

where

Ad 1 Ellzptch[k2 1} EllipticK[kz(;jlu)}
Therefore, the effective birefringence of the sample is given by,
AA
) EllipticK [k§i1:| EllipticK [ki(;rlu)]
T e V-2
An — — (4.14)

where the principle refractive indices are given by,

Ny = Ny cos> 0 4+ ngsin® 6 = 0.7ny + 0.3n3
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n, = ngsin® 0 + ns cos? 6 = 0.3ny + 0.7n4

We also calculated the effective birefringence of the sample based on the calculated
profile of 3. For a given value of 3, using the above principle refractive indices and the
experimentally measured tilt angle, we calculated the effective birefringence changes

with applied field of a planar-aligned sample in the higher-temperature SmC4 phase.

We calculated the effective birefringence changes with an applied field for compound
40C18 in the higher-temperature SmC'y phase as shown in [Figure 4.16] The estimated
molecular length of compound 40C18 is about 53 A and the calculated effective layer
spacing in the SmC'y phase is about 42.6 A. Therefore, the calculated tilt angle from
the XRD data is about 36.5 degrees. To calculate the effective birefringence of com-
pound 40C18, we assumed the principle refractive indices of a layer as, ny3 = 1.75,

no = 1.52 and n; = 1.56. The principle refractive indices of a layer are given as:

ng, = 0.65ny + 0.35n3 = 1.6
ny =n; = 1.56
n, = 0.35ny + 0.65n3 = 1.6695

v = 0.05259
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Figure 4.16: The theoretically estimated effective birefringence of compound 40C18
of a planar-aligned sample of thickness 5 ym in higher-temperature SmC'4
phase as a function of F/Ey, at a constant temperature.

The molecular length and the layer spacing in the higher-temperature SmC'4 phase

of the compound A14 were about 53 A and 44.3 A, respectively. Therefore, the tilt angle

in the higher-temperature phase was given by, 6 = cos™! %, where d is the layer spacing,
calculated from XRD data and [ is the molecular length, calculated by ChemDraw in

minimized energy configuration. Therefore, § = cos™ (%), 6 = 33.29 degree.

For the calculation of the birefringence changes with applied field of compound
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Al4, we assumed the principle refractive indices of a layer as,

nz = 1.7,n9 = 1.5andn; = 1.48
n, = 0.7ny + 0.3n3 = 1.56

ny =n; = 1.48

n, = 0.3ng + 0.7n3 = 1.64

v =0.11103
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Figure 4.17: The theoretically calculated effective birefringence of compound A14 of a
planar-aligned sample of thickness 5 ym in the higher-temperature SmC'y
phase as a function of F/Ey, at a constant temperature.

With these parameters and equations, we had calculated the estimated effective
birefringence changes of the sample using Mathematica under the application of an

AC electric field. [Figure 4.17 shows the variation of the effective birefringence of
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compound A14 in the higher-temperature phase SmC'y phase with an applied field.

4.8 Comparison with experimental data

For comparison with the experimental data, theoretically calculated effective birefrin-
gence for both compounds as a function of the applied field is shown in
The model accounts for the observed threshold behavior in the changes of the effective
birefringence of the samples with a field in the higher-temperature SmC'y phase. The
theoretical values compared well with the experimental data near the threshold field,
though it deviate significantly at higher fields. In this model, we assumed the perfect
alignment of the sample with the bookshelf geometry of the layers. However, in the
experimental liquid crystal cell, the alignment was far from perfect, and there were
multiple domains with defects in the texture. The deviations between the experimen-
tal and theoretical values possibly arose because of the presence of these defects in
the texture. The onset of electro-hydrodynamic instability at high fields (above 10
V/um) also led to further complications in the measurements of the birefringence of

the sample.

The existence of the Fréedericksz transition in the SmC phase was reported [22]
earlier for a sample consisting of rod-like molecules with positive dielectric anisotropy.
This kind of transition was also observed in anticlinic liquid crystals consisting of chiral
molecules |23, 24]. However, due to bent-core nature of the molecules, the effective
dielectric anisotropy (ANe) could be positive even with negative dielectric anisotropy
(Ae < 0) with a strong dielectric biaxiality (de > 0) as can be seen from
the effective dielectric anisotropy depends on dielectric anisotropy (Ae) and dielectric

biaxiality (de) and tilt angle for the studied samples.
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Figure 4.18: The effective birefringence of (a) compound 40C18 and (b) compound
A14 for a planar-aligned sample in the higher-temperature SmC, phase
with increasing amplitude of the applied electric field of frequency 1 kHz.
The data points are experimental values whereas the solid line shows
the theoretically calculated value of the effective birefringence using our
model.

4.9 Conclusions

In summary, we have presented the experimental and theoretical results for the field
effects on the structure of the observed mesophases of two compounds (40C18 and
A14) consisting of BCHS molecules. Experimental results clearly demonstrated that
the layers in both the smectic phases did not possess any net electric polarization. In
spite of the absence of polarization in the layers, both the phases exhibited an electro-
optic response which is quadratic in the field. The electro-optic response arose from the
field-induced reorientation of the molecules in the layers. For both the compounds, a
field-induced Fréedericksz type transition was observed in the SmC'y phase. A simple
theoretical model to account for the observed electro-optic behavior in the higher-
temperature SmC'y phase of the studied compounds was developed. The coexisting
degenerate structures in the SmC} phase at zero fields reorient under field tending to

restore a uniform fan texture.
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Chapter 5

THE deVries SmA-PHASE OF BCHS MOLECULES

5.1 Introduction

The rod-like molecules often exhibit smectic phases in which the molecules self-organized
in stacks of fluid layers [I]. A variety of smectic phases had been observed for such
molecules and the molecular organization in the most common smectic phases had been

discussed in [chapter 1| In their smectic phases, the rod-like molecules rotate almost

freely about their long axis (Figure 5.1|) giving rise to a uniaxial local symmetry about
the director n [2].

v

Figure 5.1: A freely rotating rod-like molecule about its long axis.

In the conventional SmA phase [3], the average orientation direction of the long axes
of the molecules, i.e., the director n is parallel to layer normal as shown in
and the layer spacing is about the length of the molecules. In the SmC' phase [4, 3]
0, [7, 8], the director n makes an angle # with respect to the layer normal known as

the tilt angle (see [Figure 5.2b). If a sample undergoes a transition from the SmA

to SmC' phase, the tilt angle increased from zero with decreasing temperature below
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the transition point. In calamitic liquid crystals consisting of rod-like molecules, the
transition from the SmA to SmC' phase is typically second-order or weakly first-order in
nature and the variation of tilt angle with temperature is continuous or discontinuous,
respectively across the transition. The tilt of the molecules reduced the layer spacing

in the SmC' phase as, dc = d 4 cos 0 where dc and d4 represent the layer spacing in the

SmC' and SmA phases respectively, and 6 is the tilt angle.

.I\.l : I'I'l\\ i
AN 777

SmA SmC

/

Figure 5.2: Molecular organization of rod-like molecules in (a) the SmA phase and (b)
the SmC' phase.

Thus, a large decrease in layer spacing is generally associated with the SmA to
the SmC' transition. In general, the layer contraction across the SmA to SmC' phase
transition is about 5-10% [9]. Far below the transition temperature, the contraction
of the layers in the SmC' phase compared to the SmA phase could be more than 10%.
The layer shrinkage across the transition from the SmA phase to the SmC' phase gives
rise to so-called chevron defects in planar-aligned samples. A bookshelf geometry of
the layers as shown in is obtained for a uniform planar-aligned sample in
the SmA phase. When the sample is cooled to the SmC' phase, layers take a chevron
structure [I0] as shown in [Figure 5.3b, because of the decrease in the layer spacing
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across the transition. The presence of the chevron defects in the tilted smectic phases

restricts the commercialization of ferro- and antiferroelectric liquid crystals.
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Figure 5.3: Schematic representation of the occurrence of the chevron defects on the
transition from the SmA phase to SmC' phase.

Diele et al. first reported that for some compounds, the thickness of smectic layers
did not change significantly across the transition from the SmA to SmC phase over the
full range of the SmC' phase [9, 1], 12} 13| 14]. There were other reports, where the
layer spacing in the SmA phase was found to be about 1.7 A less than the length of the
molecules [I5]. The length of the molecules in these studies was estimated from the
molecular formula assuming all the trans-conformation of the terminal chains. This
lower value of the layer spacing in the SmA phase was accounted for by the interpene-
tration of the ends of the molecules in successive layers [16]. In some studies, the lower
layer spacing in the SmA phase was also interpreted to arise because of the kinked

structure of the terminal end chains of the molecules which decreases the molecular
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length. In 1974 at the International liquid crystal conference (ILCC), deVries argued
that the lower layer spacing in the SmA phase arises because the molecules are tilted
in this SmA phase similar to that in the SmC' phases but without long-range correla-
tion between the tilt directions in the layers. Later on, deVries reported some other
compounds where the layer spacing in the SmA phase was much smaller than the
molecular length and explained these effects based on the random tilt correlation of
the molecules in successive layers [17]. In 1977, de Vries found a different kind of A-
C transition in the compound n-pentyl-4(4’-n-decyloxybenzylideneamino)-cinnamate
[18]. He observed that the layer spacing, therefore tilt angle, did not change signifi-
cantly across the A-C transition as shown in Further, the observed layer
spacing in the SmA phase was found to be less than the molecular length. This lower
value of layer spacing could be accounted for by assuming a non-zero tilt of about
15 degrees of the molecular long axes in the SmA phase. The SmA phase with the
above characteristic properties is now known as the “deVries SmA” phase. In the same
year 1977, de Jeu et al. also found the same behavior of the SmA phase in which the
layer spacing was much lower than the molecular length and adopted deVries theory
to explain their results. In the conventional SmA phase, however, the tilt angle is zero
as the molecules are on average parallel to the layer normal with the layer spacing
about the same as the molecular length. In this thesis, this conventional SmA phase

is referred to as the SmA phase.
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Figure 5.4: The layer spacing variation as a function of temperature for compound n-
pentyl-4(4’-n-decyloxybenzylideneamino)-cinnamate. The horizontal and
vertical dash lines show molecular length and the transitions between ob-
served mesophases respectively.

The tilted nature of the molecules in layers and the uniaxial nature of the deVries
SmA phase about the layer normal suggested that the tilt directions of the molecules
are random in the layers. There are two possible configurations for the uncoupling
of the tilt direction of the molecules in the smectic layers: non-correlated model and
diffusive cone model. At the macroscopic level, both the models could be explained

the nature of the deVries SmA phase.

Non-Correlated Model
In this model [14], it was assumed that the molecules are uniformly tilted in a preferred
direction in each layer. But the correlation in the tilt directions between the layers is
short range. shows a schematic representation of the non-correlated model.
The short-range correlations between the tilt directions in successive layers give rise to
the uniaxial deVries SmA phase though the molecules are tilted uniformly within the

individual layers.
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Diffusive Cone model
In this model [19, 20, 21I], the molecules in each layer have approximately same tilt
angle but with random azimuthal tilt directions, i.e., the molecules are randomly ori-
entated over the cone surface as shown in [Figure 5.5b. Thus, there is no long-range
tilt correlation between the molecules in each layer. Therefore, the average orientation
direction of the long axes of the molecules in a layer, i.e., the director n still remains

parallel to the layer normal, giving rise to the uniaxial deVries SmA phase.

I

Figure 5.5: Schematic representation of (a) the non-correlated (b) the diffusive cone
model for deVries SmA phase, and (¢) SmC' phase with a uniform tilt of
the molecules in the layers. The red arrows show the tilt direction of the
molecules in the indiviual layer.

Whereas in the SmC' phase, the molecules are tilted uniformly in the smectic layers

as shown [Figure 5.5k. Across the transition from the deVries SmA phase to the SmC
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phase, the tilt directions of all the molecules get correlated with a common azimuthal
direction in each layer. Therefore, no significant layer contraction occurs across the
deVries SmA phase to the SmC' transition. Therefore, the deVries SmA phase can be

characterized as [22]:

e The layer spacing is lower than the molecular length but the optic axis is paralle
to the layer normal.

e There is no significant layer contraction across the deVries SmA to SmC' transition
in contrast to that of SmA to SmC' transition.

e An increase in the birefringence is generally associated with the transition from
the deVries SmA to the SmC' phase.

(o] 2
FA-006, SmC* 55 deVries SmA* 95 Iso
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Oz©)L ,@A '@H9HL Cr 40 SmC* 64 DeVries SmA* 138 Iso
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N

FFF FF l?f /H\'g\o 3M 8422[2F3], Cr 43 SmC* 65 deVries SmA™ 91 Isc
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10X 5 o .
TSiIKNG65S, SmC* 25 deVries SmA™* 56 Iso

O )=
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Figure 5.6: Some examples of L.C compounds showing deVries SmA phase.
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Figure 5.6| shows some examples of common LC compounds showing deVries SmA
phase. These compound are generally made of rod-like molecules and show a phase
sequence Cr— SmC'— deVries SmA— Iso. In general, the LC compounds containing
unconventional structure elements like the fluorinated tails, for example in 3M 8422
[23, 24, 25], 3M 8422|2F 3] [26], 27], the trisiloxane moiety in TSIKN65 [28], 29, 30, 31, 32],
and the polysiloxane chain in the PSiO, [33, 34] copolymer show the deVries SmA
phase. Whereas, 9HL [35] 27, 36}, 37] and FA [38] 39] also show the deVries SmA phase
though they do not contain any unconventional elements unlike other examples of LC
compounds shown in There is no report yet on the compound consisting
of an achiral BCHS molecules showing the deVries SmA phase.

In this chapter, we describe experimental studies on the liquid crystal phases of a
azo-substituted compound consisting of BCHS molecules [40], 41], 42]. In particular,
we report for the first time the observation of the deVries SmA phase in addition to
the SmA and the SmC' phases of a compound consisting of BCHS molecules. More
interestingly, a first-order transition from the SmA phase to the deVries SmA phase was
observed with decreasing temperature. This transition had not been reported earlier
in the literature. The deVries SmA phase undergoes a second-order transition to the
SmC' phase on further decrease in temperature. This chapter is divided into two parts:
we will describe the experimental studies and results on the compound in the first part

and the model structures of these phases will be presented in the second part.

5.2 Experimental Studies

5.2.1 Sample

This is the ninth homologue of a series of azo-substituted compounds consisting of
BCHS molecules. The azo-group materials now grab special attention due to their
photochromic nature. The liquid crystals containing azo-groups can be exploited for
optoelectronic devices. The molecular formula of the compound studied is 4-(((3-((4-

(Decyloxy)benzoyl)oxy)phenyl)
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imino)methyl)phenyl4-(-(4-(n-nonyloxy)phenyl)diazenyl)benzoate [42]. This compound
is denoted as A9 for further discussion in the thesis. The molecular structure of com-

pound A9 and the observed phase sequence on cooling from the isotropic phase are

shown in [Figure 5.7

O
g : N
C1oH210 O)b\
L

OCgH1g
124.5°C 123.6°C 118.6°C 5 09 19%C

Iso_— — , SmA _—~_—, deVries SmA __~~ —, SmC —— Crystal

Figure 5.7: The molecular structure and the phase sequence of compound A9 on cool-
ing from the isotropic phase. The transition temperatures are obtained
from the DSC thermogram except the transition temperature from the de-
Vries SmA phase to SmC phase which was obtained from the POM studies

The experimental studies were performed for both planar and homeotropic align-
ment of the molecules with respect to the glass substrate. For the planar-aligned
sample, we used commercially available liquid crystal cells (Instec Inc.) of differ-
ent thicknesses. For the homeotropic-alignment of the molecules, we used homemade
ODSE coated cells. The method of construction of liquid crystal cells was described
in detail in In general, BCHS molecules did not align homeotropically
even with ODSE coated glass plates. However, for the compound A9, homeotropic-
alignment was observed in ODSE coated liquid crystal cells. The sample was filled
into the liquid crystal cell in the isotropic phase. It was found that the compound
A9 also aligned homeotropically between a clean glass plate and a cover-slip without
any special surface treatment when the sample was cooled slowly from the isotropic
phase. [Figure 5.8 shows the energy minimized configuration of the BCHS molecule of

compound A9. The estimated end-to-end molecular length from the structure is about

51.7 A.
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Figure 5.8: The molecular structure of compound A9 in the minimized energy config-
uration.

This energy minimized configuration was determined by using Gaussian-09 soft-

ware.

5.2.2 Differential Scanning Calorimetry Investigations

The DSC studies on the sample were performed at a given heating/cooling rate to
detect the transition between the phases. shows the DSC thermogram of

compound A9 at a heating/cooling rate of 3 °C//min.
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Figure 5.9: The DSC thermogram of compound A9 on heating and cooling the sample
at a rate of 3 °C/min. The vertical dashed lines indicate the transition
temperatures between the observed phases. The inset shows the magnified
view of the peaks associated with the transition between the SmA and the
deVries SmA phases. The DSC thermogram detected the weak first-order
transition between the SmA and the deVries SmA phase.

The DSC thermogram detecte the transition peaks corresponding to the transition
between the isotropic liquid and SmA, and SmA to deVries SmA phases in addition
to a intense peak associated with the crystallization. A sharp peak was observed at
the transition from the isotropic phase to the SmA phase with enthalpy change (3.75
kJ/mole), indicating a first-order transition. At a lower temperature, a very small
peak was observed corresponding to a transition from the SmA phase to the deVries
SmA phase with very small enthalpy change. The inset of [Figure 5.9 on the upper
right clearly shows the transition from the SmA phase to the deVries SmA phase. The
small enthalpy change of about 0.12 kJ/mole indicated a very weak first-order phase
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transition. A first-order transition between the SmA and deVries SmA phase was
expected as there was no symmetry change between these two phases. However, DSC
studies did not show any evidence of the transition from the deVries SmA phase to the
SmC phase. This phase transition was, however, observed at 118.6 °C in polarizing
optical microscopy (POM) studies. The absence of the transition peak in the DSC
thermogram indicates that the transition from the deVries SmA to SmC' phase is a
second-order phase transition in nature. The transition from the deVries SmA phase
to the SmC' phase was expected to be second-order as the random tilt directions in
the deVries SmA phase get uniformly aligned in the SmC' phase. On further cooling,
a sharp peak with large enthalpy change 33.54 kJ/mole appeared which correspond
to the crystallization. Thus, the DSC studies clearly detected the weak first-order

transition from the SmA phase to the deVries SmA phase.

5.2.3 X-ray Diffraction Investigations

The X-ray diffraction (XRD) studies were performed to characterize the lamellar order
and to determine the layer spacing in the observed smectic phases. The XRD data was
collected with an exposure time of 30 minutes in each smectic phase on cooling the
sample from the isotropic phase. The XRD studies were performed on an unoriented
sample filled in Lindemann capillary tubes with inner and outer diameter of about 0.8
mm and 1 mm, respectively. The [Figure 5.10[ shows the XRD intensity profile as a

function of wave-vector of magnitude ¢ in the observed smectic phases.
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Figure 5.10: The XRD intensity profile of the compound A9 in the observed smectic
phases (a) the conventional SmA phase at 124 °C (b) the deVries SmA
phase at 122 °C and (c) SmCs phase 116 °C.

In all the observed smectic phases, a sharp peak was observed in the small-angle
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region in addition to a diffused peak in the wide-angle region. This XRD intensity
profile is the characteristic of smectic phases. The sharp small-angle peak signified
one-dimensional lamellar order and the presence of diffused wide-angle peak indicated
the fluid-like order of the molecules within the layers. From the position of the small-
angle peak in the SmA phase, the layer spacing could be determined as 51.7 A at 124
9C. The observed layer spacing in this phase is the same as the molecular length (51.7
A), indicating that the molecules are parallel to the layer normal. Upon cooling the
sample to the deVries SmA phase, again, a sharp peak in the XRD profile was observed
with layer spacing 49.5 A at 122 °C. The observed layer spacing in the deVries SmA
phase was smaller than the molecular length which indicated that the molecules are
tilted with respect to the layer normal. In the SmC phase, the small-angle peak gives
the spacing as 48.1 A at 116 °C. The smaller layer spacing in the SmC phase again
shows the tilted nature of the molecules in the layers. The d-spacing corresponding
to the diffused wide-angle region peaks in the SmA, deVries SmA, and SmC' phases
are 4.5 A, 4.45 A, and 4.43 A, respectively giving the lateral correlation length of the
molecules in the layers. Thus, the XRD studies confirmed the lamellar order of all the

observed smectic phases.

We also studied the variation of layer spacing (tilt angle) as a function of temper-
ature in the observed smectic phases on cooling the sample from the SmA phase. The
tilt angle 6 of the molecules was calculated using the formula d = [ cos § where d and
[ are the observed layer spacing and molecular length, respectively. The variation of

layer spacing (tilt angle) with temperature for compound A9 is shown in [Figure 5.11}
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Figure 5.11: The variation of the layer spacing (tilt angle) of compound A9 as a func-
tion of temperature on cooling from the SmA phase. The layer spacing
(tilt angle) is calculated from XRD data. The vertical dash lines show
the transition between the observed smectic phases.

The layer spacing (tilt angle) remains constant in the SmA phase as the molecules
are parallel to the layer normal. Upon cooling the sample to the deVries SmA phase, a
gradual decrease (increase) in the layer spacing (tilt angle) was observed. This gradual
decrease in the layer spacing indicates the tilt of the molecules with respect to the layer
normal, i.e., the tilt angle of the molecules increased with decreasing temperature in
the deVries SmA phase. On the further decrease in temperature, a minimal change in
the layer spacing was observed across the transition from the deVries SmA phase to
the SmC' phase. This was expected as the molecules are already tilted with respect to
the layer normal in the deVries SmA phase. Only the tilt directions of the molecules
get correlated on going to the SmC' phase. This negligible layer contraction across the
deVries SmA-SmC' transition is a characteristic feature of the deVries SmA phase as

reported in many other studies. Thus, the XRD studies confirmed the existence of the
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SmA, deVries SmA, and SmC' phases for the compound A9. This is the first report
of a compound showing the transition from the SmA phase to the deVries SmA phase

exhibited by BCHS molecules.

5.2.4 Polarized Optical Microscopy Investigations

The polarized optical microscopy (POM) investigations of the samples were carried
out using OLYMPUS BX50. The temperature of the sample was controlled using a
microscope hot stage and a temperature controller (LINKAM(T95HS) with the tem-
perature stability of 0.1 °C. The sample was filled into the liquid crystal cells which
were pretreated for planar or homeotropic alignment. For some studies, the sample
was sandwiched between a clean glass plate and a cover-slip without any pretreatment
of the glass plates. The sample was slowly cooled from the isotropic phase to the de-
sired phase to promote better alignment between the plates. The POM textures of a
planar-aligned sample in the different smectic phases are shown in the

Figure 5.12: The POM textures of a planar-aligned sample of thickness 5 ym between
crossed polarizers (a) a focal-conic fan texture in the SmA phase with the
coexisting isotropic phase (b) the focal-conic fan textures in the deVries
SmA phase with the dark regions showing the homeotropically-aligned
deVries SmA phase (b) the broken focal-conic fan texture in the SmC
phase and the dark region shows the schlieren texture which got clear on
lowering the temperature of the sample.

The planar-aligned sample was cooled to the SmA phase at a rate of 1 °C/min
between crossed polarizers. A smooth focal-conic fan texture (Figure 5.12h), which
is the characteristic of the SmA phase, was observed with the coexistence of some

isotropic regions. As the temperature range of stability of the SmA phase was narrow
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for this sample, some coexisting isotropic phase is also observed throughout the range of
the SmA phase. The dark brushes in the fan region appeared parallel or perpendicular
to the polarizer when the layer normal was parallel or perpendicular to the polarizer.
This implied that the optic axis was along with the layer normal which was consistent
with the structure of the SmA phase. The bright orange birefringence color in the fan
region for 5 pym thick sample at 124 °C gives the birefringence value as 0.08 estimated

using the Michel-Levy interference chart.

On further cooling the sample to the deVries SmA phase, the focal-conic fan texture
remains same though some changes in the birefringence color was observed. The bire-
fringence color in the fan region changed to pale orange in the deVries SmA phase at
about 122 °C as shown in [Figure 5.12b. The dark extinction brushes in the focal-conic
fan region indicated that the optic axes are parallel to the layer normal as in the SmA
phase. In spite of XRD evidence of tilted molecules in the layers, this smectic phase
appeared uniaxial about the layer normal confirming the deVries SmA phase. The color
change from bright orange in the SmA phase to pale orange in the deVries SmA phase
indicated that the birefringence in the deVries SmA phase was lower than that in the
SmA phase. This decrease in birefringence in the deVries SmA phase compared to the
SmA phase was expected because of the tilted uniaxial organization of the molecules

with respect to the layer normal in the former phase.

A broken focal-conic fan texture typical in the SmC' phase is observed on further
decreasing the temperature. The extinction brushes in the broken focal-conic fan
texture appears at an angle with respect to the layer normal when it was parallel or
perpendicular to the polarizer indicating that the optic axis is at some angle with
respect to the layer normal consistent with the structure of the SmC' phase. The
change in birefringence color from pale orange to violet with a birefringence value
0.1 was observed in the SmC' phase. This color change indicates an increase in the
birefringence of the SmC' phase compared to that in the deVries SmA phase. The
increase in the birefringence across the deVries SmA phase to SmC' phase was expected
as it goes from a random tilted organization to an ordered tilted organization in the

SmC' phase. This increase in birefringence starting from the deVries SmA to SmC
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phase is also a characteristic feature of the deVries SmA phase as reported in the

literature [43] [44].

The sample sandwiched between a non-treated glass slide and a cover-slip was used
for POM studies of a homeotropically-aligned sample. A dark homeotropic texture
was observed between crossed polarizers in the SmA phase at 124.5 °C on cooling from
the isotropic phase. The texture remained dark on rotating the sample with respect
to the polarizers indicating the uniaxial nature of the SmA phase about the layer
normal. As both the isotropic and SmA phases with homeotropic alignment appeared
dark between crossed polarizers, the analyzer was slightly uncrossed to distinguish
the transition between these phases. [Figure 5.13| shows the POM photomicrographs
of a homeotropically-aligned sample on cooling from the isotropic phase at a rate of
0.1 °C/min. shows the nucleation of the SmA droplets in the isotropic
phase. On decreasing the temperature, homeotropic domains of the deVries SmA phase
grow in the SmA phase along with some coexisting isotropic phase (Figure 5.13p). As
the range of the SmA phase for the compound A9 is narrow, the isotropic phase
was found to coexist with the SmA phase over the whole temperature range of the
latter. At lower temperatures, the uniform dark texture of the deVries SmA phase
was observed as shown in [Figure 5.13. The texture did not change upon rotating
the sample between crossed polarizers indicating the uniaxial nature of deVries SmA
phase. These observations along with the XRD results clearly confirmed the existence
of the deVries SmA phase. Upon further cooling, a schlieren texture (Figure 5.13(d)
was observed indicating a transition to the SmC phase. The schlieren texture clearly
arises because of the uniform tilted organization of the molecules in the layers. Careful
observations revealed the presence of only unit strength defects in the schlieren texture.
The presence of the unit strength defects indicates the synclinic arrangement of the
molecules in successive layers as in the SmC' phase. The transition from the SmC' to

the crystal phase is observed at 98 °C on further cooling of the sample.
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Figure 5.13: The POM textures of a homeotropically-aligned sample between slightly
uncrossed polarizers (a) the growth of SmA domains in the isotropic
phase (b) the growth of deVries SmA domains in the SmA regions
along with some coexisting regions of the isotropic phase (c¢) a uniform
homeotropically-aligned region deep in the deVries SmA phase (d) the
schlieren texture in the SmC' phase. The POM textures were taken with
a 20X objective lens on cooling the sample from the isotropic phase at a
rate of 0.1 °C/min .

The XRD and POM studies together confirmed the existence of the deVries SmA
phase in addition to the higher-temperature SmA phase and a lower-temperature SmC'
phase for the compound A9. A first-order transition from the SmA phase to the deVries
SmA phase is observed for the first time. The deVries SmA phase undergoes a second-

order transition to the SmC' phase.
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5.2.5 Polarization Switching Current Measurements

The polarization reversal current measurements were performed to determine the ex-
istence of spontaneous electric polarization in the layers. The current measurements
were carried out using a homemade experimental setup as described in
A triangular wave voltage technique [45] was used to determine the polarization state
of the layers in the observed smectic phases. A planar-aligned sample of thickness 5
pm was cooled from the isotropic phase to the deVries SmA phase between crossed
polarizers. A focal-conic fan texture was observed in the deVries SmA phase as shown

in [Figure 5.12b. A triangular wave voltage of frequency 80 Hz was applied to a planar-

aligned sample. The current response of the sample in the deVries SmA and SmC

phases are shown in [Figure 5.14a and [Figure 5.14b, respectively.
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Figure 5.14: The current response of a planar-aligned sample of compound A9 in the
(a) deVries SmA phase at 122 °C and (b) SmC phase at 114 °C.

The observed current response in both of these phases arise mainly from the dielec-
tric and conductive contributions of the sample. The current peaks associated with the
polarization reversal were not observed in both the phases which confirmed the absence
of spontaneous polarization in the layers. These experimental results indicate that the
BCHS molecules organized themselves in the layers with no net electric polarization.
This result was consistent with the proposed structures of the observed smectic phases

as discussed later in this chapter.
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5.2.6 Steady-state electro-optic responses

The steady-state electro-optic response of a planar-aligned sample under an AC field
was measured to determine the field-induced reorientation or change in the birefrin-
gence of the sample. The experimental technique used to measure the optical response
is described in A planar-aligned sample of thickness 5 pum was used for
the measurements. The steady-state optical response was recorded by applying a tri-
angular wave voltage of amplitude 50 volts and frequency 230 Hz in the respective

phases. The optical responses of the sample in the deVries SmA phase and SmC' are
shown in [Figure 5.15
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Figure 5.15: The optical responses of the compound A9 of a planar-aligned sample of
thickness 5 ym as a function of an applied voltage in (a) the deVries SmA
at 122 9C and (b) the SmCy phase at 116 °C.

A flat DC intensity response is observed against the application of the triangular
wave voltage in the deVries SmA phase. This implies that there was no field-induced re-
orientation or change in the birefringence of the sample in the deVries SmA phase. This
result supported the "diffused cone" model rather than the "non-correlated" model
proposed for the deVries SmA phase. In the diffused cone model, the molecules are
tilted randomly within each layer and the field-induced change in orientations of the
molecules of the layers are expected to be less effective. On the other hand, for the
non-correlated model of deVries SmA phase, the molecules are tilted uniformly in each
layer but the tilt directions from layer to layer are uncorrelated. As the molecules in

each layer are already tilted uniformly, a larger influence of the field was expected in
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this case. The absence of field-induced change in the optical response indicates the

diffusive cone model structure of the observed deVries SmA phase.

In the SmC' phase, a triangular wave voltage of amplitude 42 volts and frequency
230 Hz was applied to the sample to study the optical response. The optical response
of the sample in the SmC' phase is shown in [Figure 5.15b. A small electro-optic
response with twice the frequency of the applied voltage (2f response) was observed in
the SmC' phase. Clearly, the 2f response arises due to the quadratic coupling of the
applied electric field with the orientational order. The 2f optical response in the SmC'
phase arises from the slight reorientation of the director in the planar-aligned sample
due to the quadratic coupling of the field with the effective dielectric anisotropy of
the sample. Thus, the experimental results of this section indicates the diffusive cone

model structure of the observed deVries SmA phase.

5.2.7 Dielectric and Transmitted Optical Intensity Measure-

ments

The simultaneous measurement of effective dielectric constant and the transmitted
optical intensity between crossed polarizers of a planar-aligned sample was performed
to determine the dielectric property and to detect the transition between the observed
phases. The measurements were performed on a homemade experimental setup as
described in The capacitance of the sample cell was determined using
impedance analysis as described in The real part of the effective dielectric
constant is measured by taking the ratio of the capacitance of the sample cell to that
of an empty liquid crystal cell. The measurements were performed as a function of
temperature on cooling the sample from the isotropic phase. [Figure 5.16| shows the
variation of the dielectric constant as a function of temperature for a planar-aligned

sample of thickness 5 pm.
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Figure 5.16: The variation of the real part of the effective dielectric constant as a
function of temperature. The data was recorded on cooling the sample
from the isotropic phase.

The dielectric constant increased slightly at the isotropic to the SmA phase tran-
sition point. No significant changes in the dielectric constant were observed across
the transitions between the smectic phases. At the SmA to deVries SmA and deVries
SmA, to SmC' transition points, some changes in the slope of the dielectric constant
data were observed. The dashed lines in indicate the transitions between
the observed phases. Upon further cooling, a sharp decrease in the dielectric constant

was observed as the sample goes to the crystal phase.

The variation of transmitted intensity with temperature on cooling the sample is

shown in [Figure 5.17]
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Figure 5.17: The temperature variation of the transmitted intensity passing through a
planar-aligned sample of thickness 5 um between crossed polarizers. The
data was collected on cooling the sample from the isotropic phase.

The intensity increased sharply at the isotropic to the SmA transition tempera-
ture. There is a small jump in intensity at the SmA to deVries SmA transition tem-
perature indicating a first-order transition. The intensity in the deVries SmA phase is
higher than in the SmA phase due to the disappearing of the isotropic regions with
decreasing temperature. A sharp increase in the intensity is observed at the deVries
SmA-SmC' transition temperature clearly detecting this transition. The simultaneous
measurement of transmitted intensity along with the dielectric constant detected the

transitions between the observed phases.
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5.3 The proposed model structures

We now propose the possible organizations of BCHS molecules in these observed
smectic phases. As the BCHS molecules have a rigid bent-core structure with one
arm relatively longer than the other, these molecules are highly asymmetric in shape
[46, 47, [48], 149, 50, BI]. One end of the molecule is bent giving a strong longitudinal
head-tail asymmetry in addition to the transverse shape anisotropy. The experimental

results suggested that the BCHS molecules adopt a zigzag shape [40, [52] as shown in
Figure 5.18| for more efficient packing in the smectic layers.

The zigzag shape could be easily achieved by tilting the flexible terminal chain
appropriately. These zigzag-shaped molecules aligned in the layers with their heads
pointing up or down with equal probability. This organization of the molecules in the
layers is entropically favored and the layers do not possess any net electric polarization
as observed experimentally. In the higher-temperature SmA phase, the XRD results
indicated that the layer spacing in the SmA phase is equal to the molecular length where
the molecular length was determined as the end to end distance of the BCHS molecule.
Therefore, the molecules in the SmA phase arrange themselves in the layers with
long axes parallel to the layer normal. The BCHS molecules rotate freely about their
long axes giving a uniaxial SmA phase as confirmed by POM studies. In the higher-
temperature SmA phase, the density of molecules in the layer was lower and hence the
larger inter-particle separation allowed the free rotation of the BCHS molecules about
their long axes. |[Figure 5.18h shows the schematic representation of the organization

of BCHS molecules in the SmA phase.

Clearly, in the SmA phase, both the core rod-like part and the terminal bent arms
are tilted with respect to the layer normal. The average orientation direction of the

long axes of the molecules, i.e., the director n, is parallel to the layer normal k (see

Figure 5.18h).
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Figure 5.18: The molecular configuration of a BCHS molecule in a layer on cooling
from the isotropic phase (a) the long axes of the molecules are parallel
to the layer normal k (b) the molecules are randomly tilted in a given
layer with respect to the layer normal. In |[Figure 5.18b, the red solid and
dashed arrows show the direction of the c-vector in a given layer. The
black dotted line shows the random distribution of the molecules over the
surface of the cone and, (¢) molecular configuration in SmC's phase, all
the solid and dashed arrows are aligned in the same direction indicating
the uniform tilt of the molecules in layers.

At lower temperatures in the deVries SmA phase, the density increased in the layers
which tend to align the core rod-like part of the molecules along the layer normal giving
an effective tilt of the long axes of the molecules with respect to the layer normal. This

arrangement reduced the effectively excluded volume between the molecules in the layer
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and is favored entropically. This effective tilt of the long axes of the molecules reduces
the layer spacing in the deVries SmA phase compared to the SmA phase as observed in
the XRD studies. The terminal end parts of the BCHS molecules were at an angle with
respect to the layer normal with no long-range correlation in the tilt direction. This, in
turn, gives rise to no long-range correlation in the tilt directions of the long axes of the
molecules in a layer. Thus, this model supported the diffusive cone model structure
of the deVries SmA phase of BCHS molecules as found experimentally. The schematic
representation of the organization of the BCHS molecules in the deVries SmA phase
is shown in [Figure 5.18p. In the deVries SmA phase, the long axes of molecules are
tilted with respect to the layer normal and distributed over the surface of a cone in a
given layer as shown in [Figure 5.18p. The director n still remains parallel to the layer

normal k giving rise to an uniaxial deVries SmA phase.

At even lower temperatures in the SmC' phase, a further increase in density hin-
dered the free rotation of the molecules in the layer. The better packing of the zigzag
molecules then promoted the long-range correlation of the tilt directions in the layers
(see [Figure 5.18f). Therefore, the director 7 makes an angle 6 with respect to the layer
normal k in the SmC phase. As the molecules in the deVries SmA phase are already
tilted, the layer spacing does not change significantly across the transition from the
deVries SmA phase to the SmC' phase as observed in XRD studies. The transition
from the deVries SmA phase to the SmC' phase belongs to the XY universality class

and is expected to be a second-order transition as found experimentally.

5.4 Conclusions

In this chapter, we studied a lower homologue of a series of azo-substituted compound
(A9) consisting of BCHS molecules. The higher homologue (A14 ) as described in
show two pseudo-polar tilted smectic phases. This lower homologue of the
compound (A9) shows different phase behavior than the compound Al4. The com-
pound A9 shows the following phase sequence on both increasing/decreasing tempera-

ture. Crystal (99.1 °C) — SmC (118.6 °C)— deVries SmA (123.6 °C) — SmA (124.5
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OC) — Isotropic. This is the first report of a compound consisting of BCHS molecules
exhibits the deVries SmA phase. More interestingly, a first-order transition between
the SmA phase to deVries SmA is observed in addition to a second-order transition
between the deVries SmA phase to the SmC' phase. We proposed model structures of
the observed smectic phases consisting of BCHS molecules. The rigid bent structure of
the molecules is responsible for the stability of the observed phases. The experimental

results suggested the diffusive cone model structure for the deVries SmA phase.
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Chapter 6

BINARY MIXTURES OF ROD-LIKE AND BCHS

MOLECULES

6.1 Introduction

The phase behavior of mixtures of molecules with different shapes is an important
field in the research of liquid crystals. Previously, the phase behavior of the binary
mixtures of different kinds of the molecules, for exmaple rod-like and BC banana
shaped molecules [7, [8 [9], rod-like and disc-like, and BC banana shaped and disc-like

molecules had been studied in detail.

In this chapter, we report the experimental studies on rod-like and BCHS molecules.
There are no reports yet on the binary mixture of compounds made of BHCS molecules
with other kind shapes of the molecules. However, recently there are some report
on the binary mixtures of rod-like and other kind of hockey-stick shaped molecules
[10, 11, 12]. We referred these kinds of the molecules as meta hockey-stick shaped
molecules as described in section 1.5

In the previous the liquid crystal phases exhibited by some BCHS
molecules had been discussed [24], 25]. The long-chain homologue of the BCHS molecules
was found to exhibit two pseudo-polar tilted smectic phases characterized by an axial-
vector order parameter in addition to tilt order |19, 23] 24], 25]. The BCHS molecules
have a rigid bent-core making the molecules highly asymmetric. The bent structure
of the molecules introduced a shape anisotropy about their long axis which tend to
hinder the free rotation of the molecules about their long axes in their condensed lig-
uid crystal phases [20], 27, 28|. These effects and the close packing of the molecules in
the layers give rise to the observed pseudo-polar tilted smectic phases. On the other

hand, the rod-like molecules are nearly symmetric about their axes and they rotate
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almost freely about their long axes in their liquid crystal phases [5, 29, 30]. Thus, the
phase behavior of binary mixtures of these two types of molecules could illuminate
the structure-property relation of these systems. In this chapter, we studied the phase
diagram of the binary mixtures of rod-like and BCHS molecules. The physical prop-
erties of the binary mixtures were studied a variety of experimental techniques such
as differential scanning calorimetry (DSC), X-ray diffraction (XRD), polarizing optical
microscopy (POM), dielectric, and transmitted optical intensity studies. It was found
that the calamitic smectic phases exhibited by the rod-like molecules progressively
transformed to the pseudo-polar tilted smectic phases with increasing concentration
of BCHS molecules in the mixtures. The layer spacing of the smectic phases of the

mixture can be tuned by varying the concentration of the BCHS molecules.

6.2 Experimental Studies

6.2.1 Sample

The compounds used for the binary mixtures are 40C18 and 8OCB. The compound
40C18 consists of the BCHS molecules and the phase behavior of this compound is
discussed in detail in [section 3.2l The compound 80CB consists of rod-like molecules
and is commercially available. The 80OCB molecules carry a strong longitudinal dipole
moment due to the nitrile (CN) group attached to one end of the molecule. The
molecular structures of compounds 40C18 and 80OCB are shown in [Figure 6.1] The
estimated molecular lengths of compounds 8OCB and 40C18 are 21.7 A and 53 A,

respectively.
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Figure 6.1: Molecular structures of (a) the compound 40C18 consisting of BCHS
molecules (b) the compound 80OCB consisting of rod-like molecules. The
transition temperatures were taken from DSC.

The molecular structure of compounds in 40C18 and 80OCB in the minimized
energy configuration is shown in The molecular structures in the minimized

energy configuration were achieved by using Gaussian-09 Software.
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(b) P

Figure 6.2: The molecular structure of a rod-like (80OCB) and a BCHS (40C18)
molecules in the minimized energy configuration.

The mixtures of the desired concentrations were prepared by weighing each com-
ponent in small glass cups. The mixtures were heated to 10 °C above the isotropic
temperature using a hot plate. Then, the mixtures were physically mixed by stirring
with a clean glass rod at intervals of 10 minutes and maintained at the same tempera-
ture for 30 minutes before filling the sample into liquid crystal cells. The commercially
available PI coated liquid crystal cells were used to get the planar-alignment of the
molecules between the glass plates of the cells. The homeotropic-alignment was ob-
tained by sandwiching the sample between an untreated clean glass plate and a clean
cover-slip. The samples were studied on cooling the sample from the isotropic phase

between crossed polarizers.
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The molar percentage of BCHS molecules in the binary mixture was calculated as:

Wsc
n% = 72— % 100 (6.1)
Mpc " Mg
where M e = molecular weight of compound 40C18 (854.6 gm/mole)
Wpge — weight of 40C18 sample in gm
Mpg = molecular weight of compound 80CB (307.4 gm/mole)

Wgr = weight of 8OCB sample in gm

6.3 Results and Discussions

The compound 40C18 consisting of BCHS molecules exhibited two pseudo-polar tilted
smectic phases as described in chapters [section 3.2l The compound 80OCB consisting
of rod-like molecules exhibits the Nematic and the SmA,; phases between its crystal
and the isotropic liquid phase. In the SmAy; phase, the molecules form a lamellar
structure in which their long axes are on average parallel to the layer normal as in the
SmA phase. But the layer spacing in the SmA; phase lies between [ and 2[, where
[ is the molecular length. As the 8OCB molecules consist of strong dipole moments,
the strong dipole-dipole interaction between the molecules are thought to gives rise to
an intercalated structure in the SmA, phase [31]. The phase diagram of the binary
mixtures of these two compounds is studied with a varying molar percentage of BCHS
molecules. We studied 2, 4, 8, 17, 20, 25, 30, 60, 73 mol% of BCHS molecules in the
mixtures. In this thesis, the mixtures with the above molar percentages are denoted
as M2, M4, M8, M13.6, M17, M20, M25, M30, M60, and M73, respectively. The
experimental studies on three representative mixtures M8, M25, and M73 will be

discussed in detail.

shows the phase diagram in the temperature-molar percentage plane of

binary mixtures of rod-like and BCHS molecules.
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The phase diagram was constructed based on POM observations and DSC studies.
For mixtures rich in rod-like molecules, the Nematic and the SmA,; mesophases are
observed. Whereas, the mixtures rich in BCHS molecules exhibit two pseudo-polar
tilted smectic phases are obsereved. These observations indicate that the axial-vector
order arises due to the hindered rotation of BCHS molecules about their long axes in
the smectic layers. For pure 8OCB, the isotropic to Nematic transition temperature
(Tnr) and Nematic to SmA, transition temperature (Ty4) are 80 °C and 67.3 °C,
respectively. Both Tx; and Ty, increased with increasing concentration of BCHS
molecules indicating that the guest BCHS molecules in the mixtures enhanced the
orientational order of the host rod-like molecules. The Ty; increased linearly with

increasing molar percentage of 40C18 as shown in the [Figure 6.4}

200



6.3. RESULTS AND DISCUSSIONS CHAPTER 6

L 'I' LN R A i 'r L B 'I' LI B B 'I' LI L L] [ LA N A

Nematic

80F = .
0 5 10 1% 20 25
mol% of 40C18

Figure 6.4: The variation of the I — N transition temperatures as a function of molar
percentages of BCHS molecules. The data points show the experimental
values and the solid line shows the fitted line.

The temperature range of stability of the Nematic phase decreased with increas-
ing concentration of BCHS molecules which promote the lamellar order. The Nematic
phase was unstable above 25 mol% of BCHS molecules. Further, an increase in the con-
centration of BCHS molecules promoted the pseudo-polar tilted smectic phases. Above
30 mol% of BCHS molecules, the SmA,; phase becomes unstable and the pseudo-polar
Sm(C'y phase become stable. The incorporation of the BCHS molecules in the uniaxial
SmA, layers of the rod-like molecules introduced biaxiality in the layers due to hin-
dered rotation of BCHS molecules about their long axes and beyond a particular molar
percentage, the tilted pseudo-polar SmC'y phase was stabilized. At even higher con-
centration (about 73 mol%) of BCHS molecules, the lower-temperature SmC; phase
was also stabilized in addition to the higher-temperature SmCy phase. Though, both

the compounds were found to be mixed homogeneously at all concentrations at high
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temperatures in their fluid phases, the phase segregation was observed at lower tem-
peratures driven by the crystallization of the compound 40C18. The phase segregated
regions of crystals and SmA, appeared at about 8 mol% of BCHS molecules. The
temperature range of the phase segregated region increased upon increasing the molar

percentage of BCHS molecules.

6.4 Differential Scanning Calorimetry

The DSC studies on the mixtures were performed to detect the transition between the
different phases. The DSC thermogram of the compound 8OCB is shown in
The compound 80CB shows the Nematic and SmA,; phases on heating and cooling
between the isotropic liquid and crystal phases. A small peak corresponding to the
transition between the isotropic and Nematic phase is detected. The phase transition
from the Nematic to the SmA,; phase is associated with a very weak peak with an
enthalpy change of 0.11 J/g. The inset in shows the magnified view of
the transition peak between these two phases on heating and cooling of the sample.
The small change in enthalpy shows a very weak first-order phase transition from the

Nematic to the SmA, phase.
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Figure 6.5: The DSC thermogram of the compound 80OCB on heating/cooling at a rate
of 3 °C/min. The inset shows a weak transition peak between the Nematic
and SmA, phases on heating and cooling the sample.

On the other hand, the compound 40C18 shows two pseudo-polar tilted smectic

phases between its isotopic liquid and the crystal phase as described in [subsection 3.2.1}
The DSC thermogram of compound 40C18 on heating and cooling is shown in
lure 6.6] An enthalpy change of 0.07 kJ/mol was associated with the transition between

the SmC'y and SmC'; phase indicating a weak first-order phase transition. The inset of
Figure 6.6 shows a clear phase transition between the higher-temperature SmC'4 and

the lower-temperature SmC'; phase on heating and cooling the sample.
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Figure 6.6: The DSC thermogram of the compound 40C18 upon heating and cooling
at a rate of 5 °C/min. The inset shows the magnified region corresponding
to the transition between SmC'y and SmC; phases.

The DSC thermograms of some of the representative mixtures on cooling are shown
in As there was a phase segregation at lower temperatures, DSC thermo-
grams of some mixtures are shown only on cooling from their isotropic phase. The

vertical lines showed the phase transitions between the different phases.
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Figure 6.7: The DSC thermograms of M8, M25, and M 73 on cooling the sample from
the isotropic phase. The insets show the magnified view of weak first-order
transition peaks between the mesophases.
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For the mixture with 8 mol% of BCHS molecules (M8), the transition peaks from
the isotropic to Nematic, and Nematic to SmA, phases were observed (Figure 6.7h). For
a higher molar percentage of compound 40C18 (25 mol %), the transition temperatures
from the isotropic to Nematic, and Nematic to SmA,; phases increased but with a
decrease in the temperature range of stability of the Nematic phase (Figure 6.7p). The
enhancement of the clearing temperature indicates that the BCHS molecules promoted
the orientation order in the mixtures. The mixture rich in BCHS molecules (73 mol%)
exhibited pseudo-polar tilted smectic SmCy and SmC phases as shown in [Figure 6.7c.
This clearly indicated that the pseudo-polar tilted smectic phases are the characteristic

of the BCHS molecules.

The transition temperatures and corresponding enthalpy changes across the tran-
sitions between the mesophases for the mixtures studied are listed in [Table 6.1 The
transition temperatures in © C and the corresponding enthalpy changes in J/g between
the parentheses are shown in the table. The DSC studies clearly shows that the clearing
temperature and the range of the Nematic phase increases and decreases, respectively
with increasing the molar percentages of BCHS molecules. Above 8 mol% of BCHS
molecules, the phase segregation appeared at lower temperatures driven by the crystal-
lization of compound the 40C18. At the higher molar percentage of BCHS molecules,
two phases were observed to coexist at lower temperatures of the mixtures. A crystal
phase corresponding to the compound 40C18 and SmA,/crystal phase corresponding
to the compound 8OCB were observed in the mixtures at the higher molar percentage
of BCHS molecules. The temperature range of the phase segregated region increased
with increasing the molar percentage of BCHS molecules in the mixture which again
decreased with a very high concentration of BCHS molecules corresponding to pure

compound 40C18.
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Table 6.1: The transition temperatures and corresponding enthalpy changes are in °C
and kJ/gm, respectively for the observed mesophases.

sample phase sequence of the binary mixtures
80CB Tso 80 (-2.06) N 66.7 (-0.12) SmA, 30.5(-61.68)Cr
M2 Tso 81.7 (-2.03) N 65.3 (-0.038) SmA, 26.8 (-63.17) Cr
M4 Tso 83.5 (-1.66) N 66.3 (-0.11) SmA, 33.34 (-61.07) Cr
M8 Tso 86.5 (-1.35) N 71.2 (-0.063) SmA, 43.9 (-13.7)
phase segregated region 33.8 (-53.3) Cr
M17 Tso 92.4 (-0.92) N 87(-0.41) SmA, 61.7(-27.63)
phase segregated region 32.03 (-44.96) Cr
M20 Iso 95 (-0.39) N 93 (-0.19) SmA, 65.6 (-33.96)
phase segregated region 33 (-40.12) Cr
M25 Iso 96.5 (-2.98) N 95.9 (-0.23) SmA, 63.32 (-26.04)
phase segregated region 29.5 (-29.8) Cr
M30 Tso 101.6(-4.05) SmA, 88 (0.006) SmCy 75.8 (-42.4)
phase segregated region 34.1 (34.18) Cr
M60 Tso 117.4 (-4.75) SmC)y 89.7 (54.2)
phase segregated region 31.1 (-13.46) Cr
M73 Iso 122.5 (-4.03) SmC.4 98 (-0.002) SmC; 94.2 (-55.23)
Cry 29.6 (-6.16) Cry
40C18 | Iso 136.6 (-8.86) SmC4 121.4 (-0.07) SmC; 99.8 (-105.2) Cr

6.5 POM Investigations

The POM investigations on the samples were performed to characterize the different

phases and to detect transitions between them. The commercially available PI coated

liquid crystal cells were used for the planar-alignment of the samples. The homeotropic-

alignment of the sample was achieved by sandwiching it between a clean glass-slide
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and a cover-slip. shows POM textures of the planar-aligned sample in the
Nematic and Sm Ay phases of pure compound 8OCB on cooling from the isotropic phase
between crossed polarizers. The textures indicate good homogeneous planar-alignment
of 8OCB molecules in the PI coated cells. Similarly, well-aligned homeotropic dark
textures between crossed polarizers were obtained in the Nematic and SmAy phase of

pure compound 8OCB.

Figure 6.8: POM textures of a pure compound 80OCB of a planar-aligned sample of
thickness 5 ym in (a) Nematic phase (b) SmA, phase.

POM textures in the SmC'y and the SmC; phases of pure compound 40C18 are
shown in As discussed in [subsection 3.2.3] schlieren textures due to the

tilted organization of the molecules in the layers are observed in the SmC'y and SmCY
phases for a homeotropically-aligned sample. For a planar-aligned sample, a focal-
conic fan texture is observed in the SmC'y phase whereas, an irregular band texture is

observed in the SmC7} phase.
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Figure 6.9: POM textures of compound 40C18 in (a) SmC4 phase (¢) SmC; phase for
a homeotropically aligned sample. The planar-aligned sample of thickness
5 um in (b) SmCy phase (d) SmC; phase.

For POM studies of the binary mixtures, the sample was equilibrated in the isotropic
phase for about 5-10 minutes to allow the sample to mix homogeneously to avoid the
phase segregation effects at the lower temperatures. POM textures of the mixtures
were studied on cooling the sample from the isotropic phase. The POM studies of
three representative mixtures 8 mol% (M8), 25 mol% (M25), and 73 mol% (M73) are
discussed here. shows the homeotropically-aligned sample of M8 between

the crossed polarizers on cooling from the isotropic phase.

209



6.5. POM INVESTIGATIONS CHAPTER 6

Figure 6.10: POM textures for the homeotropically-aligned sample of M8 in (a) Ne-
matic phase at 73 © (b) SmA, phase at 53 °C (c) phase segregated region
at 45 9 (d) crystal phase at 33 °.

A dark texture between crossed polarizers (Figure 6.10p) was observed in the

Nematic phase which remained dark on rotating the sample confirmed homeotropic-
alignment of the molecules. Some fluctuations in the light intensity in the dark back-
ground were observed due to the thermal fluctuations of the director in the Nematic
phase. On further cooling, the sample undergoes a transition to the SmA, phase, again
showing a dark texture (see [Figure 6.10p). The dark texture indicated the uniaxial
nature of the SmA, phase of the mixture. However, in this phase, the fluctuations in
the light intensity arising from thermal fluctuations were not visible due to the more
ordered and layered structure of the molecules in the SmA,; phase. On further, de-

creasing the temperature, the phase separation into the crystal and SmA,; phases was

observed at about 44 °C as shown in [Figure 6.10c. The sample proceeded to the crystal
phase coexistence (see [Figure 6.10d) at 34.6 °C.
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The textures of a planar-aligned sample (M8) of thickness 5 pm in different phases
are shown in

Figure 6.11: Planar-aligned sample of thickness 5 ym under POM on cooling from the
isotropic phase in (a) Nematic phase at 73 °C (b) the SmA, phase at
53 9C (c) phase segregated region at 45 °C (d) crystal phase at room
temperature.

A well-aligned sample along the rubbing direction is obtained in the Nematic and
SmA, phases which were confirmed by rotating the sample between crossed polarizers.
The maximum and minimum intensity were observed when the rubbing direction was
making an angle 45 or 0/90 degrees, respectively with respect to the polarizer. The
observed texture was similar to the typical textures of the Nematic and SmA, phase.
At lower temperatures, the textures with phase segregated regions were observed as
shown in . The 80OCB rich regions shows the planar-aligned texture as
that of SmA,, whereas, 40C18 rich regions shows the crystalline phase. Upon further

lowering the temperature, the entire sample became crystal as shown in [Figure 6.11J.

POM textures for the homeotropically-aligned sample of the mixture M25 are
shown in
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Figure 6.12: POM textures of a homeotropically-aligned sample of M25 in (a) the
Nematic phase at 100 °C (b) the Sm A, phase at 94 °C (c¢) phase segregated
region at 664 °C (d) crystal phase at room temperature.

A schlieren texture corresponding to the Nematic phase appeared at 96.5 °C as
shown in [Figure 6.12h. The Nematic phase in this mixture had a very narrow temper-
ature range stability. On cooling the sample, the SmA,; phase with a completely well

aligned homeotropic texture (see [Figure 6.12b) was observed around 95.9 °C. Phase
segregation effects appeared at about 63 °C (see [Figure 6.12¢). Upon further cooling,

the whole sample crystallizes at about 29 °C.
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Figure 6.13: POM textures of M25 of a planar-aligned sample on cooling from the
isotropic phase between the crossed polarizers (a) Nematic phase at 100
°C (b) SmA, phase at 94 °C (c) phase segregated region at 64 °C and (d)
the crystal phase at room temperature.

The textures of the homeotropically-aligned sample of the mixture M 73 are shown

in [Figire 6.17)
(a)

Figure 6.14: POM textures of a homeotropically-aligned sample of M73 between
crossed polarizers in (a) the SmCy4 phase at 122 °C and (b) the SmCy
phase at 100 °C.

A hazy schlieren texture (Figure 6.14h) is observed in the higher-temperature SmC'4
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phase at about 122.5 °C. The schlieren texture clearly indicated the tilt organization of
the molecules in the layers in contrast to the SmA; phase. Upon further cooling of the
sample, again, a schlieren texture with domain walls separating coexisting structures
(Figure 6.14b) is observed similar to that of the lower-temperature SmC; phase of the

pure compound 40C18.

For a planar-aligned sample of the mixture M 73, a focal-conic fan texture
ure 6.15p) is observed in the SmCy phase as typically observed in the SmC)y phase.
The black brushes in the fan region appeared parallel to the layer normal when it
was parallel /perpendicular to the polarizer which indicates that one of the optic axes
was parallel to the layer normal. At lower temperatures, coexisting domain structures
parallel to the layers appeare in the fan region similar to the texture observed in the
SmC7 phase of pure compound 40C18. Thus, at a high molar percentage of the BCHS

molecules, the mixtures exhibit the pseudo-polar tilted smectic phases.

Figure 6.15: POM textures of a planar-aligned sample of M 73 of thickness 5 pm in (a)
the SmC4 phase at 122 °C and (b) the mC; phase at 100 °C.

6.6 Dielectric and optical transmittance measurements

The simultaneous measurements of the dielectric constant and the transmitted optical
intensity of the mixtures as a function of temperature were performed to detect the
transition between the observed phases. The electro-optic studies were performed on
a homemade setup, as described in The data was collected on cooling the

sample from the isotropic phase between crossed polarizers. The variation of the real

214



6.6. DIELECTRIC AND OPTICAL TRANSMITTANCE MEASUREMENTSHAPTER 6

part of dielectric constant and the transmitted optical intensity of a planar-aligned

sample of thickness 5 pym with temperature for a pure compound 80OCB is shown in

Figure 6.16]
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Figure 6.16: The variation of (a) dielectric constant and (b) the optical intensity of
Compound 80CB of a planar-aligned sample as a function of temperature.

For the binary mixtures, the sample was equilibrated in the isotropic phase for
10 minutes before collecting data. The commercially available liquid crystal cells of
thickness 5 um for a planar-alignment of the sample were used for the measurements.

The results of three representative mixtures M8, M25, and M 73 are discussed here.

The real part of the effective dielectric constant and the transmitted optical inten-

sity passing through a planar-aligned sample of mixture M8 is shown in
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Figure 6.17: The variation of (a) dielectric constant and (b) the optical intensity of M8
of a planar-aligned sample of thickness 5 um as a function of temperature.
The was collected on cooling the sample from the isotopic phase.

The sharp decrease in the dielectric constant at 86.5 °C on cooling from the isotropic
phase indicates the transition to the Nematic phase. The dielectric constant of the
sample decreased to 5.5 at lower temperatures in the Nematic phase. For a uniform
planar-alignment in the Nematic phase, the perpendicular component of the dielectric
constant (e; mostly contributed to the measurement. The mixture M8 was rich in
8OCB which had positive dielectric anisotropy in the Nematic and SmA, phase. Thus,
the measured dielectric constant decreased in the Nematic phase compared to that in
the isotropic phase. A kink in the dielectric constant data at around 69 °C indicates
the transition to the SmA,; phase. At lower temperatures in the SmA,; phase, the
dielectric constant get saturated to a value of about 5.0. Upon further cooling, a sharp

drop in the dielectric constant at 38 °C indicates the transition to the crystal phase.

The temperature variation of the transmitted optical intensity through a planar-
aligned sample of thickness 5 pm between crossed polarizers is shown in [Figure 6.17pb.
A sharp increase in the optical intensity at the isotropic to Nematic temperature (T ;)
is observed due to the stiff increase in the birefringence of the sample in the Nematic
phase. At lower temperatures, the increasing birefringence of the sample gives rise
the characteristic oscillatory behavior of the optical intensity. A small discontinuity
of the optical signal at around 69 °C indicates the transition to the SmA, phase. A

sharp decrease in the transmitted intensity at about 47 °C clearly indicates the onset of
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phase segregation at lower temperatures though it was not detected from the dielectric
measurements. The crystallization of the sample at 37.6 °C is also detected in the

optical measurement.

The variation of the real part of effective dielectric constant and the optical intensity

with temperature for the mixture M25 on cooling from the isotropic phase are shown

in [F1igure 6.18]

G [T A NI B BN TN RN A AN A B S R RN BN N AN B AR TN BN

o)

w | iPhase segregated: N—-S.F- AT ( ) i 1
< 6 i region i 8 i) iPhase segregated;
S F 15 i region N —ok
m - - I
£ = : .
5 205
o i
= 4 1S
3 | =
o e
(@] =
: : 0.0 . : e
2 PRI 1 IEPURPURI S BEPURPURPE U BEPRRT T L B FTaTE B B e, T R 13 P
20 40 60 800 100 20 40 60 80 100
Temperature ("C) Temperature (°C)

Figure 6.18: The variation of (a) the real part of the dielectric constant and (b) the
optical intensity of M25 of a planar-aligned sample of thickness 5 um as
a function of temperature.

Both the dielectric constant and transmitted optical intensity data detected the
transitions from the isotropic to Nematic and Nematic to the SmA,; phase. The Ne-
matic phase is stable over a narrow temperature range. A slope discontinuity in the
dielectric data was observed at the transition point from the Nematic phase to the
SmA, phase. The dielectric constant is about 4.5 in the SmA,; phase. A sharp decrease
in the dielectric constant value is observed at the onset of phase segregation. Simi-

larly, the temperature variation of the transmitted optical intensity passing through a

planar-aligned sample (Figure 6.18b) clearly detected all the transitions.

The mixture of M 73 was rich in BCHS molecules. For this mixture, POM studies
revealed a focal-conic fan texture for a planar-aligned sample. The variation of the

real part of effective dielectric constant with temperature for a planar-aligned sample

is shown in |Figure 6.19g.
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Figure 6.19: The variation of (a) dielectric constant and (b) the transmitted optical
intensity passing through a planar-aligned sample of thickness 5 pum of
MT73 on cooling from the isotropic phase.

The dielectric constant of the sample decreases on cooling from the isotropic phase
to the higher-temperature SmC'y phase. The dielectric constant in the SmCy phase
is found to be about 4.6. At the transition from the SmC, to the SmC7 phase, a
further decrease in the dielectric constant was observed. The dielectric constant again

decreases as the phase segregation appeared at about 99 °C. The measurements of

optical intensity also detected all the transitions as shown in [Figure 6.19b.

The dielectric and optical transmittance studies for a pure compound 40C18 con-

sisting of BCHS molecules are already discussed in [subsection 4.3.1l The variation of

the real part of the effective dielectric constant and optical transmittance of a planar-

aligned sample as a function of temperature are shown in |[Figure 6.20
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Figure 6.20: The variation of (a) the real part of the effective dielectric constant and (b)
the transmitted optical intensity passing through a planar-aligned sample
of thickness 5 ym of compound 40C18 on cooling from the isotropic phase.

The dielectric and optical transmittance measurements detected all the transitions
between the observed phases on cooling the sample from the isotropic phase. As
discussed earlier, the BCHS molecules give rise to an axial-vector order without any
net electric polarization in the smectic layers and hence the pure compound 40C18
had relatively small dielectric constant with low dielectric anisotropy compared to that
of the pure compound 8OCB. The rod-like molecules of the compound 80OCB has a
strong dipole moment parallel to their long axes due to the presence of the nitrile
group (-CN) at one end of the molecule. Thus, the pure compound 8OCB has a large
dielectric constant parallel to the director with large positive dielectric anisotropy in
its Nematic and SmA, phases. Thus, the effective dielectric constant of the mixtures

decreased upon increasing the molar percentage of BCHS molecules.

6.7 X-ray diffraction Investigations

The XRD studies were performed on the samples to further characterize the liquid

crystal phases. The XRD intensity profiles in the Nematic and SmA, phases of a pure
compound 80OCB are shown in |[Figure 6.21
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Figure 6.21: The XRD intensity profile of the pure compound 80CB in (a) the Nematic
phase at 70 °C (b) the SmA, phase at 48 °C with layer spacing 31.7 A.

The intensity profile in the Nematic phase (Figure 6.21a) showed only a diffused
peak in the wide-angle region indicating no long-range positional order of the molecules.
A sharp peak in the small-angle region in the SmA, phase indicates the lamellar order
of the molecules. The small-angle region peak in the SmA,; phase gives the effective
layer spacing as 31.7 A. The molecular length [ of the 8OCB molecule estimated from
the molecular formula was about 21.7 A. Clearly, the observed layer spacing in the
SmA, phase lies between [ and 2] and the XRD studies show that the molecules have
an intercalated structure in the SmA,; phase. The additional diffused peak at a wide-
angle region in the SmA, phase indicates a fluid lamellar structure with lateral average

d-spacing between the molecules as 4.4 A.

shows the intensity profile as a function of wave-vector of a pure com-
pound 40C18 in the SmC'4 and SmC; phases. The small-angle region peaks in both
the phases gave the layer spacing as 42.6 AA A and 43.1 A, respectively. The XRD

studies showed that the molecules are tilted with respect to the layer normal in both

the mesophases as discussed in [subsection 3.2.2] The d-spacing in the wide-angle peak

region in both the observed mesophases are about 4.6 A in both phases.
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Figure 6.22: The intensity profile of the pure compound 40C18 in (a) higher-
temperature SmCy phase with a layer spacing 42.6 A at 126 °C and
(b) the lower temperature SmC; phase with layer spacing 43.1 A at 115
oC.

For the XRD studies of the mixtures, the samples were heated 5 °C above the clear-
ing temperature and equilibrated at that temperature. The XRD data was collected
with an exposure time of about 30 minutes on cooling the sample to the desired phase
from the isotropic phase. The XRD intensity profiles as a function of wave-vector ¢ in

the different phases for 8 mol% (M8) of 40C18 in the mixture are shown in|Figure 6.23|
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Figure 6.23: The XRD intensity profile of M8 as a function of wave-vector ¢ in (a)
Nematic phase at 81 °C (b) SmA, phase at 64 °C (c) phase segregated
region at 48 °C and (d) coexisting crystal phases at room temperature.
The insets show the diffusive peaks in the wide-angle region.

For the mixture M8, the XRD profile in the Nematic phase shows only a diffusive
peak at the wide-angle region which is a characteristic of the absence of long-range
positional order. In the SmA,; phase, a sharp peak in the small-angle region confirmed
the lamellar order with the layer spacing of about 35.8 A. At lower temperatures in
the coexistence range, we observed multiple sharp peaks in the small-angle region as
well as in the wide-angle region confirming the crystallization of the sample. The XRD
studies in conjunction with the POM studies confirmed the phase segregation with
coexisting crystal phase and LC phase. At even lower temperatures, the XRD and

POM studies confirmed the coexisting crystal phases at room temperature.

Figure 6.24] shows the XRD intensity profile for 25 mol% of 40C18 in the mixture
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Figure 6.24: The intensity profile for M25 in (a) the Nematic phase at 100 °C (b) the
SmA, phase at 94 °C (c) phase segregated region at 64 °C (d) crystal
phases at room temperature.

ForM 25, the XRD profile in the Nematic phase again showed a diffusive peak in the
wide-angle region. The layer spacing in the SmA, phase is found to be about 42.1 A.
Thus, an increase in the layer spacing in the Sm A, phase was observed with increasing
the molar percentage of BCHS molecules. Upon further cooling of the sample to the
phase segregated region, the XRD profiles clearly indicated the coexistence of crystal

and other phases.

At even higher molar percentage of the BCHS molecules in the mixtures, the
calamitic Nematic and SmA,; phases were not observed. Instead the pseudo-polar

tilted smectic phases get stabilized. The XRD intensity profile of 73 mol% of BCHS
molecules in the mixture (A/73) is shown in [Figure 6.25
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Figure 6.25: The intensity profile of M73 in (a) SmCy4 phase at 122° C (b) SmC;
phase at 100 °C (c) crystal phase at 98 °C and (d) crystal phase at room
temperature.

A sharp peak in the small-angle region in the SmC4 phase gives the layer spacing
about 45.5 A ) Interestingly, the observed layer spacing in the SmC'y
phase was about double the molecular length of the rod-like molecules. At lower
temperatures in the SmC; phase, the layer spacing was found to be about 44.2 A.
Even at lower temperatures, the coexisting crystal phases were observed as shown in
The layer spacing in the observed smectic phases of the mixtures obtained
from the XRD results is shown in the [Table 6.2
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Table 6.2: The layer spacing in different phases of respective binary mixtures

Sample | Mesophases | Temperature | Layer spacing
8OCB SmA, 65 31.7
M2 SmA, 65 32.6
M4 SmA, 66 33.4
M8 SmA, 70 35.8
M17 SmA, 86 40.1
M20 SmA, 93 41.03
M25 SmA, 97 42.1
M30 SmA, 100 43.1
SmC'y 87 42.6
M60 SmA 4 112 46.1
M73 SmCy 122 45.5
SmCy 100 44.3
40C18 SmC'y 126 42.6
SmCy 115 43.1

We also determined the variation of layer spacing in the observed smectic phases

as a function of the molar concentration of the BCHS molecules in the mixtures (Fig-

fire 6.20).
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Figure 6.26: The variation of layer spacing in the calamitic and pseudo-polar tiled
smectic phases with different molar concentrations of the BCHS molecules
in the mixture. The vertical dashed line separates the stability regions
of the uniaxial calamitic and pseudo-polar tilted smectic phases exhibited
by rod-like and BCHS molecules respectively.

As can be seen from [Figure 6.26] the layer spacing in the SmA, phase increases with
the increasing molar percentage of BCHS molecules. The layer spacing in the SmAjy
phase of pure compound 80CB is about 31.7 A which lies between [ and 2/ where [
— 21.6 A being the molecular length of the rod-like molecule. Thus, the molecules in
the layers have an intercalated organization, giving the layer spacing between [ and
2[. The XRD results show that the layer spacing in the SmA,; phase of the mixtures
increases towards 2/ with increasing the molar percentage of BCHS molecules. Thus,
the BCHS molecules tend to decrease the overlap of the intercalated rod-like molecules
in the layers. Above a certain concentration of BCHS molecules, the SmC'y phase

was stabilized and the layer spacing in the SmC'y phase decreased towards the value
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corresponding to pure 40C18 with an increasing molar percentage of BCHS molecules
in the mixtures. The vertical line shows the phase transition between the uniaxial
SmA,, which is rich in rod-like molecules, to biaxial smectic C phase, which is rich in
BCHS molecules. The decrease in the layer spacing in the SmC'y phases arose due to
an increase in the tilt angle of the BCHS molecules with respect to the layer normal.

The model structures of the different phases of the mixtures are discussed below.

6.8 Molecular organizations in different phases

Based on our experimental results, we proposed a model for the organization of the
rod-like and BCHS molecules in the different smectic phases exhibited by their binary
mixtures. The pure compound 8OCB consisting of strongly polar rod-like molecules
gives rise to the SmA,; phase with an intercalated layer structure. In the intercalated
layer structure, the molecules arranged themselves with their dipole moments on av-
erage antiparallel with a large overlap of their molecular cores giving the layer spacing
between [ and 2[. The layer spacing in the SmA,; phase of pure compound 8OCB is
31.7 A as obtained from the XRD studies whereas the molecular length obtained from
the molecular formula is 21.6 A. At the low molar percentage of BCHS molecules, the
rod-like molecules have an intercalated layer structure as in their SmA,; phase and the
BCHS molecules are dispersed in these intercalated layers with their aliphatic chain

and aromatic core parts matching with the corresponding chain and core parts of the

rod-like molecules in the layers as shown in [Figure 6.274.
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Increasing concentration of BCHS molecules

Figure 6.27: Molecular representation in different smectic phases with varing concen-
tration of BCHS molecules (a) at a lower concentration of BCHS molecules
(b) at an intermediate concentration of BCHS molecules and (c¢) higher
concentration of BCHS molecules in the mixtures.

The molecular length of BCHS molecule as estimated from the molecular formula
is about 53 A which is about 2.5 times the length of the rod-like 8OCB molecules.
Thus, the long axes of the BCHS molecules are tilted considerably with respect to
the layer normal to match the core and chain parts of the respective molecules yet
the BCHS molecules have a uniaxial distribution about the layer normal. But, the
increasing molar percentage of BCHS molecules in the mixture tended to increase
the layer spacing in their SmA, phase so as to accommodate the BCHS molecules in
the layers as well as to reduce the tilt of the BCHS molecules retaining the uniaxial
distribution about the layer normal. The molecular organization in the SmA, phase for
this intermediate concentration of the BCHS molecules is shown in[Figure 6.27b. In this
case, the layer spacing was considerably larger due to the reduction in the intercalated
depth of rod-like molecules in the smectic layers. At the higher molar percentage of
BCHS molecules in the mixture, the BCHS molecules adopt a zigzag configuration

in the layers giving rise to the pseudo-polar tilted smectic phases. The molecular
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organization in the pseudo-polar tilted smectic phases of a mixture rich in the BCHS
molecule is shown in [Figure 6.27c. Upon further increase in the molar percentage of
BCHS molecules, the layer spacing slightly decreased due to the increasing tilt of the
BCHS molecules in the layers.

6.9 Conclusions

The liquid crystal phases exhibited by mixtures consisting of rod-like and BCHS
molecules were studied in this chapter. The compounds 80OCB and 40C18 consist-
ing of rod-like and BCHS molecules, respectively were mixed homogeneously at all
molar concentrations in their fluid phases. The phase diagram in the temperature
and molar percentage parameter plane was constructed. The mixtures rich in rod-like
molecules showed the Nematic and SmA, phases. Interestingly, XRD results show that
the layer spacing of the SmA,; phase can be tuned by changing the molar percentage
of BCHS molecules in the binary mixture. The mixtures rich in BCHS molecules ex-
hibit pseudo-polar tilted smectic phases. These results indicated that the pseudo-polar
tilted smectic phases were the characteristic phases of BCHS molecules. We proposed
simple model structures of different phases to account for our experimental observa-
tions. At lower temperatures and higher molar concentrations of both the components,
the observed phase segregation was triggered by the crystallization of 40C18. At the
phase segregated regions, coexisting crystal phase rich in the compound 40C18 and

the smectic or crystal phase rich in the compound 80OCB was observed.
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Summary

In first chapter, we discussed the backgrounds of liquid crystals in detail which

helped us to understand the upcoming chapters in this thesis.

Second chapter contained the experimental techniques, which had been used to

characterize the liquid crystals compounds presented in the thesis.

Chapter three contained the experimental studies on two LC compounds (40C18
and Al4) exhibited by BCHS molecules. Both compounds showed the same phase
behavior between the isotropic liquid and crystal phases. These kind of compounds
show pseudo-polar tilted smectic phases which had been designed as SmC's, SmC}
corresponding to the higher and lower temperatures, respectively. These phases are
characterized by an in-plane axial-vector order parameter in addition to tilt order in the
smectic layers. The BCHS molecules adopted a zigzag configuration in these pseudo-
polar smectic-C phases. To explain the molecular configuration of the BCHS molecules
in the tilted smectic phases, a simple theoretical model was developed in chapter 3. On
the basis of studied compounds which contain BCHS molecules, we could generalized
this theoretical model to explain the molecular organization of the compound showing

the similar kind of phase behavior.

Chapter 4 described the field effects on the observed mesophases of the studied
compounds in chapter 3. The layers in both the mesophases of both compounds showed
the absence of net electric polarization. However, both the mesophases of the studied
compounds showed field-induced response. To understand the field effect, a model was
presented which explained how the birefringence of the sample changed with applied
electric field. We had explained the field effects in the higher temperature SmC'y phase
in detail. For the lower temperature SmC'; phase, due to the coexistence of different

stable degenerate structures, it was difficult to estimate the effective birefringence in
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zero-field. This constrained the calculation of the effective birefringence changes with
applied electric field. Therefore, the given model could be generalized to explain the

field effect on the pseudo-polar tilted smectic phases exhibited by BCHS molecules.

In chapter 4 and chapter 5, we studied two azo-substituted compounds of an A-
series. The higher homologue (n>10) of this series showed the pseudo-polar tilted
smectic phases whereas the lower homologue (n<10) of the same series showed the
SmA to deVries SmA phase transition. The higher homologue (A14) showed the optical
response under applied field whereas the lower homologue did not respond. These azo-
substituted compounds did not show any photo isomerization in the visible light. In
chapterb, we have investigated a compound A9 which shows SmA to deVries SmA
transition. The molecular organization of the molecules in the deVries SmA phase

could also be explained by the diffusive cone model.

In chapter 6, we have investigated the phase diagram of binary mixtures of rod-
like and BCHS molecules. The binary mixtures of these two different shapes of the
molecules showed some interesting results as the BCHS molecules have intermediate
structure between the rod-like and symmetric bent-core banana-shaped molecules. The
experimental studies on the binary mixtures showed that the layer spacing of the SmA,
phase can be tuned continuously by controlling the concentration of BCHS molecules

in the mixtures.
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