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This chapter reviews the properties of liquid crystal systems in general
and chiral liquid crystal in particular. We have tried to review the
impact of chirality on the structure property relationship in liquid
crystal mixtures. Induction of phases with helical ordering, phases
which can only exist with chirality and induction of polar properties
due to induced chirality are all discussed in detail. The technical
applications of chiral liquid crystal mixtures are tabulated to quantify
the need of basic and applied research in the chiral liquid crystal
mixtures. Aim of the present research work is presented at the end of

this chapter.



1.1 Liquid crystals

Liquid crystal is a phase of matter intermediate between ordered solid phase and

disordered liquid phase. It shows anisotropy in some of its physical properties, while

flows like a liquid [1].

1.1.1 Historical background

Austrian botanist, Friedrich Reinitzer in 1888, accidently discovered the liquid crystal

phase,

which has now grown enormously to become a fascinating,

rich

interdisciplinary area of study [1]. Some of the historical landmarks in the liquid

crystal research are given in Table 1.1.

Table 1.1 Overview of developments in chiral liquid crystal research

Year Landmarks in LC research Contributors
1888 Discovery of this intermediate phase F. Reinitzer [1]
1889 Liquid crystal nomenclature O. Lehmann [2]
1922 Classification of thermotropic system as nematic, | Friedel [2]
smectic and cholesteric phase
1933 Frederiks Transitions V. Frederiks [8]
1963 Electro hydrodynamic instabilities R. Williams [9]
Electro optic liquid crystal device G.H. Heilmeier [10]
1968 Nematic guest host effect Heilmeir and Zanoni [10]
Field induced cholesteric-nematic phase change effect Wysocki et.al. [11]
o Twisted nematic effect M. Schadet, W. Helfrich and
J. Fergason [12]
The analogy between the nematic to smectic A | P. G. de Genes [13]
1972 transition in LC and normal to superconductor transition
in metals
1975 Ferroelectricity in chiral smectic phase R. B. Meyer et.al. [14]




1977 The Electroclinic Liquid Crystal (ELC) in smectic A | Garoff and Meyer [15]
phase
1977 Discotic phase S. Chandershekhar et.al. [16]
1979 Electro optic properties proposed in polymer LC gels | P. G. de Gennes [4]
1980 Surface stabilized ferroelectric LC I[j;; Clark and 5.1 Lagerwall
1984 Electro optic effect in PDLC system J. Fergason [18]
1985 Phase separation methods: PIPS, SIPS, TIPS J. W. Doane [19]
1988 Theoretical model for TGB phase Renn and Lubensky [20]
1989 Antiferroelectricity in LC Chandani et.al. [21]
1999 Phase separated composite films (PSCOF) S. Kumar et.al. [22]
New TGBC structure based on splayed polarization M. Brunet et.al. [23]
and twisted director structures adopted by SmC in
2002 planar align cells proposed
Organizing Carbon Nanotubes with LC M. D. Lynch and D. L. Patrick
[24]
2003 Induced Blue phases by achiral dopant H. Takezoe et.al. [25]
2004 Liquid crystal-carbon nanotube dispersions L. Dierking, G.Scalia et.al. [26, 27]
2005 Induction and stabilization of Blue phase on UV A. Chanshvill, G. Chillaya, G.
Irradiation Petriashvili and P. J. Collings [28]
Amplification of chirality in liquid crystals R. Eelkema and Ben L. Feringa
2006 [29]
Formation of periodic stripe patterns in nematic liquid | Hao Qi and T. Hegmann [30]
crystals doped with functionalized gold nanoparticles
Nanoparticles in Liquid Crystals: Synthesis, Self- Torsten Hegmann et.al. [31]
2007 Assembly, Defect Formation and Potential
Applications
Chiral photochemical induction in liquid crystals Teresa Sierra et.al. [32]
2008 Optically isotropic-nanostructured liquid crystal Hirotsugu Kikuchi [33]
composite with high Kerr constant
Electro-optics of polymer-stabilized blue phase liquid | Shin-Tson Wu [34]
2009 crystal displays

Dispersions of Carbon Nanotubes in Cholesteric LC

L. N. Lisetski et.al. [43]




1.1.2 Classification of liquid crystals

Liquid crystals can be classified on the basis of their structure, phase transition,

molecular shape and molecular arrangement as shown in fig. 1.1.

Fig. 1.1 Classification of liquid crystal

"ff}e' liquid crystals also exist as monomer and polymer forms and depending upon the
way of phase transition they can be either thermotropic (in which mesophase transition
is temperature dependent) or lyotropic liquid crystal (which categorize liquid crystal
with solvent dependent phase transitions) [2]. Their molecules are rod, disc or bent

shaped usually and accordingly named as Calamitic, discotic and banana liquid crystal.



Calamitic liquid crystal

In calamitic liquid crystal, the molecular axis is much longer than the other two. The
important property for a calamitic or rod like liquid crystal is that the molecule should
be rigid for at least some portion of its length, since it must maintain an elongated
shape in order to produce interactions that favors alignment [4]. A general molecular

structure template for calamitic liquid crystal is shown in fig. 1.2.

M N

R—X Y e Z—R'

Fig. 1.2 A general structural template for generating single compound calamitic
liquid crystal [3]

- A and B are core units, which are some times linked by linkage group (Y) but more
often a direct link is used

- The terminal chains (R and R’) can be linked to the core, with the groups X and Z but
usually the terminal chains are directly linked to the core

- Lateral substituent (M and N) are often used to modify the mesophase morphology
and the physical properties of liquid crystal to generate enhanced properties for

applications

Nematic phase is the least ordered, having only molecular orientational order (MOO).
It differs from the isotropic liquid in that the molecules are spontaneously oriented
with their long axes in a preferred direction, known as director (7 ) as shown in fig.
1.3. This mesophase owes its high degree of fluidity to the ease with which the

molecules slide past one another while still retaining their parallelism [5].



Mesophase Molecular packing Molecular order POM texture

Nematic MOO

BL036 showing
schlieren texture

MOO+ 1d

l. "l ' ' 'Il' positional order

Smectic A

S3 showing fan
like texture

Fig. 1.3 Molecular packing in nematic and smectic A liquid crystal mesophase

In smectic phase, the molecules are arranged in stratified structure. It possesses
Molecular orientational order (MOO) with the additional positional order. Unlike the
nematic phase, the smectic phase exhibits polymorphism [1]. The detailed structure of

various smectic phases is shown in fig. 1.4.



Molecular packing

Remarks

Tilted phases with
short range
periodic order
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Tilted phases with
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periodic order

Fig. 1.4 Structures of various smectic liquid crystal mesophase [6].



Discotic liquid crystal

In 1977 it was reported by Chandrasekhar that disc like molecules, namely molecules
with one molecular axis much shorter than the other two, also form liquid crystal
phases [15]. Structurally, most of them fall into two distinct categories, the columnar

and the nematic.

Mesophase Molecular packing POM texture

Discotic columnar

Discotic Nematic

Fig. 1.5 Structure of the disc like molecules [5, 41]

The columnar phase in its simplest form consists of discs stacked one on top of the
other aperiodically to form liquid like columns, the different columns constituting a
two dimensional lattice shown in fig. 1.5. The nematic phase has an orientationally
ordered arrangement of discs without any long range translational order as shown in

fig. 1.6 [5].



Polymer Liquid Crystal

Polymer liquid crystals (PLC) combine the properties of liquid crystal and polymer
[3]. These hybrids show the same mesophases characteristic of ordinary liquid
crystals, yet retain many of the useful and versatile properties of polymers. For
normally flexible polymers to liquid crystal display characteristics, rod-like or disk-
like elements called mesogens must be incorporated into their chains. The placement
of the mesogens plays a significant role in determining the type of PLC that is
formed. Main chain polymer liquid crystals (MCPLC) are formed when rigid
elements are incorporated into the backbone of normally flexible polymers. These
stiff regions along the chain allow the polymer to orient in a manner similar to
ordinary liquid crystals exhibiting display liquid crystal characteristics.

Conversely, side chain polymer liquid
crystals (SCPLC) are formed when the mesogens are connected as side chains to the
polymer by a flexible "bridge" (called the spacer). The molecular arrangement of

both MCLCP and SCLCP are shown in fig. 1.6.

Mesophase Molecular packing
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Fig. 1.6 Structure of the polymer liquid crystal [3]



1.2 Chirality

Interest in chiral molecules has continued unabated since last 150 years. The term
chirality (originated from Greek vocabulary xeip (hand)) was first coined by Lord
Kelvin:

“I call any geometrical figure, or group of points, chiral

and say it has chirality if its image in a plane mirror,

ideally realized, cannot be brought to coincide with itself.”

The chirality can be found in systems of all length scales, from
elementary particles to macroscopic systems. Due to collective behaviour of the
molecules in liquid crystals, molecular chirality has a particularly remarkable influence

on the macroscopic physical properties of these systems [6].

1.3 Impacts of chirality in liquid crystals

Chirality is a fascinating subject for liquid crystal research. Molecular chirality is
transferred to macroscopic chirality and the resulting effects are:
< induction of new phases with helical ordering, which are
continuously miscible with non-chiral phases
< new phases, which can only exist with chirality

< polar properties without changing the phase type

1.3.1 Induction of new phases with helical ordering

A chiral dopant in a nematic phase perturbs the molecular ordering resulting in
formation of helical structure. It is also known as chiral nematic (N*) phase. It appears
in organic compounds which consist of elongated molecules without mirror symmetry
(chiral molecules). The chiral nematic phase occurs in pure chiral compounds and
mixtures of achiral nematic with optically active mesogenic or non-mesogenic dopant.
Locally it is very much similar to nematic, however the direction of the preferable

orientation of the molecules 7 varies periodically in space as shown in fig. 1.7.



Mesophase Molecular packing POM texture
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Fig. 1.7 Molecular packing in chiral nematic liquid crystal mesophase [35]

If the helical axis is oriented along z, the director 7 is given as
n,=cosd ny=sin@ n,=0 (1.1)
0 = qoz + constant (1.2)
helical twist, o =2  /p, p is helix pitch.

Structure is periodic along z, with spatial period /q,. The helix may be right or left
handed. In case of chiral liquid crystal, obtained by doping chiral material into nematic
liquid crystal, pitch of the mixture is related to concentration of chiral dopant as, 1/p =
(HTP) Xc, as given by de Gennes and Prost [2], [where HTP is Helical twisting power
and Xc is concentration of chiral dopant]. The helical twisting structure of chiral

nematic liquid crystal possesses many interesting optical properties. The temperature



dependence of helical pitch length and thus of selective reflection of light has led to
the generation of materials, suitable for encapsulated thermochromic and
electrochromic applications, e.g. low cost thermometers, battery testers, textile, inks,
paints etc [1].

Similarly when a smectic C phase is formed by chiral molecules, a helical structure
appears. The helix is formed by a precession of the director, 7 around the layer
normal z, the azimuthal tilt direction changes by a small amount when going from

layer to layer as is shown scemetically in fig. 1.8.

Mesophase Molecular packing POM texture

Chiral
smectic ¢

(SmC*)

Fig. 1.8. Schematic representation of the periodic helical structures of layers in
the smectic C* phase. The pitch of the helix corresponds to the rotation of the
director through 360°. The direction of the spontaneous polarization indicated by
arrows is orthogonal to the local director. [35]

The director field in such a case is:

n,=Sin Cos ny=Sin Sin , n,= Cos



2—Z (1.4)
Po

where po is the pitch (2 rotation) of the helix and the layer normal is along z-
direction. There is spontaneous electric polarization Ps in each layer, averaging to zero
in macroscopic sample; this phenomenon has great technological implications for very

fast-switching ferroelectric light shutters and display devices [6].

1.3.2 New phases, which can only exist with chirality

A chiral dopant can also induce a blue phase from a nematic phase that can only be
found for chiral molecules. Blue phases are distinct thermodynamic phases that appear
over a narrow temperature range (~1°C) at the helical-isotropic boundary of highly
chiral liquid crystals, and sometimes it may be super cooled in chiral nematic phase
and observed for the temperature range of more than 10°C. In the absence of electric
fields, there can be three blue phases: BPI and BPII, both of which have cubic
symmetry and BPIII, which possesses the same symmetry as the isotropic phase.

Molecular packing and POM of Blue phase liquid crystal are shown in fig. 1.9(a,b).
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Fig. 1.9 (a) Molecular packing in Blue phase liquid crystal [6]

Fig. 1.9 (b) Blue phase textures viewed under a microscope

Several other blue phases of different cubic symmetry exist but only in the presence of
external electric field [6]. Quite recently, there has also been experimental evidence for
a smectic blue phase (just like the normal blue phases, but with a smectic-like
translational symmetry of the molecular mean positions where the smectic “sheets” are
not perfect planes, but instead are hypothetically rotated about an axis, as in a screw)
[36] in compounds that lack a helical phase.

Similarly chirality of the system is an essential
precondition for the occurrence of twist grain boundary (TGB) phases. TGB phases
usually appear in the temperature range between a chiral nematic phase (N*) with
short pitch and a smectic phase, typically SmA or SmC*. In particular, they are
expected to appear close to a N*/SmA/SmC* triple point [20]. One of their remarkable
properties is the selective reflection of circularly polarized light showing the director
field has a helical structure similar to the N* phase [37]. On the other hand, X-ray
investigations of TGB phases indicate a layer structure as occurring in smectic phases
[38]. Fig 1.10 shows the structure of TGBA phase proposed by Renn and Lubensky,

clearly showing a local smectic order and a helical director field at the same time.
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Fig. 1.10 Structure of TGB, phase proposed by Renn and Lubensky [6]

1.3.3 Polar properties without changing the phase type

Another fundamental type of consequence of chirality is appearance of polar physical
properties. A very important property of this type is spontaneous polarization Ps which
gives rise to ferroelectric properties of some liquid crystal phases and their electro

optical applications. SmC liquid crystals have the following point symmetries:

a) mirror symmetry in the tilt plane of the molecules
b) two fold rotational symmetry about the axis perpendicular to the tilt plane of the

molecules, either exactly between layers or exactly mid-layer.

This combination corresponds to the Cy, point symmetry group, and also excludes the
existence of any net spontaneous polarization in the SmC liquid crystalline phase.
However, in the chiral version of the SmC phase, the mirror symmetry is no longer
present and only the rotational symmetry remains.

The symmetry group is reduced to C,. It allows the existence of the spontaneous
polarization Ps along the C, axis of each smectic layer. The net spontaneous

polarization arises due to the lack of rotational degeneracy of the molecules about their



long axes within the smectic layer. Meyer et al, predicted that SmC* liquid crystals are
ferroelectric [14].

The chirality of the molecules causes a macroscopic helical structure, such that the C,
axis (and hence the polarization direction) precesses slowly from one layer to the next.
Thus on a macroscopic level there is no net polarization and phase is therefore
helielectric. However, in a confined cell geometry the helical structure is suppressed
(surface stabilization), and then the system is truly ferroelectric [6].

Smectic A phase of chiral compounds may show electroclinic effect. Tt is observed in
chiral SmA* liquid crystals due to the soft mode [15]. In the SmA* phase, the molecules
form parallel layers which are perpendicular to the boundary plates, but they do not have
spontaneous tilt. The term “electroclinic” arises because the application of an electric field
induces this tilt. These are also called soft-mode ferroelectric — effect liquid crystals.
When liquid crystal is cooled down to the SmA*-SmC* phase transition, one of the elastic
constants vanishes, softening the restoring force which keeps the molecules perpendicular
to the smectic layers. When an electric field is applied the molecules tilt in the plane of the
substrate rather than around a tilt cone. The direction of the induced molecular tilt is a
function of the polarity of the applied field [8]. The desirable characteristics of the
electroclinic liquid crystals are that they exhibit a fast response time, linear response to an
electric field and there is absence of the hysteresis of the electro-optical response, which

results in continuous grey scale capabilities of the electroclinic light modulators.

1.4 Chiral mesophases with nonchiral Bent-Core molecules

It has been recently shown that nonchiral molecules are capable of forming chiral
mesophases. Molecules with a bent core (“banana shaped”) can build polar and chiral
liquid crystal structures. Bent core molecules form a variety of new phases (B1-B7), which
differ from the usual smectic and columnar phases. As a consequence of the polar
arrangement, antiferroelectric —like switching was observed in B2 phase formed by bent
core molecules. Some POM of mesophases formed by bent core molecules are shown in
fig. 1.11.

Matsunaga and co-workers synthesized some banana liquid crystal materials and found
that they can form smectic liquid crystal but they did not pay any attention to the electrical
properties [39]. Watanable et al. reported that a ferroelectric smectic phase with C,,
symmetry might be formed for some chain types of LC polymers, if two different aliphatic

spacers with odd numbers of carbons are incorporated into the backbone in regularly



alternating fashion and they segregate into different mono domains [40]. They prepared
homologous series of banana shaped molecules, which form the SmAb, HexBb and
smectic blue phase in order of decreasing temperature, and then discovered the
ferroelectricity in the SmAb and HexBb phases. They reported spontaneous polarization
more than 150 nC/cm?, even in the higher order smectic phase below the SmADb phase, and
concluded that this phase is also ferroelectric. Another remarkable property of the
nonchiral bent core molecules is the appearance of phases which probably possess some

kind of helical super structure [41].

POM texture Remarks

The intercalated smectic (Bg) phase
growing from the nematic phase

The antiferroelectric B, phase growing
from the well aligned nematic phase

The electro-optically switchable B;' phase
developing from the isotropic phase

Fig. 1.11 POM of mesophases formed by bent core molecules [42]



1.5 Technical applications of chiral liquid crystal:

Chirality in liquid crystal has been the subject of intense research in recent years, and
is directly responsible for important technological applications, namely the thermo
chromic effect of chiral nematic liquid crystal, the ferroelectric and anti ferroelectric
switching of smectic liquid crystals. Some of the key applications of chiral liquid
crystal are tabulated in Table 1.2, however many more uses of these systems is being

explored for display devices.

Table 1.2 Applications of chiral liquid crystals [1-8]

Optical
Display Medical data. Industry Art
processing

# PC # Thermometer # Light Valves # Non destructive ~ # T-Shirts
8 Projection display # Cancer Screening % Shutters testing 2 Pots
# Mobile & Mood Rings & Deflectors @ Refrigerators & Cards
& Large Area Inf. & BP Indicators & Spatial Light # Aecro plane Wings # Paintings

Board & Tumor Modulators # Temperature # Enamels
& Laptops # Screening # Logic Elements sensors & Jewelry
# Handy Cam # Optical filters
& Palmtop
& Stercoscopic

systems




1.6 Aim of the present research work:

Chiral LCs is one of the fastest growing areas of research in liquid crystal science and
technology. The exciting nature of the chirality induced liquid crystal mixtures
constantly motivates a chemist to synthesize optically pure novel materials from pro
chiral substrates. A physicist needs to investigate the cause of appearance of them on
the basis of various physical parameters. Although chiral liquid crystal systems have
been studied in great detail but several questions are still unanswered. Very little effort
has gone into understanding the behaviour of interactions of chiral molecules with host
and how it influences the electro-optic performance of the material. Similarly the
interactions of carbon nanotubes with chiral liquid crystal mixtures are still in its
infancy period. The present research work is formulated on such gaps to find
appropriate answers to some of these questions. The electro-optic, dielectric and
thermochromic analysis of chirality induced liquid crystal mixture has been performed
in detail to understand the basic facts. The effect of carbon nanotubes on the
morphological and dielectric spectra of chiral liquid crystal mixture composite has
been investigated to answer some of these questions.

The satisfaction of the scientific appetite for this complex and challenging area of the

condensed matter physics was the main aim to precede this research work.
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This chapter describes the experimental design and characterization
techniques to study the various chiral liquid crystal sample cells and
their physical parameters. A thermal polarizing microscope has been
used to identify the different mesophases through optical texture. The
characteristics of the liquid crystals materials used in the experiments,
along with their molecular structures and description of instruments

are provided in brief.



2.1 Selection of material:

In the present work, the electro optic, dielectric and thermochromic properties of
chirality induced nematic liquid crystal were studied in detail. For this purpose, we
used 4-pentyl-4’-cynobiphenyl (commercially available as BL036) as nematic material
due to its broad temperature range. Its molecular structure, phase sequence and its main

physical properties are tabulated in table 2.1.

Table 2.1 Preliminary data of nematic liquid crystal mixture BL036 [1]

Molecular structure CN ‘</ >—</ >—(}5H11

Phase Sequence ematic(N) 22 &5 Isotropic (I)

Optical anisotropy (20°C) An=0.27 n=1.79
n,=1.52

Dielectric anisotropy (20°C) Ae=+17 e=23.10
€1=6.1

We induced chirality in to this mixture for which the selection of appropriate chiral

dopant was an important factor. A good chiral dopant is expected to possess [2]:

< Mesogenity, stability, solubility, Polarity and Effective mesogenic
chirality

Good chiral dopants need to be fitted in most of the above categories. We used the
CB15 (Merck, Darmstadt, Germany) as it full filled above characteristics. Its molecular

structure and phase sequence is as shown in table 2.2.




Table 2.2 Molecular structure and phase sequence of chiral dopant CB15 [3]

Molecular structure

asa s

C2H5 \

CH;

Phase Sequence

4°C -54°C *—30 °C

Crystal _ | SmA

Isotropic

We also investigated the effects of multiwall carbon nanotubes (MWCNT) on the

morphological and dielectric behaviour of chiral liquid Crystal. We used eutectic

chiral smectic ¢ liquid crystal mixture (ZLI-4237-100) (E-Merck Darmstadt) as host

material and the low concentration of MWCNTs were dispersed in the host chiral

smectic C LC to prepare a homogeneous composite system. The material parameters

of both chiral smectic ¢ LC mixture and MWCNT are given in Table 2.3.

Table 2.3 Material parameters of chiral smectic ¢ LC mixture and MWCNT [4, 5]

Materials Properties Values
Phase sequence 220 °C 61 °C 73°C  83°C '
Crystal = SmC* — SmA —» N* —>Isotropic
SmC*
mixture Spontaneous
7LI-4237-100 | Polarization (nC/cm2) ~20
(E-Merck) d=5 um
-Merc . 5
at 20°C T1.1t angle(”) 24.5
Pitch ( m) ~ 10
MWCNT LDlarilheter.(nm) 1 1(5)-;70
(M/S Aldrich) ength(micron) -
Purity (%) 90+




2.2 Cell fabrication technique

2.2.1 Preparation of chiral LC mixture

The mixtures were prepared by doping CB15 in BL036 in different wt/wt ratio in a

vial. To ensure proper mixing, the mixtures were first heated to isotropic temperature

of the liquid crystal and then shaken to ensure proper mixing and miscibility.

2.2.2 Cell fabrication

The sample cells were made of transparent, conducting indium tin oxide (ITO) coated
glass substrates with resistivity of the order of 140-180 ohm-m. The substrates were
initially washed with soap solution, rinsed with acetone (purity 99.9%) and distilled

water. They were dried in a vacuum chamber and put in dust free (laminar flow)

chamber (shown in fig. 2.1) to ensure proper cleaning conditions.
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Fig 2.1 Laminar flow chamber



In order to obtain planar alignment, nylon6/6 solution was spin coated on the
conducting side of ITO coated glass substrates and then buffed at optimum
temperature in an oven for about an hour. The substrates were then rubbed
unidirectionally using nylon cloth to induce planer alignment [6-7]. The conducting
sides of these ITO coated glass substrates were joined together and separation between
the substrates was maintained with the help of mylar spacer (thickness 5-10 pm). The
two surface treated glass plates were sealed with optical adhesive (Norland polymer),
and cured in presence of UV light. The electrodes were connected at the ITO coated
substrate surface of the cell using indium (metal) ingot to obtain better electrical
contact. We also used some commercial homogeneous (planar) cells of thickness 5 m,
procured from M/S Linkam Instruments, UK.

The CLC mixtures were filled in between ITO coated cells through capillary action by
heating the mixture to its isotropic phase in a dust free environment chamber. The cell
assembly was then sealed completely to avoid any contaminations. The pictorial view

of the cell construction is shown in fig. 2.2.

Empty Cell

Mixt3

CLC Cell

Fig 2.2 Assembled LC Cell




2.3 Method of preparation of MWCNT dispersed SmC* LC

First of all MWCNT dispersed CLC was prepared by mixing CNT in chiral SmC*
liquid crystal mixture (ZLI1-4237-100) in different wt/wt ratio. The mixture was shaken
manually and the homogeneity of the dispersion thus obtained was ensured under
polarizing microscope. Fig 2.3 (a) shows optical texture of the SmC* mixture with
0.1% CNT at 10X prepared manually by shaking the compound which clearly
indicates need of a homogeneous dispersion method. For achieving homogeneous
dispersion and to avoid the agglomeration, the mixture was sonicated at 42 kHz (60"
C) for about an hour. Fig 2.3 (b), shows 0.1% CNT dispersed composite after
sonification, in which we observe a nearly uniform dispersion of CNT. This mixture
was filled in a Sum empty ITO coated cell by capillary action at the isotropic
temperature and the sample cell was viewed through the polarizing microscope
(OLYMPUS BX-51P) interfaced to LINKAM-TP94 temperature controller and
THMS600 hot stage with an accuracy of £0.1°C.

Fig. 2.3 Optical micrographs of 0.1% MWCNT in SmC* (a) with manual
shaking (b) after sonication at room temperature.

2.4 Experimental techniques

The liquid crystal texture morphology and phase transition temperatures were noticed
using Olympus polarizing microscope (Model- BX51P) fitted with digital camera
(DP12). The temperature was controlled through programmer cum hot stage (Linkam
Model TP94 and THMS 600) in the wide temperature range -196°C — 600°C. The

electric field was applied to the sample through Scientech function generator (Model



ST 4060) and Philips function generator (Model FG8002). Electronic Weighing
Balance (Sartorius Model CP225D, 0.01 mg —220g) was used for weighing purpose.

A block diagram of our experimental set-up for the investigation of phase behaviour,
electro-optic properties and other liquid crystal parameters is shown in fig. 2.4(a). The
temperature of the sample cell was controlled using temperature controller interfaced
with computer through RS232 port and the output response as a function of field was
recorded on a Tektronix Oscilloscope (Model TDS-2024). The snapshot of the

experimental set-up to study electro-optical properties is shown in fig. 2.4(b).

OLYMPUS DP12 Camera
1
Hot St T .
TE[MS::Tg[I'T} EyePiece
| K.
ey TIE]IIP- 1 , ﬁ: /P of DP12/PMT
Controller :
TP 94 il Analyser
. Function _' E
RS 132 Generator — 1_Sgmple Cell
It L1l ™~Rotation Stage
Computer - g
Tt
. : \Pﬂl\a:‘uer
Tekir onix [ : |
iR oscons Polarizing Microscope
BX51P
Monitor/Photodiode

Amplifier Circuit

Fig. 2.4(a) Block diagram of experimental set-up for the investigation of optical

textures and electro-optic properties of chiral liquid crystal



Fig. 2.4(b) Experimental set-up for the investigation of optical textures and

electro-optic properties of chiral liquid crystal

2.4.1 Thermodynamical study

Fig 2.5 Differential scanning calorimeter (Lineseis DSC L63)



Thermodynamical parameters of the materials studied were determined with the help
of Differential Scanning Calorimeter (Linseis model L63, Germany) shown in the fig.
2.5, controlled by a compatible computer running the LINESEIS DSC instrumental
software. The output of this power compensated DSC is a plot of the power difference
to the two simple holders, plotted against temperature called a thermogram. The
melting of a liquid crystal mixture, an endothermic process is indicated by positive
spike on the thermogram.

Prior to taking the measurements, the DSC was calibrated by running a standard
material, indium. Each sample was left in the sample pan till we ensured that thermal
equilibrium was reached. Then the temperature was allowed to run from room
temperature to isotropic of each sample at 5°C/min. The thermogram thus obtained
was used to determine the transition temperatures of liquid crystal mixtures with
measurement accuracy of £ 0 to 2 K. It has working temperature range between —
190°C to 700°C, maximum temperature is limited to 600°C due to use of aluminum

pans [8].

2.4.2 Temperature programmer and hot stage

In thermal microscopy studies, we used Linkam temperature programmer TP94 and
hot stage THMS 600 shown in fig. 2.6. The TP94 is specifically designed for precise

temperature control of the Linkam heating/freezing stages with accuracy + 0. 1°C [9].

Fig. 2.6 Linkam temperature programmer TP94 and hot stage THMS 600

The stage sensor is digitally linearized to give accurate temperature readout, the
controls and their functions have been carefully chosen for simple and easy operation.
The temperature range is —196°C to 600°C. Heating or cooling rates can be changed

almost instantly using the three rate keys. The heat ranges are



# from 0.1 to 0.9°C/min at 0.1 degree intervals
+ from 1.0 to 9.0°C/min at 1.0 degree intervals
+ from 10°C to 90°C/min at 10 degree intervals

A varying dc signal is used to control the stage and results in an even application of
power that avoids the bursts seen with conventional burst fire ac techniques. An
optional remote control gives single key control of three programmable
heating/cooling rates and the HEAT, COOL and HOLD functions. The three
programmable heating/cooling rates are held in memory when power is switched OFF.
The temperature and limit values can also be stored and recalled using the remote

control facility.

2.4.3 Optical polarizing microscopy

The optical studies in sample cells were investigated in transmission mode using an
Olympus optical polarizing microscope (Model BX51P) fitted with digital camera
(DP12) at 10X magnification under crossed polarizer using long working distance
objective lens at 10X. The optical micro-textures of LC materials were also

investigated as a function of temperature, voltage and other physical parameters.

2.4.4 Pitch measurement:

The pitch of the CLC sample was measured using OLYSIA BioReport software
through the finger print texture measurements [10-12] and using bowed reverse twist
disclination lines [13].

For the measurement, the textures of the CLC sample were recorded using an Olympus
optical polarizing microscope (Model BX51P) fitted with digital camera (DP12), at

10X magnification under crossed polarizer.

2.4.5 Dielectric studies



Block diagram of experimental setup for the dielectric measurements in the frequency
range 50 Hz to 1 MHz is shown in fig. 2.7. The setup consists of hot stage cum
programmer temperature controller, Fluke PM 6306 RCL meter and a polarizing
microscope (Olympus BX-51P). Using this setup, the real and imaginary parts of the
complex dielectric permittivity have been studied as a function of frequency,

temperature and external bias.

Computer

Olympus DP 12

Polarizng
Microscope

RCL meter

Fluke PM 6306 4‘\\__\—’

Hot Stage
THMS 600

CLC Cell

Linkam Temp.
Controller TP 94

Fig 2.7 Block diagram of experimental set-up for the investigation of dielectric

properties of chiral liquid crystal

2.4.5. (a) RCL Meter

The complex dielectric permittivity was carried out using a Fluke PM 6306
programmable automatic RCL meter. It is fully automatic, high performance test
instrument designed to measure wide range of impedance parameters capacitance (C)
dissipation factor (D), impedance (Z), inductance (L), resistance (R), Q = 1/D,
conductance as well as gain, phase angle and group delay. Frequency range of
measurement is from 50 Hz to 1 MHz. The measurement display section provide direct
read out of the selected measurement parameters along with the appropriate units.

Oscillator signal of the RCL meter is adjustable between 5 mV to 1 Vrms values. An



internal dc bias can also be applied from OV to + 10V. RCL meter is based on the

principle of auto balancing bridge. The measurement Range of RCL meter (Fluke

PM 6306) is given in Table 2.4.

Table 2.4 Measurement Range of RCL meter (Fluke PM 6306) [14]:

Parameter Measurement Range Max. Resolution
0.00pFto1/( x0.1m ), f 50KHz
C 0.01 pF
0.00pFto1/( x0.1m ),f>50KHz
D 0.000 - 1000 0.001
L 0.00 H-200 / 0.01 F

2.4.5. (b) Calibration of the dielectric cells

Our dielectric cell consists of a parallel plate capacitor connected with relatively short

leads. When condenser was filled with the air as a medium (C,;), it has a contribution

from the capacitance of the active area of the plates. The stray capacitance (Cs) arises

from the leads and the non-homogeneities of the field lines at the edge of the active

area. The spacer does not contribute to the capacitance because they are placed outside

the active area. In this case, C,;; can be written as:

Cair = Cer + Cs

Where, Ceg is the effective capacitance of the empty cell.

2.1)

To determine the C.y , standard liquids (pure benzene) with known dielectric

permittivity has been used. The capacitance of the cell filled with benzene as a

medium (having dielectric permittivity ',) is




CB = 'B Ceff+ Cs (22)
from Equation (2.1) and Equation (2.2) C.¢ can be calculated.

CB Cair

Cefr , (2.3)

g 1

We have also estimated Cegr from the geometry of the parallel capacitor (cell). The
values of Ceff determined from measurement made on the standard liquids agree
within 1% with estimated value. Values of capacitance (C,;;) and loss (D,i;) with air
when subtracted from the capacitance (Cy) and loss (Dy) with the liquid crystal
material as dielectric medium at corresponding frequency and temperature give the
dielectric permittivity ( ') and dielectric absorption ( ") of the liquid crystal

material according to equations,

Chn Cy
vm m air 1 (24)
Cefr
and
cD C.D.
YVm m m atr arr (2.5)
Ce/f
where ', and ", are the real and imaginary component of the complex permittivity

of the liquid crystal material.
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This chapter describes the studies carried out on the electro-optic and thermo-
chromic responses of chiral nematic liquid crystal mixtures. The role of chiral
dopant on helix dynamics under electric field has been discussed in detail, via
dynamic pattern formation. The results show that the gratings form in two distinct
ways depending upon thickness to pitch ratio, d/p i.e chiral dopant concentration.
For a d/p = 0.62 the formed cholesteric gratings belong to the Dv.M type. For d/p
= 1.56 the Dv.M and Gr.M types appear simultaneously but the latter initiating
near the edges and surface defects, before elongating in the direction of rubbing,
dominated. The concentration of chiral dopant has been varied to improve cell
performance and determine the most appropriate electro-optic response in terms of
parameters, such as optical transmission, threshold voltage, response time and
decay time as a function of temperature, applied voltage and chiral dopant
concentration. Our result indicates decrease in decay time and rise time by almost
2 fold with addition of 10% chiral dopant.

The effect of chiral dopant in room temperature nematic liquid crystal mixture on
its thermo-chromic responses in terms of RGB, hue and intensity of transmitted
beam has also been discussed. The samples were calibrated over their active range
using light transmission characteristics. It was observed that 1% chiral doping
showed active response over the wide temperature range starting from 30°C to
94°C among the other samples. The sample showed that it can sustain colour over

the period of 2 years and these colours were stable during this period.



3.1 Introduction

Investigation of chirality in liquid crystals is an exciting area of liquid crystal science
[1-4]. Dissolution of small amounts of chiral dopant in nematic liquid crystals is
known to result in the formation of the chiral nematic mesophase, characterized by the
preferred orientation of the long axes of the anisometric molecules (i.e. director n,
rotating along the helix axis) showing very distinctly that molecular structure have a
profound effect on cooperative behaviour and phase structure [4-6]. The question of
how molecular chirality is translated into bulk chirality of the phase is a fundamental
issue in liquid crystal science and a macroscopic measure of this chirality transfer is
the helical pitch. The optical properties of the chiral nematic liquid crystal thus
depend specifically on the pitch, arrangement of the axis of the helix and the
polarization of the incident light. In an external field, changes occur both in the
direction of the helix axis (texture transitions) and in its pitch (untwisting of the helix)
[1-5]. A combination of these leads to unique optical properties of chiral nematic
liquid crystals that respond to the external environment in a peculiar and special way.
The response of electric field to the chiral nematic system has fielded in them wide
range of applications e.g. in twisted nematic displays, medical thermography and
imaging, linear and non linear optics, sensors and in novel electro- and magneto-optic
devices and detectors [5-8]. There is still a growing scientific and practical interest in
these systems [9-13].

In this chapter, we discuss the effects of chiral dopants on the phase transition
behaviour, electro-optic and thermo-chromic responses in room temperature nematic

liquid crystal mixture.

3.2 Results and discussion:

3.2.1. Effects of temperature

The composition of the investigated materials and their phase sequence is tabulated in
table 3.1 (N-Nematic LC phase, N*-Chiral Nematic LC phase, Is-Isotropic phase and

Cr-Crystal phase). Their thermal profiles are shown in Fig.3.1.

Table 3.1 Composition and abbreviation of samples studied



S.No Composition Abbreviation Phase sequence
30°C 99°C
Ctr —» —» Is
1 BLO36 NLC
30°C 97°C
Cr —» N* —>» s
2 BLO36 +1%CB15 CLC1
30°C 91°C
Cr —» N* —>» s
3 BLO36 +5%CB15 CLC2
30°C 86.5°C
Cr —» N* —» Is
4 BLO36 +10%CB15 CLC3
30°C 84°C
Cr —» N* —»Is
5 BLO36 +15%CB15 CLC4
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The microtexture of NLC sample (~10pum thickness) viewed under crossed polarizers
is shown in fig. 3.2. The schilieren texture with four and two brushes of strength, s =
+1 and s = -1/2 respectively, typical of uniaxial nematic liquid crystal, the circular
brushes connecting two neighboring disinclinations of equal and opposite strength is
clearly seen in the upper right hand side corner of the fig. 3.2(a). These brushes are the
regions where the director is either parallel or perpendicular to the plane of
polarization of the incident light. The polarization is unchanged by the material in
these regions and is therefore extinguished by the crossed analyzer. The positions of
points from where the brushes originate, remains unchanged on rotating the crossed
polarizer but the brushes themselves rotate continuously showing that the orientation
of the director changes continuously about the disinclinations [4]. The rate of this
rotation is equal to that of the polarizer when the disinclination has 4 brushes and is
twice as fast when it has only 2. In NLC, disinclinations of opposite signs are seen to
attract each other and coalesce at temperatures close to Ty,

At the onset of transition to isotropic phase, the BL036 mixture
show scintillation type effect with rainbow (Fig. 3.2 (b)) due to fluctuation of director.
With increasing temperature, increase in thermal agitation increases the orientation

motion of the director, ultimately leading to complete isotropic phase at 99°C.




(b)

Fig. 3.2 Microtexture of NLC sample at (a) 30°C (b) 98°C. Defects are clearly
seen.

Fig. 3.3 shows the effects of the induced chirality on the schlieren texture of observed
NLC samples under crossed polarizers. We noticed the dechiralization lines with
variable pitch as a function of chiral dopant concentration at room temperature. The
chiralization lines in the domains are clearly observed at 50X (fig. 3.4) for CLC2. The
optical morphology of the chiral phase changes with increasing temperature.

As the temperature is increased the constriction in the domains and chiralization lines
was observed. We noticed in Fig. 3.5 that the focal conic domains become dominant
with mosaic pattern as the temperature is increased. The focal conic domains couldn’t
be observed for samples CLC3 and CLC4 possibly due to the competition between
increased intrinsic chirality of the liquid crystal and the frustrating effects of the

thermal agitation. The optical patterns near the transition are shown in fig. 3.6.



Fig. 3.3 Optical texture of chiral nematic phase at 10X at 30°C, as a function of
doping concentration (a) CLC1 (b) CLC2 (c¢) CLC3 (d) CLC4

Fig. 3.4 Dechiralization texture of CLC2 at 50X, 30°C




Fig. 3.5 Texture of CLC samples at 80°C (a) CLC1 (b) CLC2 (¢) CLC3 (d) CLC4




Fig. 3.6 Micro textural changes near melting point ( T~0.2°C) of CLC samples
(a) CLC1 (b) CLC2 (¢) CLC3 (d) CLC4




3.2.2. Electric field effects:

The distortions in the planar chiral nematic structure induced by an applied field have
been extensively studied, both theoretically and experimentally [1-2, 14]. Subacius et
al.[15-17] described a cholesteric diffraction grating in a fingerprint texture on
applying an electric field parallel to the helical axis of a planar texture film. They
classified the fingerprint texture into two types, according to the formation of the
grating. (j) developable modulation (Dv.M) type and the (jj) growing modulation
(Gr.M) type. In the former, the stripes appear simultaneously all over the domain.
These modulations develop by enhancing the optical contrast rather than by
propagation in space. In our experiments we observed that the contrast of the stripes
increased with time during formation, whereas in the latter type, the stripes were
initiated near the edges and the defects on the surface before getting extended over to
the whole sample, slowly along the rubbing direction.

In this section, we present the results on the effect of electric field on both nematic and
CLC samples. While for the NLC, the orientation of director along the field leads to
change in colour with increasing field strength but for the CLC samples, the electric
field shows pronounced effects in terms of field induced rotation of helical axis. When
electric field was applied perpendicular to the walls of NLC cell, the director
orientation changes along the field direction, showing colour variation due to electric
controlled birefringence effects. At saturation voltages, the dark texture was observed
due to complete alignment of director along the applied field i.e. perpendicular to the

cell walls.

Dynamic pattern formation:

On application of the electric field normal to the CLC cell, the director of cholesteric
sample tends to align along the field direction due to dielectric anisotropy switching
the material into the fingerprint texture [5] (helical axis is parallel to the substrates).
The micrographs of the CLC samples at 0V at 10X are shown in Fig. 3.7 and on the
application of electric field normal to CLC cell, they switch over to the patterns of the
fingerprint texture as shown in Fig. 3.8. We show that the gratings form in two distinct
ways depending upon thickness to pitch ratio (d/p i.e. chiral dopant concentration). For
d/p = 0.62 (CLC1), the cholesteric gratings pertaining to the Dv.M type where as for
d/p = 1.56 (CLC4), the Dv.M and Gr.M types appeared simultaneously (Fig. 3.8) but



the latter initiating near the edges and the surface defects, before elongating along the
rubbing direction dominated, (Fig. 3.9). The stripes of the gratings were found to be
parallel to the rubbing direction for CLC1 and CLC4, thereby minimizing the free
energy of the system. For d/p = 0.90 (CLC2) and 1.09 (CLC3), the fingerprint texture
is not uniform (Fig. 3.8).

The threshold field strength for fingerprint texture, Ey, is given by

1/2 V2

8 *(6kyksy)
( pd)

Where, ky, = Elastic constant for twist deformation, k33 = elastic constant for bend

3.1)

th

deformation, ¢ = dielectric anisotropy, p = helix pitch length (at E=0) and d=
cell thickness

The planar layers are observed to deform periodically in this case and the stripes are
perpendicular to the director of the middle layer [17-19]. Therefore, stripes of a cell
with d/p ratio 1/2 and d/p ratio 1 are parallel and perpendicular to the rubbing
direction, respectively. Further on slight increase of electric field the structure was
observed to change from the Dv.M type texture to the homeotropic texture [5]. A
chiral nematic planar texture usually adjusts its pitch length slightly to satisfy the
condition of the surface. Therefore, the direction of the stripes for cells with d/p = 0.62
is coming out the same as that for cells with d/p ' as predicted by theory.

En [eq. (3.1)] depends on chiral dopant concentration and increases with increase in
dopant concentration, as shown in fig. 3.10(a). It was seen that the response of the field
was instantaneous for CLC1 system but, in other samples (CLC2, CLC3, CLC4), the
molecular alignment was delayed to get aligned along the applied field direction to
form stabilized fingerprint texture with polydomains. The chiral dopant effects shows
time dependence depicted in Fig. 3.9. With increasing function of temperature at
constant respective threshold voltages, the texture remained stabilized up to certain
temperature range and thereafter, we observed undulations of the chiralization lines
and the planar texture with oily streaks was observed under OPM (until the melting of
mixture to its isotropic phase). The time period and the temperature range of the

stabilization texture as a function of chiral dopant concentration are shown graphically

in fig. 3.10(b).



Fig. 3.7 Micrographs of the dynamic change of the patterns of the gratings at 0V
for (a) CLC1 (b) CLC2 (c¢) CLC3 (d) CLC4

Fig. 3.8 Micrographs of the dynamic change of the patterns at onset of (a)
0.44V/pm (CLC1), showing Dv.M type texture, with strips parallel to rubbing
direction represented by Black arrow (b) 0.72V/pm (CLC2) (¢) 1.16V/um (CLC3)
(d) 1.50V/pum (CLC4) , showing the simultaneous growth of both Dv.M and Gr.M



Fig. 3.9 Stabilized texture observed using a crossed-
polarized microscope after (a) fraction of seconds at
0.44V/pm (CLC1) (b) 5 min at 0.72V/pm (CLC2),
showing non uniform fingerprint texture (c) 12 min at
1.16V/pm (CLC3) (d) 20 min at 1.50V/pm (CLC4),
showing the Gr.M type stripped pattern and the regions
enclosed by dashed lines are showing the deformed
stripes.
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Fig. 3.10 (a) Threshold voltage for fingerprint orientation of helix (b) Stablization
period and temperature duration of fingerprint structure at respective threshold
voltages, as a function of thickness to pitch ratio, d/p in planer cells.



With increase in external field, the structure of CLC1 changed from the Dv.M type
texture to the homeotropic texture, whereas for CLC4 the Gr.M type grating was seen
to be unwounded progressively with increasing field, and finally turned into

homeotropic texture at E,, [5], given by

4 k22 1/2

E, (’/p) (3.2)

Equating eq. (3.1) and (3.2) yields

1/2

k22 (d/p)l/Z (33)

E /E _—
uw th (2(6k22k33)1/2

It is generally known that the exact value for ky, cannot be experimentally measured
for our system BL036, nonetheless, using the experimentally obtained [20] value, that
is k»»~6.18 x 10"* N and substituting value of ks;= 27.0 x 102 N, eq (3) yields the
estimated value of E,,/Ey, 0.77 for CLC1 and 1.22 for CLC4. This result explains why
with the slightly increased external field, the structure changes from the Dv.M type
texture to the homeotropic texture for CLC1. A cholesteric planar texture with a larger
pitch required a smaller threshold E,, to transition into the homeotropic state.
Accordingly, for a cholesteric planar texture film with a small d/p ratio, E, is near or
smaller than Ey. Thus, when an external field is applied to rotate the helical axis of a
planar texture by 90°, the cholesteric-nematic transition occurs for Dv.M type gratings
almost immediately. For a sample with large d/p ratio, the E,y, is much larger than Ey,.
As a result, the Gr.M type fingerprint grating can be unwound progressively with

increasing field, and finally completely unwound to become homeotropic.



3.2.3 Pitch:

A sample cell of 5 m thickness containing randomly dispersed spacer particles was
filled with a nematic liquid crystal mixture and the same mixture was doped with
chiral impurity and sandwiched between 5 m cells under similar conditions. The
optical behaviour of these two cases yield interesting results as shown in fig.3.11 (a,b).
In fig.3.11 (a) the disclination shrunk to become virtually linear between the spacer
particles, in order to minimize the line tension associated with the disclination.
Whereas the reverse twist lines were bowed with the smaller radius of curvature being
associated with the shorter pitch length, consistent with nematic cell showing a
virtually infinite radius of curvature as shown in fig. 3.11(b). We strongly feel that the
bowing was caused by the introduction of the chiral dopant that favoured one sense of
twist but was prevented from forming a single twist domain by pinning of the
disclination lines. The disclination therefore increased its length and bows, driven by
chirality, until equilibrium was reached. The pitch (P) was calculated by measuring
radius of curvature (R) of the bowed disclination line [21], with the help of OLYSIA
BioReport software, through the relation

P=2R (3.4)

(@ (b)

Fig. 3.11 Cell containing (a) NLC and (b) CLC1 under crossed polarizers.



The pitch of the CLC sample is found to be decreasing with the increasing
temperature, and is explained by the equation [2]

1/p = (HTP) XcT (3.5)

Where p = pitch of chiral nematic liquid crystal, HTP = helical twisting power of
chiral dopant, Xc = concentration of chiral dopant, T = temperature of the
sample.

Fig. 3.12. shows a typical variation of helix pitch as a function of temperature.
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Fig. 3.12 Helical pitch as a function of temperature for CLC samples

3.2.4 Electro-optic Analysis:
3.2.4. (a) Transmission profile

The electrooptic response profile of the NLC and CLC samples as a function of
applied voltage (at 50 Hz), is shown in fig. 3.13(a). We noticed that the chirality
induced liquid crystal mixture shows lower transmission and higher threshold. At
lower applied field, the transmission shows fluctuations, possibly due to ionic effects.
The transmission remained constant for the lower temperature, but as the temperature
increases, we observed the increase in transmission. Although the trend observed for

all the five samples was same, but at higher temperatures the difference among the



NLC and CLC samples is quite low in comparison to lower temperatures, as is clearly

seen in fig. 3.13(b).
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Fig. 3.13: Electro-optic response of chiral nematic liquid crystal as a function of

(a) applied field and (b) temperature

3.2.4. (b) Response time:

The optical response time allow us to define not only the electro-optical properties of
the condensed materials but also their performance for practical applications. [The rise
time T, is taken as time required to get transmission change from 10 to 90% upon
switching ON the cell. Similarly, decay time t4 has been taken as time required for
transmission intensity to fall from 90-10%]. Response time of nematic liquid crystal
mixture is influenced by the torques associated with viscosity, elasticity and external
field. It is also affected by the inertia of nematic liquid crystal molecules and surface
anchorage effects [22-23]. For simplicity and convenience we assume that the
contributions from the surface elasticity and inertial effects are very small and thus
negligible in comparison to the viscosity. The rise time of a nematic liquid crystal

mixture can be expressed as

1

s (3.6)

Where, 1. = response time, y; = rotational viscosity, &= dielectric anisotropy, E=

external electric field




Experimental results are in perfect agreement with the theory, and the rise time is
decreasing with the increasing field strength and temperature. At about temperatures

10°C below Ty, it is having lowest value; it may be due to the smallest value of ratio

—L near the Ty [24]. The response time is generally found to be much faster then the

decay time. The electric field induces an external torque on each molecule, but when
the field is removed or reduced, interactions between liquid crystal molecules provide
the dominant restoring forces. These interactive forces are relatively weaker than the
torque caused by an external field, which leads to slower decay time [5].

The CLC sample shows the similar behavior as a function of temperature and voltage
changes, however a modification was noticed obviously due to the presence of
optically active dopant (OAD), that exerts the torque on the molecules and helps in
their rotation, thus decreasing the response time. The approximate relation for the
response and decay times for the field induced changes in CLC sample can be

expressed as [25]:

1

ol IEP ky PIP? (3.7)

I])2
k22 2

(3.8)

d

where t,and 1y = response time and decay time respectively, y; = rotational viscosity,
ko, = Elastic constant, €= dielectric anisotropy, P = pitch of CLC, E= external electric
field.

It is obvious from the above relation that response time of the CLC sample is supposed
to be faster in comparison to that of pure nematic liquid crystal mixture that explains
the trend in the response time for our mixtures, showing almost 2 fold and 2.5 fold
decrease in rise time and decay time respectively for CLC4 w. r. t NLC as is shown in
fig. 3.14 and 3.15. There is significant decrease in decay time with increasing chiral
dopant concentration, likely due to the increased elastic energy from helical structure,
at higher chiral concentration the decay of the transmittance is dominated by twisting

due to helical structure.
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3.2.5. Thermochromic response

The optical properties of chiral nematic liquid crystals and their mixtures make them
ideal materials for sensor devices. These are sensitive to physical changes like
temperature, pressure, electric and magnetic field and this sensitivity has been greatly
exploited for their potential application as thermal mapping in the medical field and
industrial testing [26-29]. In the recent past, their use in research and testing has
become increasingly widespread e.g. in flow visualization and heat transfer studies,
temperature fields and thermal mapping etc [30-32].

The temperature range over which the cholesteric liquid crystal shows sensitivity to
colour variations is its active range in which sensor characteristics are dominant [32-
35]. In this range, cholesteric liquid crystal molecules align to form a helical structure,
where pitch is a function of external stimulation (like temperature, pressure and
electrical field). At different temperatures, the pitch changes, so does the wavelength
of light either reflected or transmitted [1, 2, 36].

Light reflection has been used in thermochromic liquid crystal temperature
measurements but its main disadvantage is that the correlating equation for
temperature is sensitive to light intensity, lighting type and viewing angle [37-38]. In
addition, while the CLC materials display colour over its entire active range, the
reflection calibration generally utilizes only 25-50% of this range [33].

The light transmission properties of liquid crystals are used extensively in liquid
crystal display technology [39], however, little work has been done to characterize and
understand the effects of temperature on the light transmission properties of induced
CLC:s for sensing applications. Diankov et al. [40] reported measurements of the light
transmitted through polymer stabilized and polymer dispersed cholesteric liquid
crystals. They observed a modulation in the intensity of transmitted monochromatic
light with temperature change and showed that this activity occurs over a wide range
(outside the active range) of the liquid crystals. More recently, Roth et al. have studied
the transmission characteristics of thermochromic liquid crystals in detail and reported
larger calibration range and less sensitivity to lightning effects [33, 41].

In this section we are going to discuss the effects of chiral dopant in room temperature
nematic liquid crystal mixture on its thermo-chromic responses in terms of Red,

Green, Blue (RGB), hue and intensity of transmitted beam.



3.2.5. (a) Experiment

A room temperature nematic liquid crystal mixture, 4-pentyl-4’-cynobiphenyl and
optically active dopant CB15 (M/S E-Merck, Darmstadt, Germany) were used. Small
concentrations of chiral dopant at different wt/wt% have been diffused in the nematic
liquid crystal, 4-pentyl-4’-cynobiphenyl, to induce chirality in it. The sample cells,
prepared as explained in chapter 2, were placed on a temperature programmer cum hot
stage (Linkam TP92-THMS600, UK) with an accuracy of +0.1°C. For thermochromic
analysis, the measurements were conducted by slowly heating the sample@1°C/min
and acquiring thermal images of the sample cell on heating between crossed-polarizers
through polarizing microscope (OLYMPUS BX51P) fitted with digital camera (DP12)
with the help of OLYSIA BioReport software at different temperatures. Each image
was analyzed using the OLYSIA BioReport software to determine the amount of red,
green, and blue in a specified region of the image (generally consisting of ~10,000

pixels).

3.2.5. (b) Uncertainty Estimates

All temperature measurements used calibrated thermocouples with an uncertainty of
+0.1°C. The OLYMPUS DP12 is a 12 bit camera, which yields a resolution of 1/4095
(in arbitrary unit, (au)) on the measured RGB signals. We performed five tests on the
same CLC sample cells over the period of one month, to test the repeatability of the
sample cells. For all the four concentrations of chiral dopant, we measured a maximum

variation in the temperature calibration curve of ~0.15°C.

3.2.5. (¢) Thermochromic analysis:

The samples were calibrated for thermochromic response in RGB (red-green-blue) and
HSI (Hue-Saturation-Intensity) model space for colour. The RGB model is a model
used for describing colours generated additively, as is the case on a monitor screen.
RGB images, also referred to as true-colour image, can contain up to 16,777,216 (=256
x 256 x 256) different colours via the additive mixing of the three primary colours red,
green and blue. HSI is another model for describing colour values. HSI values of a
colour originate from RGB values via coordinate transformation. The HSI colour
space can be shown as in fig. 3.16(a). The central axis is the intensity, the distance
from the axis is the saturation and the angle corresponds to the hue. The colour wheel

(Fig. 3.16(b)), is a two dimensional projection of the HSI colour space. The saturation



increases towards the outer limits. The hue, saturation and intensity values are

automatically calculated and generated by the OLYSIA BioReport software.

white

Saturation
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Fig. 3.16 (a) Hue-Saturation-Intensity colour space (b) colour wheel (Hue-
Saturation-Intensity model)

The variation in hue as a function of temperature for all the four chiral induced
samples is shown in fig. 3.17 [42]. We observed that for CLC1, the hue varied rapidly
beyond 35°C for CLC1 whereas variation is not steep in other cases. Hue is maximum
for CLC4 over wide temperature range but attains a plateau. For sensing applications,

CLCI1 sample showed better response in comparison to other three samples.
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Fig. 3.17 Variations in displayed Hue with change in surface temperature for
chirality induced nematic liquid crystal samples.



The RGB variations as a function of temperature for CLC1 are shown in fig. 3.18. The
variation in average standard deviation with change in temperature of CLC1 for red,
green, blue and hue values is shown in fig. 3.19. The hue values are showing almost
69% less average standard deviation than red and green and 48% less average standard
deviation than blue. So we calculated the colour response in HSI model. Also the HSI
model is easier to understand than the RGB model because its parameters are more in

line with one’s own intuitive description of a colour.

] —0—Red cLet
160 4 —O— Green \—‘

20 30 40 50 60 70 80 90 100

Temperature( C)

Fig. 3.18. Red-green-blue variation with respect to temperature for CLC1
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The hue, saturation and intensity variation in CLC1 with change in temperature thus
obtained are as depicted in fig. 3.20. As is clear from the fig. 3.20, the CLC1 sample
showed the typical liquid crystal response, red at lower temperature limit of the
bandwidth passing through yellow, green, blue and violet at the elevated temperature,
thus having wide colour bandwidth starting from 30°C to 94°C, suggestive of its use as

sensor over wide temperature range.
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Fig. 3.20. Thermochromic response of CLC1 in terms of Hue-Saturation-Intensity
model as a function of temperature
3.2.5. (d) Ageing effect:

The stability of the samples for colour and performance was tested and analysed over
the period of two years. The variations thus obtained for sample CLC1 are shown in
fig. 3.21. The average change in the value of hue, saturation and intensity was found to
be very small, 2%, 3%and 2% respectively. This indicates the chemical stability of the

sample for long period.
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Fig. 3.21. Ageing effect of CLC1 in Hue-Saturation-Intensity model over period
of 2 years
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The chapter discusses the experimental findings on effects of doping
chiral molecules on electro-optic response of side chain liquid crystal
polysiloxanes. Three step reactions for synthesis of novel side chain
chiral liquid crystal polymers of high molecular weight has been
discussed in detail and the results of influence of chiral doping
introduced in the liquid crystal polysiloxanes on phase sequence and
electro-optic properties presented. The optical transmission increased
with increase in temperature and doping concentration. The liquid
crystal polymer showed chiral nematic phase from room temperature to
67°C and further chiral doping results in decrease in melting point of the
material. The refractive indexes of the materials were found to be in the

range of most commercial polymers suitable for switchable windows.



4.1 Introduction

Thermotropic liquid crystalline polymers (LCP) have been the subject of much interest
for both fundamental and applied research, due to their ability to combine the
properties of low molecular mass liquid crystal and those of a polymer. Liquid crystal
polymeric materials benefit over their small molecule LC counterparts from the
mechanical integrity that the polymer component provides to the system [1-5].
Although LCP are a subject of intense research, but until 1956 all known examples of
LC were only low molecular weight compounds. Robinson was the first to identify the
liquid crystallinity in an LCP, as an explanation for a birefringent solution of a
polymeric material, poly-y-benzyl-L-glutamate in chloroform, previously observed by
Elliott and Ambrose [6, 7]. Chemists then discovered that LCP may be readily
synthesized by covalently stitching small mesogenic units (rigid monomers) together
into a chain using flexible spacers, usually small carbon chains. Main chain LCP
(MCLCP) may be formed by incorporating the mesogens directly into the polymer
backbone while side chain LCP (SCLCP) may be formed by using flexible spacers to
attach mesogen as pendant groups to polymer backbone [8, 9] (Fig. 4.1).

Liquid Crystal
Macromolecular Representation Remarks
Polymer
MCLCP are usually
i . classed with
MCLCP monel, Tjorre] e S TN construction materials.
1: mesogenic unit , 2:
spacer
SCLCP are called
SCLCP 3 functional materials; 1:

mesogenic unit,
2: spacer, 3: main chain

Fig. 4.1 Schematic representation of macromolecules of liquid crystal polymers

[10].



In a manner analogous to low molecular weight liquid crystals, liquid crystal polymers
show the nematic structure characterized only by the orientational order, the smectic
structure accompanied by formation of the layered structure (Fig. 4.2) and the chiral
nematic helical structure, which appears when chiral moieties are present in
macromolecules (dark brown rods in fig. 4.2). The latter structure is interesting from
the viewpoint of its unique optical characteristics, in particular selective reflection of
light in certain spectral regions. The LC state is attained in the temperature interval
between glass transition temperature 7, (or melting 7y, if a polymer crystallizes) and
the isotropic temperature 7Tis,, above which the LC polymer looses its LC properties
and transforms into an isotropic melt. In this temperature interval the LC polymer
behaves as a low molecular mass liquid crystal and gives rise to N, Sm or N*

mesophases [10].

Structural Representation of LCP Mesophase

Nematic structure , with orientational order =~ Smectic structure with characteristic layered

structure.

Chiral nematic mesophase charcterized by a
supramolecular structure with helix pitch P corresponding to the turn of the director at an

angle of 2 and a period of change in optical properties of d = P/2

Fig. 4.2 The types of mesophases of liquid crystal polymers [10].



Side chain liquid crystal polymers (LCPs) are quite peculiar systems combining the
characteristic features of classical polymers with the rich phase behaviour and the
structural diversity of low molecular weight LCs and that’s why although being first
introduced in late 70’s only, several thousand SCLCPs have been synthesized. Side
chain polymer liquid crystals exhibit better mechanical and electro-optic properties for
applications in optically nonlinear devices including optical wave-guides and electro-
optic modulators in poled polymeric slab wave-guides, optically addressed spatial light
modulators, tunable notch filters, optical amplifiers and laser beam deflectors. SCLCP
displays have also a number of advantages over low molar mass liquid crystal systems
like simple and minimal fabrication cost and high flexibility [11-13].

The first SCLCPs were synthesized by Finkelmann et.al. using a polymethacrylate
backbone [14-15]. These researchers discovered that liquid crystallinity could be
maintained within a side group LC polymer if a flexible spacer is used to decouple the
mesogen from the backbone. In addition to enabling LC behaviour of polymers, the
flexible spacer and the degree of decoupling dictates the type and speed of responses
that external fields induce. This discovery of Finkelmann started a flurry of research
activity into the area of SCLCP. The outcome is that several thousand SCLCP have
been synthesized, many different types of mesogens have been attached to variety of
different polymers and many types of LC mesophases have been realized in polymer
LC. To date the most common backbone for SCLCPs include polyacrylates,
polymethacrylates and polysiloxanes. These comb like LCPs have been interested for
their mesophase properties caused by the low molecular weight liquid crystalline side
chain and the excellent mechanical properties offered by the polymeric backbone.
Provided that long enough spacers are inserted between the polymer backbone and the
mesogenic side groups, nematic order can persist despite the steric constraints imposed
by the polymer chain in the side chain liquid crystal polymer systems. Much of the
research focus has been on the polysiloxanes since they are known to be low glass
transition temperature (T,) substituted materials because of the flexibility of the
backbone and thus desirable in electro optic applications [16-19].

Due to their special physical properties and potential technical applications, chiral
mesophases have grown to be a central topic in liquid crystal research [20-22]. Until
now most liquid crystals with chiral mesophases have incorporated a centre of
chirality. Only a few examples of mesogenic compounds and dopants that possess an

axis or a plane of chirality have been reported [23-24].



In this chapter we represent the experimental results of the influence of chiral doping
on the physical properties of the liquid crystal polymers. Our preliminary results
indicate the chiral doping enhances the range of applications of the synthesized liquid

crystal polymer.

4.2 Experimental

Dichloro silanes were procured from M/s Fluka (99% purity), 5-bromo 1-pentene of
99% purity was procured from M/s Sigma-Aldrich. Solvents (toluene, diethyl ether,
butanone, tetra hydro furan and ethanol of AR grade) were procured from M/s Sd fine
chemicals, India. The catalyst for hydrosilylation (hexa chloro platinnic acid) was
procured from M/s Sigma-Aldrich. Plasticizer dibutyl tin dilaurate was procured from
M/s Sd fine chemicals and chiral dopant C15 was procured from E-Merck, Darmstadt,
Germany.

All other chemicals like sodium chloride, potassium carbonate and potassium
hydroxide were procured from M/s Sd fine and M/s Ranbaxy chemicals, India. All the
chemicals received were used as received without further purification.

The liquid crystal polymers were synthesized and for characterization sample cells

were prepared as given in detailed method in chapter 2 of this thesis.

4.3 Results and Discussion

4.3.1 poly (hydrogen methyl) siloxanes

4.3.1 (a) Synthesis

Poly(hydrogen methyl) siloxanes were synthesized by controlled hydrolytic
condensation of di chloro(hydrogen methyl) silanes (M/s Fluka) using saturated
solution of sodium chloride in water in 1:2 ratio(v/v) at 0-5°C over a period of 2 hours
in inert nitrogen atmosphere. The reaction mixture was kept at room temperature for 4-
5 hours to attain the desirable viscosity. The polymer was extracted with diethyl ether
and dried over anhydrous sodium sulfate [24]. Vacuum treatments were carried out to
remove traces of solvent and impurities. The synthetic route for the preparation of the

polymer is given in scheme 4.1.



Scheme 4.1
CH3 CH3

Cl Si C1 + H,0O HO Si OH

H H

4.3.1 (b) Characterization

Viscosity:
The solution viscosity of polysiloxanes was measured using Ubbelohde viscometer at

30 0.50C in toluene. The value of intrinsic viscosity [ ] was calculated by plotting a

graph between ,/C (specific viscosity/concentration) and concentration (C) and is

found to be 0.06dl/g.

Infrared Spectroscopy:

Poly (hydrogen methyl) siloxanes synthesized in the present study have been analyzed
using Perkin —Elmer Infrared spectrometer (Model FTIR 1720X). In this spectrum,
there was no peak at 666 cm™ due to Si-Cl confirming the complete hydrolysis of
silanes to form poly (hydrogen methyl) siloxane. Further presence of Si-O-Si, Si-C, Si-
H and C-H peaks in IR spectrum of poly (hydrogen methyl) siloxane is in conformity
with the reported literature [25].

4.3.2 Mesogenic unit (4-pentenyloxy-4’-cyano biphenyl)

4.3.2 (a) Synthesis

The liquid crystal mesogens were synthesized using well known reaction method. The
mesogens are synthesized by reacting equimolar quantities of 5-bromo-1-pentene and
4-hydroxy-4’-cyano biphenyl in dry butanone in presence of potassium carbonate.
From the reaction mixture, the organic layer is separated and is washed with 5%
potassium hydroxide followed by distilled water several times. The liquid crystalline

material 4-pentenyloxy-4’-cyano biphenyl was extracted by evaporating the solvent



under reduced pressure. The resulting liquid crystal materials were extracted and
purified using repeated recrystallization of these materials in ethanol. The synthetic
route for the preparation of these mesogens is given in scheme 4.2. These materials

were then characterized using IR spectroscopy.

Scheme 4.2

OH @ @ CN+CH,=CH (CH2),, Br

CH2=CH—(CH2),,0 @ @ CN

4.3.2 (b) Characterization

IR spectroscopy:

The liquid crystal mesogens were characterized using Perkin—Elmer Infrared
spectrometer (Model FTIR 1720X). In these spectra, the characteristic peaks due to the
functional groups, C N, C-H, were observed and confirmed the preparation of these

liquid crystalline moieties.

4.3.3 Side chain siloxane liquid crystal polymers

4.3.3 (a) Synthesis

The liquid crystal polymers were synthesized by reacting polysiloxanes and
pentenyloxy cyano biphenyl in presence of hexa chloro platinnic acid catalyst in
toluene medium at 60°C. The liquid crystal polymers were extracted and purified, we
term it as SCLCP (A). The liquid crystal polymer obtained was further doped with
mixture of plasticizer dibutyl tin dilaurate and chiral dopant C15 and we term it as
SCLCP (B). The plasticizer increases the interchain distance of polymers and induces
the proper mixing of the chiral dopant in LCP. The increase in the intermolecular
distance induces the free rotation of the groups in the polymer chain and reduces the
phase transition temperatures (both glass transition and liquid crystal phase transition).

The resulting SCLCPs were characterized using differential scanning calorimeter and



polarizing microscopic textures. They show higher flexibility due to the flexibility of
siloxane backbone and addition of plasticizers and higher liquid crystalline range due
to the low glass transition temperature of polysiloxanes. The synthetic route for the

synthesis of liquid crystal polymers is given in scheme 4.3.
Scheme 4.3

CH;

[Si O]n + CH2=CH (CH,); O @ @ CN

H H,PtCls.xH,O/Toluene

CH;

[Sl'o]m

CH2

w e en o (9 (O o

CHj

4.3.3 (b) Characterization

IR Spectra:

The absence of the Si-H bond at 1050cm™ and the functional groups due to the CH3,
CH2 and CN bonds near 2200cm™ confirm the formation of the polysiloxane based
side chain liquid crystal polymers.

Optical polarizing microscopy:

The optical textures of SCLCP (A) and SCLCP (B) observed under crossed polarizers
using Olympus polarizing microscope (model BX51P) are shown in fig. 4.3. The
materials were found to show the chiral nematic phase as is visible through the typical

fingerprint texture of both the samples.



Fig. 4.3 Micro texture of SCLCP samples at (a) 35°C and (b) 60°C of SCLCP(A)
(¢) 35°C and (d) 60°C of SCLCP(B) at 10X [26,27]
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Fig. 4.4. The temperature dependence of pitch for SCLCPs

As it is clear from the micro-textures, the pitch of the materials is observed to be
temperature dependant. The pitch of the SCLCPs were measured over the liquid
crystalline range using Linksys software and it was found that unlike most of the chiral
nematic liquid crystals, the pitch of the synthesized chiral nematic liquid crystal
polymers of high molecular weight show the increase with the temperature. This may
be due to the dynamic motion of the polymer with the increase in the temperature. As
the temperature is increased, the polymer molecules which are coiled may be getting
uncoiled changing the average shape of the molecules and increasing the pitch of the
materials. The pitch of the material is decreased around 2-2.5 fold by doping with the
chiral material. The dependence of Pitch with the temperature is plotted as shown in

fig. 4.4.
Differential scanning calorimetry

The siloxane based liquid crystal polymers were characterized by differential scanning
calorimetry which is a complementary technique to the polarizing microscopy. The
phase transitions observed by polarizing optical microscopy were also observed in

DSC confirming the phase transitions. The chiral doping thermally stabilizes the phase



at 49°C as indicated by increase in enthalpy from 7.37 J/g to 11.69 J/g. The melting
point of the polymer also reduced from 68°C to 61°C with addition of chiral dopant
and plasticizer. It may be due to the increase in the flexibility of the system. The

thermographs of both the SCLCPs are shown in fig. 4.5.
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Fig. 4.5 Thermal profile of (a) SCLCP (A) and (b) SCLCP (B)



Refractive Index Measurements

Refractive Index of the SCLCPs with and without chiral impurity (A and B
respectively) was studied using Abbe’s Refractometer. The refractive index of SCLCP
(A) was found to be 1.63 whereas the refractive index of SCLCP (B) was found to be
1.57. The refractive index of both Liquid crystal polymers are in the range of refractive
index of so many commercial polymers making the possibility to use in Polymer

dispersed liquid crystal systems enhancing the range of applications.

4.4 Electro-optic properties

The voltage dependence of the output transmission at different temperatures for Liquid
crystal polymer of high molecular weight with and with out chiral impurity is shown in
fig. 4.5. It depicts that as temperature increases, the transmission increases and slightly
shifts to higher applied voltage. Primarily it may be due to the decrease in order parameter
with an increase in temperature. Another possible reason for increasing the transmission
with temperature may be due to decrease in anchoring energy of liquid crystal polymer
network.

It was also found that the doping of chiral material influences the output transmission. At
lower temperatures, the transmission increases around 1.3-1.5 folds, whereas, at higher
temperature, very negligible change was observed. This may be due to the dynamic
motion of the polymer with the increase in the temperature, leading to suppression of

the difference between chirality doped and undoped samples.
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Overview

This chapter describes the experimental results on the morphological,
opto electronic and opto dielectric responses in chiral smectic C liquid
crystal mixture, containing low concentration of carbon nanotubes. The
results indicate increase in optical transmission and reduction of
threshold voltage by about 40% with the CNT dispersion. We observed
that embedding the CNTs in LC matrix results in the increase of
dielectric constant (by about 27%). Relaxation peaks at 300Hz and 500
kHz were observable that corresponds to Goldstone mode and Soft mode
respectively for undoped chiral smectic C liquid crystal. On CNT
dispersion the relaxation frequency corresponding to goldstone mode
shifts to 400Hz where as soft mode frequency was unchanged and with
high bias field (10V) the domain mode is observed corresponding to
relaxation peak at 500Hz.



5.1. Introduction

Chiral Smectic C (SmC*) liquid crystal (LC) phases with tilted structure exhibit
interesting physical properties [1-2]. Due to lower symmetry, they possess
spontaneous polarization and thus show ferroelectric behaviour in liquid crystals. The
possibility of this phase was first envisaged by A. Saupe [1] and experimentally
demonstrated by R. B. Mayer et.al. [2]. Over the years, lot of focus in liquid crystal
physics and device properties concentrated on these materials [3-6] because of their
fast electro-optic responses.

In the recent past, many researchers have explored the possibility of improving the
performance of opto-electronic LC devices by dispersing low concentration of nano-
particles into a LC matrix [7-10]. Among them the carbon nanotube (CNT)-LC
composite is a unique assemblage of an anisotropic dispersion (CNTs) in an
anisotropic media (LC) making it multifaceted composite to study the physical
properties and morphology [11-15].

The earlier work on CNT-LC composites is reported with nematic liquid crystal (NLC)
systems [16-18] and only few researchers have studied the properties of CNT-SmC*
composites [19-22]. Some reports suggest a faster response time and reduced threshold
voltage with CNT dispersion but there is scarcity of collective dielectric studies
indifferent SmC* based materials. Arora et al. [22] reported about 0.01% CNT
dispersed in SmC* had decreases the dielectric permittivity in comparison to undoped
system and increase in ~ at lower frequency for bias measurements. Prakash et al.
[21] reported increase in conductance due to increase of by about one order of
magnitude with 0.5% CNT. Podgorov et al. [19] observed a decrease in spontaneous
polarization, dielectric permittivity. They reported increase in Goldstone mode (GM)
relaxation frequency with 0.01% single walled CNT (SWCNT).

In this chapter, we present the experimental findings, in the opto-electronic and opto-
dielectric behaviour of a chiral liquid crystal material containing low concentration of
carbon nanotubes. We observed that embedding the CNTs in LC matrix results in the
increase of dielectric constant and enhancement of optical transmission, which we

believe could be due to the strong interaction between respective systems.



5.2 Carbon Nano Tubes

Carbon nanotubes, made of pure carbon, are regular and symmetric as crystals. These
exquisitely thin, impressively long macromolecules have been the object of intense
scientific study ever since their discovery in 1991 by lijima [23]. The bonding in CNTs
is sp’, with each carbon atom joined to three neighbouring atoms, and forms a
hexagon, as in graphite. If one of the graphitic sheets of carbon atoms is rolled up into
a cylinder a mere millionth of a millimeter across, a nanotube is formed as shown in
fig. 5.1. There are two main classes of CNTs with high structural perfection, single
walled carbon nanotube (SWCNT) which has a single cylindrical wall and multi-
walled carbon nanotube (MWCNT) composed of several such concentric cylinders
nested within one another. The lengths of both types vary largely, depending on the
way they are made, and are generally microscopic rather than nanoscopic, i.e. greater
than 100 nanometers. These are usually produced by three main techniques, arc-

discharge, laser ablation and chemical vapour deposition (CVD) methods [24-30].

Fig. 5.1 A sheet of carbon atoms covalently bonded in hexagonal arrays, rolled

into a hollow cylindrical SWCNT [27].

Single-walled carbon nanotubes

Most single-walled carbon nanotubes (SWCNT) have a diameter close to 1 nanometer,

with a tube length that can be many thousands of times longer. It is generated when a



graphene sheet of a certain size is wrapped in a certain direction. The way in which the
grapheme sheet is rolled affects the conductance of the nanotube, its density, its lattice

structure, and other properties.

Multi-walled carbon nanotubes

Multi-walled carbon nanotubes (MWCNT) consist of multiple layers of graphite rolled
in on them to form a tube shape. There are two models which can be used to describe
the structures of multi-walled nanotubes. In the Russian Doll model, sheets of graphite
are arranged in concentric cylinders, e.g. a (0, 8) within a larger (0, 10) SWCNT as
shown in fig. 5.2. In the Parchment model, a single sheet of graphite is rolled in around
itself, resembling a scroll of parchment. The interlayer distance in MWCNTs is close
to the distance between graphene layers in graphite, approximately 3.3 A. MWCNTs
are typically 100 times longer than their width and have outer diameters mostly in the

tens of nanometers, typically in the range of 5 nm to 50 nm [31-33].
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Fig. 5.2 Structure of Russian Doll model MWCNT (a) Front view and (b) Side
view [34].



5.3 CNT-liquid crystal composites:

The CNT composite has become one of the fascinating research areas for
technological applications as the performance of host materials improves significantly
by an addition of a small amount of CNTs. It is possibly due to unique atomic and
electronic structure of one dimensional carbon nanotubes. Among various CNT
composites, the liquid crystal LC composite attract special interest of researchers
because of the unique assemblage of anisotropic media. [35-38].

As an essential prerequisite for realizing the technological applications it is crucial to
obtain a uniformly dispersed CNT suspension. The one of the most challenging tasks
is to homogeneously disperse the CNTs into the liquid crystal host, as CNTs have a
tendency to aggregate into networks and fibrils (MWCNTs) within the dispersion due
to the van der Waals interaction between the nanotubes [27]. To overcome this, the
CNT-liquid crystal composites were normally prepared by ultrasonification of an
initially homogeneous solution of liquid crystal (LC) and nanotubes. Fig. 5.3(a) shows
optical textures of the SmC* mixture with 0.1%CNT prepared manually by shaking
the compound. Optical micrograph shown in fig. 5.3(b), exhibiting 0.1%CNT
dispersed through sonification is suggestive of a finer dispersion of nanotubes in the

liquid crystal matrix. The detailed procedure is described in chapter 2 of this thesis.

Fig. 5.3 Optical micrographs (10X) of 0.1% MWCNT in SmC* (a) with manual
shaking (b) after sonification at reduced temperature (AT= -30°C).



5.4 Dielectric Relaxations in Chiral Smectic Liquid Crystals:

In this section the possible relaxation processes in the chiral liquid crystal phases have
been discussed. Both types of molecular processes i.e collective and non-collective
exists in chiral liquid crystal phases. Different relaxation processes in chiral smectic

phases are shown in fig. 5.4.
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Fig. 5.4 Frequency dependence of the perpendicular component of the

complex dielectric permittivity in chiral smectic phases. The spectrum exhibits

relaxation processes of collective and non-collective modes.

The chirality of molecules has two effects on the system in the tilted phase. First, the
tilt locally breaks the mirror symmetry w.r.t. the plane of tilt and normal to the smectic
layers. Therefore, a transverse spontaneous polarization is induced locally, which is
perpendicular to tilt direction and is normal to the layers. Second, because of the chiral
character of the molecules, the tilt is not homogeneous. The molecules within one
layer are tilted uniformly but the direction of tilt precesses around the normal to the
smectic layers as one goes from one smectic layer to another. Together with the tilt,
the transverse electric polarization, which remains locally perpendicular to the tilt,

forms a helicoidal structure (SmC* phase) [39-41].



The projection of molecules into the smectic phases (which are taken to be parallel to

the XY plane) is described by an order parameter

A A

I 4 (5.1)
The induced transverse in plane polarization perpendicular to the direction of tilt (Fig.

5.5(a)) is given by

A

P P.x Py (5.2)

Denoting the wave vector of helical pitch po, as q=2 /po, for small tilt angles we can

write

., n.n ,Cos(qZ), , n.n, 0Sin(qZ)

X "z

(5.3)

P, F, Sin(gZ) P, P,Sin(qZ)

Where Z = co-ordinate normal to the smectic planes. ¢ and Pjare the magnitude of tilt
angle and spontaneous polarization respectively [42].

It has been seen that even if the system exhibits a local net polarization, the
macroscopic average of this will be zero. Applying an electric field of magnitude E
parallel to the smectic layers will however disturb the helix in such a way that an
average macroscopic polarization <P;> is induced. Here it has been assumed that the
field acts in the X-direction. On the other hand, there exists a quadratic field effect,
which originates in the dielectric anisotropy of molecules. The dielectric anisotropy is

defined as

= - (5.4)
This describes the tendency of electric field to align the molecules with their axis of
the largest dielectric susceptibility in the direction of field [40-41, 43-44].

The disturbance of equilibrium order parameter, when an electric field is applied to the

system (parallel to the smectic layers) can be divided into two parts.
1) Amplitude changes (change in the magnitude of tilt ( and polarization Py)
i) Phase changes (i.e. changes in the direction of tilt and the polarization)

Hence, dielectric response of the system will consist of four parts (apart from the high
frequency electronic response), two of that are connected to director reorientation and

two connected to reorientation of the polarization. Denoting the amplitude changes by



jand P and the phase changes by ;and P, (Fig. 5.5 (b,c)), we can express

order parameter as

() 4 Cos(gZ) () Cos(gZ)  ,(t) Sin(gZ) )

(0, Cos(qZ) () Sin(qZ)  ,(t) Cos(qZ)
(5.5)
P(5) P, Sin(gZ) P()Sin(qZ) P,(t) Cos(qZ)

P(t) P Cos(gZ) P()Cos(gZ) P,(t)Sin(gZ)
/

Linear combinations of the director reorientation modes are commonly denoted by the

soft (amplitudon) mode “SM” and the Goldstone (phason) mode “GM .

Linear combinations of the polarization reorientation modes are the polarization soft
mode “PSM”, and the polarization Goldstone mode “PGM”, the relaxation frequency
(f;) of which has been reported to be of the order of S00MHz. These two modes appear

due to the molecular rotation around long axis of the molecule.

For each mode at a given temperature contribution to the dielectric constant decreases
with increasing frequency of the field from the low frequency value (f<<fj) to zero.
This value is adopted when the value of the applied electric field is so high (f>>f;) that
the mode cannot follow the electric field, where f; is the characteristic relaxation
frequency of that mode. The difference between the low and high frequency
contributions of the mode to the total dielectric constant is called the dielectric strength

of the i mode and is denoted by (D).
= 0- (56)
Where and , are the infinite frequency and static relative dielectric constants

respectively. The dielectric strength is related to the average induced polarization as

P
oA (5.7)

where E is the magnitude of a static applied electric field and , being the permittivity
of free space.
Several relaxation mechanisms, each of which is connected to a characteristic

relaxation frequency contributes to complex dielectric constant *( , T), given by



. .7 "7 (5.8)
Where =2 fis the angular frequency of applied field and T is the temperature of the
system. ( , T) is the real part and ( , T) is the imaginary part of the dielectric

constant respectively [45-46].
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Fig. 5.5 Introduction of the order parameter and P and their changes due to the
application of an electric field to the system. The amplitude changes connected to
the SM are denoted by ;and P; while the phase changes connected to the GM
are denoted by and P,. (a) order parameters (b) amplitude changes (SM) (c)
phase changes (GM)

5.4.1a Debye Type Relaxation: On application of an electric field to some medium,
polarization of the medium approaches its equilibrium value exponentially with time.

Decay function (t) is defined by

(&) exp( t/) (5.9
Where is the relaxation time, which is independent of time, but depends on
temperature. This type of relaxation is known as Debye type relaxation.
Thus, with the assumption that relaxation behaviour of each mode is characterized by
one single relaxation frequency (Debye relaxation), we can write the complex
dielectric constant of the SmC* phase as

,(T) 0
1 i 1 i

i i

*(.T1) (5.10)

Where ; (T) is the dielectric strength and ; =1/2 fj is the relaxation frequency of the
corresponding mode. The generalization of the Debye formulation describes a
dielectric process with a discrete distribution of relaxation times associated with a

single dielectric process. On comparing Eq. (5.8) and Eq. (5.10), we obtain



() e (5.11)

() — (5.12)

is also known as the dielectric loss factor. D the dissipation factor i.e. the dielectric

loss is given by

D (—)) (5.13)

Eq. (5.11) and Eq. (5.12) are Debye equations. Debye type relaxation is best visualized
by Cole-Cole plot as shown in fig. 5.6[47-48].
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Fig. 5.6 Cole-Cole plot for a Debye dielectric relaxation

5.4.1b Distribution of Relaxation Times: Majority of LCs show a distribution of
relaxation times. One can also assume that the relaxation time has a continuous
distribution of dielectric relaxation times and is due to the superposition of several

types of absorption. Eq. (5.11) and Eq. (5.12) are modified to

1 G(_2) _d (5.14)

Where G( ) is the distribution function for relaxation times

60 (5.15)

Cole-Cole suggested an empirical distribution about a mean relaxation time , leading

to complex permittivity as



() — (5.16)

Lao
Where ; is the distribution parameter i.e. the spreading factor for a particular
reorientation process. The value of ; lies between 0 and 1. ;= 0 corresponds to a single

relaxation time; while ; close to 1 corresponds to an infinite distribution of relaxation

time. Here also Cole-Cole plot provided an elegant method of finding out whether a
system has a single relaxation time. This plot is also useful for the characteristics of

different types of distribution function and is widely applied [48].

By splitting Eq. (5.16) into its real and imaginary parts, we get

Sinh(1  )In

Lo, i 1 (5.17a)
2 Cosh )i Sin
1 Coshl 0

and SCo ) 2 1 (5.17b)

Cosh[1 )In ] SinE

5.4.1c Distribution of Relaxation Times in Chiral SmC Liquid Crystals: As
discussed, the dielectric response of the system in ferroelectric SmC* LCs consists of
four modes (apart from the usual electronic order parameter). Two high frequency modes
and two modes of lower frequency connected to the reorientation of director (Fig. 5.7).

The frequency dependence of the * complex dielectric permittivity in the SmC* phase

can be presented as (when an electric field is applied parallel to the smectic layers)

) e N rai_ P (5.18)
1 (@ GM) a1 (@ SM) sm 1 @ PGM) o (f PSM) Psvt

Here the second term is connected with GM, third with the SM. fourth and fifth term is
connected with the molecular reorientation around their long and short molecular axes

defined as the polarization modes due to the PGM and the PSM.
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Fig.5.7 Schematic predicted temperature dependence of order parameter
relaxation frequencies in SmC* at Tc«a. Mode 2 is the GM and mode 3 SM of the
SmC* phase.

In the SmA phase, =Py =0, so that only amplitude changes are present. The system
thus exhibits a double degenerated soft director mode and a double degenerated high-

frequency polarization mode. The complex dielectric constant in this case is written as

(1) pa(T)

() . ; (5.19)
1 G g )1 LA gy )1 "
However for frequencies upto approximately SOMHZ the valid expression from
Eq.(5.18) is
() ou D) su (@) (5.20)

LG o) ™ 1 G ) ™
The SM contribution shows up practically in the vicinity of SmC*-SmA transition
(Tc#a). The term SM arises from the fact that, by approaching Tc+a, the binding force
or the corresponding elastic constant gets soft for a certain mode of vibration.

Accordingly, we can say that any mode, when approaching Tc«a characterized by
0 and 0 (5.21)

is a soft mode. If the SmA phase is cooled down and allowed to approach Tcxa, the
elastic constant controlling the tilt fluctuations gets soft. Thus the fluctuation
amplitude increases drastically and its susceptibility diverge at Tcxa. The softening of
this elastic constant means that the phase will lose its stability gradually until it

becomes unstable and the molecules fluctuate collectively (Fig. 5.8 (a)). When a weak



(@

electric field is applied in a direction perpendicular to the director it can easily perturb
the tilt fluctuation depending on how close the system is to Tcxa. The system becomes
soft against these fluctuations. The mechanism is usually observed in the kHz range
with strong temperature dependence. In other words, the molecules collectively
oscillate around the smectic cone. This mode is called GM (Fig. 5.8 (b)). This process
has a characteristic frequency, which varies in the range of a few kHz with weak
temperature dependence. These modes are thermally activated. Both of them could be

measured in the planar orientation [45, 49].
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Fig. 5.8 Geometry for the a) Soft mode contribution b) Goldstone mode

contribution

5.4.2 Effect of Bias voltage:

A bias electric field is one of the important parameters that strongly affect the
dielectric properties of chiral smectics. The researchers [49] have reported on the
appearance of periodical structure on the application of d.c bias on the GM. It
suppresses the GM and at certain bias (higher than the critical field) a new modulated
structure gives rise to a domain mode “DM”. The effect of bias field on the dielectric
increment and relaxation frequency of the GM have been studied by many authors [50-

53].



5.5 Dielectric measurements:

(a) Measurement technique

The evaluation of experimental data is much facilitated by Cole-Cole plot or arc plot
[48]. For a dielectric with a single relaxation time the Cole-Cole plot is semicircle. A
simple evaluation of the Debye Eq. (5.11) and Eq. (5.12) shows that the equation
between the real ( ( )) and imaginary part ( ( )) of the dielectric constant is the

equation of a circle

(s ) (5:22)

N

() = C )

The Cole-Cole plot provides therefore an elegant method of finding out whether a

system has a single relaxation time. This plot is also useful for the characterization of

different types of distribution function, and is widely applied.

The arc plot of a dielectric with a single relaxation time is shown in fig. 5.9. A given

point on the semi-circle corresponds to the frequency while the summit corresponds
=1. The plot has the disadvantage that the does not appear in it. Any material with

a single relaxation time characterized by gand gives the same arc plot.
The plot in Fig 5.9(a) can be considered in cartesian co-ordinates but its treatment is
mathematically more elegant in the complex plane. A point on the semi-circle defines
two vectors U and V.
By virtue of the construction U - V.= (- ,while U= ( )- +1 ( )by
definition
If the Debye equations apply

VUi (5.23)

Which signifies that the two vectors are at right angles to each other, since

multiplication by i signifies rotation by /2 in the complex plane.



Cole and Cole generalized the representation of a Debye dielectric by a circular arc
plot in the complex plane so that it applies to a certain type of distributions of

relaxation times (Fig.5.9 (b)) and it is defined as

— ) (5:24)

Where and  are the constants defined as the relaxation time (=1/2 fj) and the
distribution parameter of the corresponding relaxation mode. f; is the relaxation
frequency of the relaxation mode. For any point on the arc defined by plotting ( ) as
a function of ( ) the angle between U and V is (1- ) /2. This is the case for two
secants of a circle, where the radii drawn from the center of circle subtend an angle

(1- ) as shown in Fig.5.9(b) and the construction of the circle follows the diagram.

The corresponding dielectric constant has already been explained in Eq. (5.16). Where

Voo () ()" (5.25a)

u () () (5.25b)
() = Real dielectric constant at a particular frequency
() = Imaginary dielectric constant at that frequency

(0) = Low frequency dielectric constant where the Cole-Cole plot cut the abscissa
axis at the lower frequency side.

() =High frequency dielectric constant where the Cole-Cole plot cut the abscissa
axis at the higher frequency side.
The difference of (0) and ( )from the Cole-Cole plot gives the dielectric strength of
that mode. A plot of log;o(V/U) versus log;of gives a straight line. The intercept on the
abscissa corresponds to f,. and the slope gives the distribution parameter . The data
points may deviate from the straight line because at low frequencies, the value of
(V/U) is very small, as V is small and at high frequencies (V/U) is large, as U is small.
This makes the value of log;o (V/U) very sensitive to the choice of C (0) and C ( )
[54].
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Fig. 5.9 Arc plot for (a) Debye dielectric (b) dielectric with a Cole-Cole

distribution characterized by the parameter

(b) Low and high frequency correction
The quantitative evaluation of the dielectric measurements in the frequency range up
to 10MHz is relatively straight forward. However, there are at least two sources of
systematic errors:

< At low frequency, due to freely moving ions

<~ At high frequency due to resistance of ITO conducting layer and

lead inductance.



Therefore corrections are needed to get correct value from measured data. It is
however, possible to subtract the background from the spectrum to get the correct
contribution, through fitting the experimental data to some function.

Liquid crystal mixtures are not ideal dielectrics i.e. there are certain concentration of
charge carriers, which can move freely in the mixture on the application of the electric
field. In the low frequency dielectric measurement, if the dc conductance due to ionic
charges of the sample is comparable to the ac conductance, the effect of electrode
polarization is observed in such a way that measured values are very large. lonic
conductance and associated electrode capacitance have profound effect on measured
data in liquid crystal mixtures at frequencies less than 10 KHz. In this regard an
admittance model was proposed by Srivastava et.al. [55], according to this model C

12 Therefore

(dc) is a frequency dependent function, increasing with frequency as a (f)
measured dielectric spectrum in low frequency region has a contribution from dipolar
orientation and the freely moving charges that can be written with Cole-Cole

eq. (5.16) as

(Ae), A . (dc)

T Gen 7 o e, *
5.26)

Where '(«) is the high-frequency limiting value of the relative dielectric permittivity
and (dc) is the ionic conductivity. A , tand are dielectric strength, relaxation time
and distribution parameter (0< <1) respectively, A, n and k are fitting parameters and
value of k is usually 1 for dc conductivity, ¢ (=8.85 pF/m) is the free-space
permittivity. Second term in above equation is Cole-Cole term for relaxation modes
present in the dielectric spectrum where i represent number of relaxation modes.
In the high frequency region above 100 KHz, the contribution from the freely moving
ions becomes negligibly small. However, the loss of energy due to the resistance of the
ITO layer becomes dominating resulting in a pronounced increase in absorption with
increasing frequency. Gouda et al. [56] have proposed a high impedance model to
account for ITO effect in which cut-off frequency of the cell is given by the inverse of
RitoC, where R is the resistance due to ITO coating on glass electrodes. Thus in
order to diminish the effect of ITO layer by shifting it to high frequency it is important

to use glass electrodes of very low resistive layer. An additional imaginary term B ™ is



added in the imaginary part of Cole-Cole eq. (5.16) to partially account for ITO effect,
where B and m are constants as far as correction terms are small.
"B " Im{'() #} (5.27)
cLGoptY
Generally one may get a dielectric spectrum with pronounced background from both

low and high frequency effects. On adding eq. (5.26) and (5.27) we get

il G(OA) :’))(I - 0‘:‘—n j#d"k) Bo™  (5.28)
Thus by fitting the frequency dependence of the dielectric spectrum to a proper
function, it is possible to correct for the background in the dielectric spectrum at low
and high frequencies in order to correctly characterize the dielectric parameters.

In the present work, the dielectric parameters of all the relaxation modes present in the
chiral liquid crystal mixtures have been calculated by fitting eq. (5.28) on the
experimentally obtained results, with the Origin software. The software finds the mean
deviation of the dielectric spectrum from the measured values minimizes it and finds

the optimum parameters and also displays the fitted curve relative to the experimental

curve.
5.6. Results and discussion

5.6.1 Phase transitions and morphological behaviour of CNT dispersed SmC* LC

The phase sequence and transition temperature of undoped SmC* material, were
-20°C 61°C 73°C 83°C _
Cryst —» SmC* — SmA —» N* — [sotropic

And the variation in phase transition temperatures after dispersing 0.05% and 0.1%
CNT respectively, as observed through optical polarizing microscopy and thermal
studies through DSC (fig. 5.10), was found to be

SmCH 62°C SmA 75°C N* 95°C .

m 6—’8°C m SHOOC 1—’050(: Isotrop%c
SmC* —» SmA —» N* — [sotropic
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Fig. 5.10 DSC thermograms for (a) undoped SmC* (b) 0.05% (wt/wt) CNT-SmC*
composite (c¢) 0.1% (wt/wt) CNT-SmC* composite

The geometry of the molecular structure in a SmC* phase and its modified behaviour
with CNT dispersion is shown in fig. 5.11(a,b). We expected the effective SmC*
molecule-CNT coupling in the layers as depicted. The corresponding optical textures
of the SmC* mixture with 0.1%CNT dispersed in SmC* after sonification. We
observed that the focal conic SmC* texture is retained and CNT has got uniformly
dispersed.

Fig. 5.11 shows evolution and growth of liquid crystal texture with 0.05% CNT while
cooling the sample from isotropic phase to room temperature under crossed polarizer.
The micro texture at 92°C was dark suggesting that the CNT-SmC* mixture is in the
isotropic phase. On cooling, birefringent domains appeared at 90° C, which continue to
grow, stabilize and then coalesce at about 82 °C. The preferential alignment after
domains was observed in the SmC* phase fig. 5.12[d, ¢]. Similar behaviour was seen

after dispersing 0.1% CNT in the liquid crystal matrix.
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Fig. 5.11 (a) Basic geometry of undoped SmC* phase showing the spiraling of the
director around z — axis (b) model representing the low concentration CNT

dispersed SmC*. The ovals represent liquid crystal molecules and the cylinders
CNTs.



Fig. 5.12 Micrographs showing morphological evolution during cooling from the

90°C to 30°C for 0.05 % (wt/wt) CNT-SmC* composite



5.6.2. Opto-electronic responses of dispersed systems

The electro optic profile of pure and CNT doped SmC* liquid crystal samples at
reduced temperature AT= -30°C (AT = T-Tcx.p where Tcxa is the temperature of
SmC*- SmA phase transition) is shown in fig. 5.13. We noticed that the CNT doped
liquid crystals showed higher transmission as compared to pure system. The switching
voltage in CNT doped was 0.5 V/um however for the pure material the switching
voltage was about 0.9 V/um. It shows that CNT doping can significantly reduce the
threshold voltage (by about 40%).
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Fig. 5.13 Transmission as function of applied voltage at reduced temperature

(AT=-30°C) for undoped SmC* and CNT dispersed SmC*



5.6.3. Dielectric responses
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Fig. 5.14 Dielectric permittivity &' as a function of reduced temperature (AT) for

undoped SmC* and CNT dispersed SmC*, at 50 Hz.

Fig. 5.14 shows the variation of permittivity as a function of temperature in undoped
and CNT doped sample. We observed that the permittivity of the composite was
higher for 0.05% doped sample throughout the temperature range where as in the 0.1%
doped sample the permittivity shows a crossover at AT= -20°C. It reflects on the
response of CNT systems to the temperature. At high temperature, the thermal
agitation likely became more dominant over intermolecular interactions which resulted
in collisions between molecules and hence randomization of dipoles, resulting in

decreased dielectric permittivity.
Similar behaviour was observed for the variation of  as a function of frequency as in
fig. 5.15. About 25% increase in ~ was noticed after CNT dispersion at 100Hz and this

change narrowed down at higher frequencies. This low frequency variation indicates

the dominant gold stone mode (GM) behaviour of dielectric spectra.
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Fig. 5.15 Dielectric permittivity €' as a function of frequency for undoped SmC*
and CNT dispersed SmC*, at reduced temperature (AT=-30°C). Inset shows
the high frequency relaxation process.

5.6.4 Effect of Bias voltage

The effects of bias voltage on the GM in the form of dispersion and absorption
behaviour for undoped and 0.1%CNT doped SmC* are shown in fig. 5.16(a) and fig.
5.16(b) respectively. In SmC*, GM is due to the fluctuation of the azimuthal angle

and soft mode is due to the suppression of tilt angle . The contribution of GM mode is
maximum when the helix is undistorted, distortion of helix due to applied electric field
(E) & polarization (P) coupling leads to the suppression of GM contribution and hence
change in permittivity. We saw that the loss was highest without any bias (0V) voltage
but decreased with increase in bias voltage (10V) in the 0.1% CNT dispersed SmC*.
The coupling between chiral smectic ¢ molecules and the CNTs also influence the
suppression of GM contribution which in turn could affect the helix unwinding and
results in loss. The residual permittivity also give rise to domain mode corresponding
to relaxation peak at 500Hz and soft mode corresponding to 500 KHz as shown in fig.

5.16(b). The appearance of loss peak at high frequency is indicative of conductivity in



the high frequency region and is attributed by ac= o

constant,

resulting in dissipation.

() is dielectric loss at given frequency and

( ) ,where o is the electric

is the cyclic frequency,
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Fig. 5.16 Permittivity as a function of frequency at different bias voltages for

undoped SmC* and 0.1% CNTs dispersed SmC* (a) dispersion (b)

absorption curves



5.6.5 Relaxation spectra

Bl -
Undoped Sm*

LY 0.05% CHT doped Smc*
710 Y 0% CNT doped Smc*

65 -

&

(=]

i

E
e
i ui i nl ol al il wirul=

i

5-.{;%{}

] ] B | DL LI L |
0 & 10 18 H 2 30 35 40 45 5 55 60 65 VDO TH 60

nI

Fig. 5.17 Cole-Cole plots for the Goldstone Mode and Soft Mode at AT= -30°C for
undoped SmC* and CNT dispersed SmC¥*. Open symbols represent
experimental data and solid lines are the best fit corresponding to eq. (5.28)

Inset shows the high frequency relaxation process.

The smaller semi- circle in the fig. 5.17 represents the relaxation due to the Soft Mode
(SM) (inset) where as, bigger semi circle represents the contribution due to Goldstone
Mode. In the vicinity of the Tc*-A, SM follow the Currie-Weiss law. It was found that
dielectric strength for GM increased for CNT doped SmC*. The magnitude of
relaxation frequency for GM was found to be 300Hz for Pure SmC* and 400Hz for
CNT doped SmC*. It implies that the molecular motion responsible for the fluctuation
of the azimuthal angle in the pure SmC* is slower than that of the CNT doped SmC*.
It is a consequence of the fact that the presence of CNTs in SmC* layers hinder the

azimuthal fluctuations.
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Canclusion

This chapter summarizes the important findings and results obtained
from chiral liquid crystal systems as discussed in chapter 3, 4 and 5. The
future possibilities have been explored on the basis of above work for

both basic and applied research point of view.



The chiral liquid crystal systems have been studied in detail and the main results
thus concluded through the analysis of the experimental data on the chiral liquid

crystal systems are summarized in brief as follows:

#+ The role of chiral dopant on helix dynamics under electric field has been
studied in detail, via dynamic pattern formation and the results show that the
gratings form in two distinct ways depending upon thickness to pitch ratio, d/p
i.e. chiral dopant concentration. For a d/p = 0.62 the formed cholesteric
gratings belong to the Dv.M type. For d/p = 1.56 the Dv.M and Gr-M types
appear simultaneously but the latter, initiating near the edges and the surface

defects, before elongating in the direction of rubbing dominated.

+ [t was noticed that with the induction of chirality, the response time of the
chirality induced sample was faster in comparison to that of pure nematic
liquid crystal mixture. The response time reduced by almost 2 fold with

addition of about 10% chiral dopant.

+ Thermochromic effects gave very good results. It was observed that about 1%
chiral doping in nematic liquid crystal mixture showed active response over the
wide temperature range 30°C - 94°C. It was shown that the system can sustain
colour over the period of 2 years and these colours were stable during this

period.

+ Novel side chain chiral liquid crystal polymers of high molecular weight has
been synthesized and found to show chiral nematic phase from room
temperature to 67°C. Chiral doping resulted in decrease in melting point of the
material. The optical transmission of the polymers was found to increase with
temperature and the addition of chiral doping. The refractive index of the
materials (1.63 and 1.57) were found to be in the range of most commercial
polymers suitable for switchable windows and the application range can be

further enhanced by preparing polymer dispersed liquid crystal films.



#+ Our results on chiral smectic C liquid crystal mixture, containing low
concentration of carbon nanotubes, indicate the increase in transition
temperature of the virgin material by about 5°C after CNT doping. CNT
dispersion strongly influenced the optical transmission and reduced threshold
voltage by about 40%. At lower temperature and frequency, permittivity
increased by about 27% on dispersing CNT in chiral smectic ¢ matrix. No
significant variation in dielectric permittivity was noticed at high temperature
and frequencies. The GM relaxation frequency was changed from 300 Hz to
400 Hz after CNT doping where as soft mode frequency was unchanged. On
CNT dispersion with high bias field (10V) the domain mode is observed

corresponding to relaxation peak at SO0Hz.
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