Chapter

Introduction



1.1 Introduction:

Liquid crystal materials are generally organic compounds, which exhibit
various degrees of translational and orientational order intermediate
between the crystalline solids and those of isotropic liquids. This state of
matter was discovered more than hundred years ago in 1888 by F. Reinitzer
[1] while investigating the optical properties of some esters of cholesterol.
O. Lehmann [2], a German Physicist, reaffirmed the observations made by
Reinitzer and termed such materials as ‘flowing crystals’ in 1889,
crystalline ‘liquids’ in 1890 and ‘liquid crystals’ in 1900. Georges Friedel
[3,4] suggested the term “mesomorphic phase” or “mesophase”, the state of
matter observed between the isotropic liquid and crystalline solid. These
materials provide new thermodynamically stable phases and are excellent
systems for studying phase transitions and critical phenomena. Liquid
crystals combine many of the physical properties of liquids such as fluidity
with the anisotropic physical properties of crystalline solids. The
combination of order, mobility and easy response of these materials to
electric, magnetic and surface forces have generated many applications
ranging from the familiar numeric displays, temperature sensors to high

resolution TV displays, projection systems and optical computing.

The molecules of the compounds showing mesophases are -either
anisometric molecules with a specific rod-like or disc — like shape or
amphiphilic molecules or oligomers, polymers and dendrimers derived from
these fundamental structures. Anisotropic dispersive forces between the
molecules play a major role in the stabilization of these phases. There are
several organic chemicals, which exhibit mesophases [5,6]; few organo-
metallic [7,8] and inorganic chemicals [9] also show liquid crystalline

properties as well. For general information on liquid crystals some books



and reviews are listed in references [10-21]. Recent development in the
field of liquid crystals and applications are also available in the literature

[22-33].

1.2  Classification of liquid Crystals:

Liquid crystals are broadly classified into two types, viz. thermotropic and

lyotropic.
1.2.1 Lyotropic liquid crystals:

Lyotropic liquid crystals belong to a class of substances called amphiphilic
compounds (surfactant). One end of the molecule is polar and attracted to
water (hydrophilic), while the other end is nonpolar and attracted to
hydrocarbons, or lipophilic (figure 1.1(a)). The schematic diagram of

sodium laurate, a common amphiphilic molecule is shown in figure 1.1(b).
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FIGURE 1.1: Lyotropic liquid crystal molecules: Structure of the lamellar
lyotropic liquid crystal phase (a) and Sodium laurate (b)

In solution, the molecules arrange themselves such that either the polar ends
are dissolved in a polar solvent or the nonpolar ends are dissolved in a

nonpolar solvent. The opposite end is kept isolated from the unlike solvent.



As the concentration of the molecules in solution increases, they take on

different arrangements such as — lamellar, cubic and columnar (figure 1.2).
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FIGURE 1.2: Schematic representations of lamellar, cubical and hexagonal
phases.

The amount of solvent is the controlling parameter for forming such
mesophases. Solution of soap and water are typical examples of lyotropics
and their mesomorphic properties appear both as function of concentration
and temperature. Lyotrépic liquid cfyStals have relevance to biological
systems [27] as bio-membranes consist of lipids and water and usually also

proteins, which have liquid crystalline properties.

Recently new types of mesophases been obtained with calamitic (rod —like)
amphiphilic molecules carrying long lateral chain. Elongation of the lateral
chains has led to different columnar phases in the sequence with space
groﬁps Colr/c2mm — Colsq/p4mm — Colr/p2gg — Colbh/p6mm — Colr2/c2mm
— Colrd/c2mm —Colr/p2mg and further increase of the lateral chain length
leads to a novel types of layer structures —Lam (lamellar) — SmAb (biaxial'
Smectic A) —SmA (uniaxial Smectic A). The formation of such phases has
been explained by the micro-segregation of the polar amphiphilic cores
from the lipophilic lateral chains, leading to mesophases built up by two or
three distinct sets of subspaces [29-33]. Since this dissertation is not

concerned with lyotropic liquid crystals if_will not be discussed here.



1.2.2 Thermotropic liquid crystals:

In thermotropic liquid crystals, mesomorphic behaviour is induced due to
change in temperature. The vast majority of thermotropic liquid crystals are
composed of rod-like molecules (one molecular axis is longer than the other

two) [34]. A typical calamitic liquid crystal is shown in figure 1.3.
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FIGURE 1.3: A typical calamitic liquid crystal with transition temperatures.

Thermotropic liquid crystals that exhibit reversibility of phase
transition are called ‘enantiotropic’; and in certain cases mesomorphism
is observed only during cooling of the compound and these transitions
are called ‘monotropic’ transitions. Friedel [35] from his detailed -
optical and x-ray studies have classified thermotropics into three main
types: nematic, cholesteric and smectic. Classifications of smectic
liquid crystals are based mainly on the optical and miscibility studies of
Demﬁs and Richter [36]. A brief description of different thermotropic

mesophases is given below.



1.2.3 Nematic liquid crystals:

In‘nematics, there is no correlation between the molecular centre of gravity,
but the direction of molecular long axis do statistically have a preferred
direction called director denoted by n (figure 1.4). Sinpe there is no
restriction regarding the positions of the centre of mass, the molecules in

the phase have a high degree of mobility.
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FIGURE 1.4: Schematic illustration of ordinary nematic liquid crystal.

Deformation in alignment of the nematic molecules can be induced by
small external influences and this property is extremely useful in various
display devices. The ordinary nematics shows an optically positive uniaxial
behaviour, but a biaxial modification has also been discovered. Another
characteristic property of this phase is that ’@he mirror images are
indistinguishable, i.e., achiral, indicating the system to be a racemic
mixture of right- and left-handed molecules. X-ray studies indicate that
fluctuation of smectic like order parameter manifest itself in certain
nematic phases, called “cybotactic nematics”, first observed and classified

by Adrian de Vries [37].



1.2.4 Cholesteric or chiral nematic (N*) phases:

The cholesteric (or chiral nematic) [38-40] liquid crystal phase is typically
composed of nematic mesogenic molecules containing a chiral center,
which prdduces intermolecular forces that favour alignment between
molecules at a slight angle to one another. This leads to the formation of a
structure that can be visualized as a stack of Very\ thin two-dimensional
nematic-like layers with the director in each layer twisted with respect to
those above and below it. So the directors actually form a continuous .

helical [41] pattern about the layer normal as shown in figure 1.5.

A = - — P [
p\ﬁf‘f?{i‘ i f{f\}fx’;’;% l’?ﬁ“‘*\“’v "””’f‘%“z i [ I%:MHW?T
it ,fw“ i { o 5&4%%’2}1%%’/12 ,»

%‘ s \N“A\?‘ﬂ“hn(f 42,' ; ﬁ 4
;‘ /,.‘ }f\/’?n(‘ \ﬁ}\h WAL B i
( E e i *!\‘ ){Y ‘M"Mﬁ(‘%ﬂér‘ﬂ\ﬁ Iﬁ/?f;/gbhﬁ/»ﬁmj/llsﬁ
\f&\ﬁ’&“ "“;L NN My M‘"ﬁﬂ il | {ffﬁ?}ﬂhﬁ’fﬁzﬁm‘

A DA 4 Ad ) i hddhhdddsT
Iy ) A 5
Layers Chiral
(a) (b) (C) (d) molecules

FIGURE 1.5: Schematic representation of (a) nematic phase (b) orthogonal
smectic A phase and (c) tilted smectic C phase (d) helical structure of the
cholesteric liquid crystals. The arrow indicates the director n.

The helix may be right handed or left handed depending on the molecular
conformation. An important characteristic of the cholesteric mesophase is
the tempefature dependent pitch (p) which is defined as the distance it takes
for the director to rotate one full turn in the helix. The helical structure of
the chiral nematic phase enables it to selectively reflect light of wavelengths
equal to the pitch length. This property is utilized in liquid crystal

thermometers.



1.2.5 Smectic liquid crystals:

Smectic liquid crystals have layered structure. The centres of gravity of the
elongated molecules lie in equidistant planes. The molecules are paralle(l to
the preferred direction, which may be normal to the plane or may be tilted
at é certain angle. The arrangement of the molecules within the plane may
be random or regular. The smectic liquid crystals are generally more
viscous than nematics. The interlayer attractions are smaller in comparisbn
to the lateral forces between the molecules and the layers can slide over
one another [42-52], thus showing fluid behaviour. A large number of

smectic phases identified [8,52-55] by observed variants are as follows
SmA, SmC, SmB, SmD, SmE, SmF, SmG, SmH, ..........

Since my work is concerned with nematic, smectic A and smectic B phases

only, I will not go into details of other smectic phases here.

1.2.6 Smectic A phase (SmA):

In smectic A liquid crystals, the molecular orientation is perpendicular to
the plane in which the centers of mass of the molecules are situated. There
is a long-range positional order normal to the smectic layers, but within
each layer the distribution of the moleéular centers is random [42-44] or
wit}l only a short-range order typical of liquids. The smectic A molecules
can rotate about the long axis sweeping out a volume which is cylindrical in
shape. Due to this infinite fold rotational symmetry about an axis parallel to
the direction normal to the layer, smectic A liquid crystals at thermal
equilibrium are uniaxial systems [11,56]. In this phase usually the layer
spacing (d) is approximately equal to the molecular length (/). However,
other modifications are also possible. Smectic A phase can be subdivided

into several distinct phases [45-52,53-60] such as monolayer smectic A



(SmA,)), bilayer smectic A (SmA,), partially bilayer smectic A4 (SmA,) and

smectic antiphase 8mectic A, as shown in figure 1.6 (a-d) respectively.
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FIGURE 1.6: Bilayer and monolayer structures of the smectic phases.
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1.2.7 Smectic C phase (SmC):

In the smectic-C mesophase, molecules are arranged in layers as in the
smectic-A mesophase, but the molecules are inclined with respeét to the
layer normal as shown in figure 1.6(e). The layer thickness d =
Icosp, (where [ is the length of the molecule and f is the tilt angle) in the
smectic C phase is less than that of the corresponding smectic A phase due
to this tilt. The tilt angle / varies from compound to compound, and for a
given compound it may or may not be teniperature dependent. The smectic
C phase is optically biaxial and more viscous than that of nematics. Levelut
et al [53-55,60-63] has reclassified the SmC phase as alternating smectic CJ,
phase (SmC,y;), wherein the tilt angle of the molecules are rotated by 180°
while passing from one layer to the other, in contrast to that of traditional

SmC phase (figure 1.6(f)).



1.2.8 Smectic B phase (SmB):

The smectic-B liquid cfystals also have layered structure with the molecular
long axis perpendicular to the layer normal. However, within the layers the
molecules are arranged into a network of hexagons. According to Birgeneau
and Lister [64], the smectic B phase -is a realization of the stacked
hexagonal phases possessing bond orientational order (BOO) found in two
dimensions. On the basis of x-ray [65] and electron diffraction [66]
experiments done on bulk aligned samples as well as on thin films the
traditional smectic B phase has been further reclassified into the Hexatic B
(SmBy,y) [67] and Crystal B (Cry B) phase.

The SmBy,, phase has short range in-plane positional order and long-range
bond orientational order as shown in figure 1.7(a). The crystal B phase
however has long-range inter- and intra- layer translational order and long-
range bond orientational order as well. The Crystal B phase is still
considered liquid crystal because of weak coupling between the smectic
layers. Hence they exhibit shear and flow properties under stress and the

Mossbauer spectra of this phase is also inconsistent with that of solid.
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1.3  Other liquid crystalline phases:
1.3.1 Blue phase:

Cholesterics liquid crystalls of pitch less than about 0.5mm exhibit what are
known as blue phases. These phases exist over a small temperature range
(~1°C) between the liquid crystal phase and the isotropic liquid. These
liquid crystalline materials display bluish-violet colour below its
cholesteric-isotropic phase transition temperature [68-72], which may be
due to the defects in a cubical array. Blue phases exhibit optical activity and
selective reflection of circularly polarized light without possessing optical

birefringence [73].
1.3.2 Twist grain boundary smectic A (TGBA) phase:

Goodby et al [74,75] have discovered a new liquid crystal phase in 1989,
called Twist Grain Boundary Smectic A (TGBA) phase, wherein the
molecules are arranged in layers with their long axis perpendicular to the
layer plane. Due to the rotation of different blocks of the layers around the
normal to the long axis of the molecules a helical structure is formed with
the axis of the helix parallel to the layer plane. Renn and Lubensky [76,77]
in their model specified that TGBA are responsible for rotating each blocks
of the chiral A" layers with respect to each other. Since then many new

TGBA and TGBC phases have been identified.
1.3.3 Ferroelectric liquid crystals (FLC):

Ferroelectricity in liquid crystals has been known from the pioneering work
of R. B. Meyer et al [78]. Chirality in a tilted Smectic C phase is introduced
by chiral dopants or by chirality of the constituting molecules themselves

results in a breaking of mirror symmetry and this chiral smectic phase is

10



denoted by SmC". In such chiral tilted phases the symmetry group is
reduced to C,. Hence it permits the appearance of the spontaneous electric
polarization P, in each layer of the smectic C" phase. However, in bulk the
equilibrium structure will be twisted into a helix so that the polarization of
the layers precesses around the layer normal and in macroscopic sample the
spontaneous polarization averages to zero and a surface stabilization is
required to obtain bi-stable ferroelectric switching. Anti-ferroelectric [79]
and ferrielectric smectic phases were also discovered in liquid crystal
materials [80-82]. A very successful concept for ferro and anti-ferroelectric
smectic phases is based on achiral bent shape molecules — the so-called
“banana” [83] phases. Because of the close packing of bent molecule;s and
high rotational hindrance about the long molecular axis an in-layer polar
order emerges despite the achiral nature of the molecules. To have material
with high information content colour displays and of fast switching speed,
study of both ferroelectric and antiferroelectric liquid crystals has become

important today.

1.3.4 Discotic liquid crystals: .

In 1977, Chandrasekhar, Sadashiv and Suresh discovered that [84] disc like
molecules also form liquid crystalline phases in which the axis
perpendicular to the plane of the molecule (the director) tends to be along a
specific direction. In the nematic (Np) state, the disc-like molecules appear
to stack one on top of the other, rather like a pile of disordered plates. Apart
from the Np phaée disc like molecules give rise to columnar phases [85] in
which the molecules are in stacks that lie side by side to form a two
dimensional lattice. The different columnar phases are classified into
orthogonal or tilted phases (figure 1.8). The tilt refers to the angle between

the director and columnar axis. Different type of lattice structures have been

11



identified b}; Levelute [85] viz., hexagonal, rectangular and oblique.
Significant research works have been performed during last ten years

[86,87].

FIGURE 1.8: Schematic representation of columnar structures of discotic
mesogens: (a) upright columns and (b) tilted columns.

1.3.5 Polymer liquid crystals:

Liquid crystal polymers (PLC’s) exhibit both the characteristic properties
of ordinary liquid crystals, as well as retain the versatile properties of
polymers. For a polymer to display liquid crystal characteristics they must
incorporate either rod-like (calamitic), discotic, amphiphilic or chiral
molecules of low molecular weight, which are attached to the polymer
backbone either in the main chain, or as side groups into their chains.
Placement of these monomers plays an important role into the
determination of the type of PLC’s. Main chain polymer liquid crystals are
formed when the mesogens are themselves becomes a part of the main
-chain of a polymer, whereas in the side chain polymer liquid crystals
mesogens are connected as side chains to the polymer by a flexible
‘bridge’. Factors that may affect the mesomorphic behavior of the polymer
include the presence of long flexible spacers, a low molecular weight, and
regular alternation of rigid and flexible units along the main chain. Polymer
dispersed liquid crystals (PDLC’s) are widely used in displays, switchable
windows and other light shutter devices [88-90]

12



1.4 Liquid crystal mixtures:

In the past 20-30 years liquid crystalline materials have received significant
attention due.to their increased applicability in display devices. Although
more than 100,000 liquid crystalline compounds have been synthesized so
far [33], to meet the specific demands of the electro-optic display devices,
mixtures of pure compounds are often used where the compositions of the
individual components are adjusted so that better materials 4may be
produced for display applications. Mixtures enable us not only to lower the
melting point but also to adjust the mixture properties such as viscosity,
birefringence, electric permittivity and elastic constants. In this way
mixtures with optimal electro-optical characteristics for the best display
performance can be obtained. The physicé.l properties of such mixtures
however, cannot always be interpolated from the properties of the pure
components, notable examples being formation of an induced smectic
phase in a mixture of pure nematogens [91-103], and exhibition of re-
entrant phenomena in mixtures of liquid >crystal chemicals [104-105],
which do not show such phase in their pure form. Intermolecular attractive
forces such as Vander Waals forces, hydrogen bonds, electron-donor
interactions and intermolecular repulsion (steric forces) influence the
situation of molecules in the mesophase. Each of those forces, separately or
together, may be responsible for increasing or decreasing the stability of

liquid crystalline phases or for creating new phases.

The presence of induced smectic phase in the operational temperature
range of the display device must be avoided. However, its presence at a
lower temperature is advantageous since it decreases the bend to splay
elastic constant ratio [106] thus increasing the sharpness of the electro-
optical display devices. Hence, measurement of physical properties of
mixtures is very important from the point of view of selection of proper

13
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liquid crystal materials for display devices. A considerable volume of work
has been reported in the literature on systems involving polar non-polar
mixtures exhibiting the induced smectic phase behaviour [91-103,107-
115]. The creation of new phases in binary mixtures of mesogenic

compounds will be discussed here.

1.4.1 Formation of induced and enhanced smectic phases:

(1) Liquid crystalline phases (nematic or smectic) existing in pure
compounds in bi-component or multi-component systems enhance their
own thermal stability or new phases of higher order are injected. These
enhanced or injected phases are commonly termed as induced phases or
chemically induced phases [92,116-117]. Such behavior is usually
observed in binary mixtures of a compound having a strongly polar
terminal group and a compound having a non-polar terminal group {104,
118-119]. The induction of smectic phases is also possible in systems
containing two polar nematics [111-112]. This phase can be induced in

mixtures of non-polar nematics [8§9-90,92] as well.

(2) Smectic phases existing in pure compounds in the bi-component or
multi-component systems decrease their smectic stability and new phases
of lower order are created. These phases are termed as phases created by

depressing smectic stability [116-117].

A quantitative theory of induced smectic phase is difficult since it would
require the inclusion of position dependent attractive and repulsive
interactions for both the components. Wagner [120] has tried with limited
success to explain the phase diagram of mixtures showing induced smectic
phase using McMillan’s theory for smectics. He however, could not

reproduce the nematic — isotropic phase boundary. Longa and de Jeu [121]

14



using mean field approximation gave a theoretical model in which the
influence of complex formation on the nematic—smecticA transition
temperature was estimated. Their model confirms that the complication
involved at Ss-N phase transition is a consequence of the interactions
between complexes. Dispersion forces are mainly responsible for these
interactions. Using an extension of Maier-Saupe theory [122], Palffy-
Muhoray et al [123] have determined the nematic-isotropic co-existence
_ region for the entire range of concentrations of induced smectic system and
they have proposed a relation between the refractive index of the binary
mixture and order parameters of its components in the nematic phase.
Sharma and Schneider [95,96], Matsunaga and Araya [112-113], Iida [114]
observed charge-transfer bands in the investigated mixtures and on that
basis they attributed a great deal of importance to donor-acceptor

interactions.
1.4.2 The Re-entrant phenomena:

One of the most interesting phenomena exhibited by liquid crystals is the
formation of re-entrant phase. When a compound exhibits both smectic and
nematic phases, then as a ;ule, the nematic phase occur at the higher
temperature. An exception to this rule, Cladis [105] discovered the re-
entrant phase, in certain strongly polar materials in 1975. This phase has
been observed in mixtures [124-125] as well as in single component at
high [126] and atmospheric [127-128] pressures. Evidence shows that the
re-entrant phenomenon is not only possible in strong polar systejns, but
also in low polar systems containing calamitic [103] or discotic [129]
molecules and in mixed systems containing compounds of high and low
polarity [130-133]. Systems including chiral compounds [134-135] and
low and high molecular weight [136] compounds are also described to

exhibit this phase. Re-entrant smectic phases have also been reported in

15



terminal polar compounds [137]. In binary mixtures of terminal non-polar
compounds the phase sequence SmA-SmC-SmA has been detected [138-
139]. A multiple re-entrant polymorphism has also been found in pure

substances as well [8, 137]. |

Cladis [140-141] has explained the mechanism of formation of nematic
phase at lower temperature. A more complete theoretical discussion by
considering attractive forces and hard-core repulsions, Longa and de Jeu
[142] showed that there could exist a low temperature nematic phase. From
the molecular point of view, S. Chandrasekhar [143] has discussed the re-
entrant phenomena qualitatively. By extending McMillan’s treatment of
SmA phase, Luckhurst and Timmi [144] have developed a molecular

theory for re-entrant nematic and SmA mesophases.

16



Reference:

1.

2.

10.

11.

12.

13.

14.

15.

F. Reinitzer, “Zur Kenntnis des Cholesterins”, Monasch, Chem., 9,
421 (1888). \
O. Lehmann, “FlieBende Kristalle”, Z. physik. Chem., 4, 462 (1889).

G. Friedel and E. Friedel, Z. Krist, 79, 1 (1931).

G. Friedel: “In Colloid Chemistry”, ed. J. Alexander, 1, 102ff. The
Chemical Catalogue Company, Inc., N. Y. (1926).

W. Kast, Landelt-Borstein Tables, 2, 266, 6™ edition, Springer-
Verlag (1969).

D. Demus, H. Demus, and H. Zaéchke, Fliissige Kristalle in
Tabellen, Deutscher Verlag fur Grundstoffindustrie, Leipzig (1974).
G. H. Brown, J. Electrical Materials, 2, 402 (1973).

H. Kelker and R. Hatz, “Handbook of liquid crystals”, Verlag
Chemie, Weinheim. Deerfiel Beach, Florida. Basel, Chapter 1, 6
(1980).

H. Zocher, Liquid crystals (2), part 1, ed. G. H. Brown, G & B
‘Science Publisher, Inc. N.Y., 115 (1969).

1. G. Chistyakov, “Zhidkie Kristally (Liquid Crystals)”, Nauka,
Moscow (1966).

P. G. de Gennes, “The Physics of Liquid Crystal”, Clarendon Press,
Oxford (1974).

L. M. Blinov, Usp. Fiz. Nauk, 114, 67 (1974) (Sov. Phys. Usp., 17,
658 (1975)).

S. Chandrasekhar, “Liquid Crystals”, Cambridge University Press,
Cambridge (1977). | .

E. B. Priestley, P. J. Wojtowicz and P. Sheng, eds., “Introduction to
Liquid -Crystals”, Plenum, N.K. (1974).

G. W. Gray, “Molecular structure and the properties of Liquid
Crystals”, Academic Press (1962).

17

18932



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

G. Vertogen and W. H. de Jeu, “Thern;btropic Liquid Crystals,
Fundamentals”, Springer-Verlag (1988).

G. W. Gray and P. A. Winsor (Ed.), “Liquid Crystals”, 1 & 2, Ellis
Horwood Ltd. (1974).

G. W. Brown (Ed.), “ddvances in Liquid Crystals”, 1-6, Academic

Press (1975-1983)

A. Buka, (Ed.), “Modern Topics in Liquid Crystals”, World
Scientific (1993).

S. J. Elstonj and J. R. Sambles (Edn.), “The Optics Of Thermotropic
Liquid Crystals”, Taylor & Francis (1998).

D. Demus, in Liquid Crystals Applications and Uses, Ed. by B.
Bahadur (Utopia Press, Singapore, New Jersey, London, Hong Kong,
1990), Vol.L -

Xin - Jin Wang, Kun Tao, Jing — An Zhao and Liang — Yu Wang,
Lig. Crystal, 5(2), 563 (1996). |

T. Niori, T. Sekine, J. Watanabe, T. Furukawa and H. Takezoe, J.
Mater. Chem., 6, 1213 (1998).

W. Weissflog, Ch. Lischka, I. Benne, T. Scharf. G. Pelzl, S. Diele
and H. Kruth, SPIE, 3319, 14 (1998).

J. Watanabe, T. Niori, S. W. Choi, Y. Takanishi and H. Takezoe.
Jpn. J. Appl. Phys., 37,1401 (1998).

W. Haase, S. Wrdbel (Eds.), “Relaxation Phenomena”: Liquid
Crystals, Magnetic Systems, Polymers, High-T, Superconductors,
Metallic Glasses, Springer-Verlag Berlin Heidelberg (2003).

B. Bahadur, “Liquid Crystals, Applications and Uses”, Ed., World
Scientific, vol. 1, 2, 3 (1991).

A.J. Leadbetter, Thermotropic Liquid Crystals, Critical Reports on
Applied Chemistry, ed. G. W. Gray, Wiley, Chichester, U. K., 22, 1-
27 (1987). )

18



29.

30.

31.

32.

33.

34.

35.
36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

X. H. Cheng, M. K. Das, S. Diele and C. Tschierske, Langmuir, 18,
6521 (2002).

X. Cheng, M. K. Das, S Diele and C. Tschierske, Angew. Chem.,
Vol 114, No." 21, 4203(2002). |

M. Prehm, X. H. Cheng, S. Diele, M. K. Das and C. Tschierske, J. Am
Chem. Soc., 124, 12072 (2002). |
Marco Prehm, Siegmar Diele, Malay Kr. Das, and Carsten
Tschierske, J. Am. Chem. Soc., 125, 1n0.3 615 (2003).

X. H. Cheng, M. Prehm, M. K. Das, J. Kain, S. Diele, D. Leine, A.
Blume and C. Tschierske. J. Am. Chem. Soc., 125, 10977 (2003).

A. L. Tsykalo, “Thermophysical properties of liquid crystals”,
Gordon and Breach Science Publishers (1991).

G. Friedel, Ann. Physique, 18, 273 (1922).

D. Demus and L. Richter, “Textures of Liquid Crystals”, Verlag
Chemie, New York (1978).

A. de Vries, Mol. Cryst. Lig: Cryst. 10,31 (1970); ibid 10,219 (1970);
ibid 11,36 (1970).

G. H. Brown, Amer. Scientist, 60, 64 (1972).

T. Nakagiri, H. Kodama and K. K. Kobayashi, Phys. Rev. Lett., 27,
564 (1971).

I. G. Chistyakov, Sov. Phys. Upsekki; 9, 551 (1967).

F. D. Saeva, Mol. Cryst. Lig. Cryst., 23, 171 (1973).

S. Diele, P. Brand and H. Sackmann, Mol. Cryst. Liq. Cryst., 16, 105
(1972).

G. C. Fryberg, E. Gelerinter and D. L. Fisher, Mol. Cryst. Liq. Cryst.,
16, 39 (1975). |

G. R. Luckhurst and A. Sanson, Mol. Cryst. Lig. Cryst., 16, 179
(1972).

H. Sackmann and D. Demus, Mol. Cryst. Lig. Cryst.,21, 239 (1973).

19



46.

47.

438.

49.

50.

51.
52.

53.

54.

55.

56.

57.

38.

59.

60.

D. Demus, S. Diele, M. Klapperstuck, V. Link and H. Zaschke, Mol.
Cryst. Liq. Cryst., 15,161 (1971).

'P. J. Collings and M. Hird, “Introduction to liquid crystals chemistry

and physics”, Taylor and Francis, UK (1997).

A. de Vries, Proc. of the International Liquid Crystal Conference,
Bangalore, December, Pramana Supplement I, 93 (1973).

F. D Saeva (Ed.), “Liquid Cryastals: The Fouﬁh State of Matter”,
Marcel Dekker, New York (1979).

G. R. Luckhurst and G. W. Gray (Eds.), “The molecular physics of
liquid crystals”, Academic Press, London (1979).

S. Chandrasekhar (Ed.), “Liquid Crystals”, Heyden, London (1980).
P. S. Pershan, “Structure of Liquid Crystal Phases”, World Scientific
Lecture Notes in Physics, Singapore, 23 (1988).

A. M. Levelut, R. J. Tarento, F. Hardouin, M. F. Achard and G
Sigaud, Phys. Rev., A24, 2180 (1981).

G. Sigaud, F. Hardouin, 1—\‘./[9 F. Achard and A. M. Levelut, J.
Physique, 42, 107 (1981).

F. Hardouin, N. H. Tinh, M. F. Achard and A. M. Levelut, J.
Physique, 43, 1..327 (1982).

P. G. de Gennes and J. Prost, “The Physics of Liquid Crystals”,
Clarendon Press, Oxford, 2™ Edn. (1993).

C. Druon and J. M. Wacrenier, Mol. Cryst. Lig. Cryst., 98, 201
(1983).

I. Hatta, Y. Nagai, T. Nakayama and S. Imaizumi, J. Phys. Soc. Jpn.,
52, Suppl. 47 (1983).

C. Chiang and C. W. Garland, Proc. of 10" ILCC, York, July, 1994
abstract E20.

F. Hardouin, A. M. Levelut, M. F. Achard and G. Sigaud, J. de
Chemie Physique, 80, 53 (1983).

20



61.

©62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

3.
74.

75.

D. Demus, J. Goodby, G. W. Gray, H. —W. Spiess, V. Vill, (Eds.),
“Handbook of Liquid Crystals”: Low Molecular Weight Liquid
Crystals I, 2A, Wiley-VCH (1998).

M. Watanabe, M. Eguchi, K. Kakimoto and T. Hibiya, J. Crystal
Growth, 133, 23 (1993). |

S. Dumrograttana, G. Nounesis, C. C. Huang, Phys. Rev. A33, 2181
(1986).

R. J. Birgeneau, and J. D. Lister, J. Phys. Lett., 39, L-399 (1978).

R. Pindak, D. E. Moncton, S. C. Davey and J. W. Goodby, Phys. Rev.
Lett., 46, 1135 (1981).

M. Cheng, J. H. Ho, S. W. Hui and R. Pindak, Phys. Rev. Letts., 59,
1112 (1987). |

C.C. Huéng, “Bond Orientational Order in Condensed Matter
Systems”, (Ed. K. J. Strandburg), Springer — Verlag, Berlin — New
York, p.78-136 (1992). ‘
C. Destrade, P. Foucher, H. Gasparoux, H. T. Nguyen, Mol. Cryst.
Lig. Cryst., 106, 121 (1984). -

C. Destrade, H. T. Nguyen, H. Gasparoux, J. Malthete and A. M.
Levelut, Mol. Cryst. Lig. Cryst., 71, 111 (1981).

S. Meiboom, M. Sammon, Phys. Rev. Lett., 44, 882 (1980).

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

H. Stegemeyer, Th Blumel, K. Hiltop, H. Onusseit and F. Porsch,
Lig. Cryst., 1,1 (1996). _

G. Pelzl, H. Sacknann, Z. Phys. Chem., 254, 354 (1973).

J. W. Goodby, M. A. Waugh, S. M. Stein, E. Chin, R. Pindak and J.
S. Patel, Nature, London, 337, 449 (1989).

J. W. Goodby, M. A. Waugh, S. M. Stein, E. Chin, R. Pindak and J.

21



76.
77.

78.
79.
80.
81.

82.

83.
84.
85.
86.
87.

88.

89.

90.

S. Patel, J. Am. Chem. Soc., 111, 8119 (1989).

S. R. Renn and T. C. Lubensky, Phys. Rev., A38, 2132 (1988).

S. R.Renn and T. C. Lubensky, Mol. Cryst. Lig. Cryst., 209, 349
(1991).

R. B. Meyer, L. Liebert, L. Strzekecki and P. Keller, J. de Phys. Leit.
36, 69, (1995).

A. M. Lavelut, C. Germain, P. Keller, L. Liebert, J. Billard, J. Phys.
(Paris), 44, 623 (1983).

A. P. L. Chandani, Y. Ouchi, H. Takezoe, A. Fukuda, H. Tereshima,
K. Furukawa and A. Kishi, Jpn. J. Appl. Phys., 28, 11261 (1989).

A. Fukuda, Y. Takanishi, T. Isozaki, K. Ishikawa and H. Takezoe, J.
Mater. Chem., 4, 997 (1994).

J. W. Goodby, R. Blinc, A. N. Clark, T. S. Lagerwall, M. A. Osipov,
S. A. Pikin, T. Sakurai, K. Yoshino, B. Zeks, “Ferroelectric Liquid
Crystals: Principles, Properties and Applications, vol-7, Gordon and
Breach Science Publisher (1991).

H. Nadasi, W. Weissflog, A. Eremin, G. Pelzl, S. Diele, B. Das and
S. Grande, J. Mater. Chem., 12, 1316-1324 (2002).

S. Chandrasekhar, B. K. Sadashiv and A. K. Suresh, Pramana, 9,471
(1977).

A. M. Lavelut, J. Chim. Phys, 80, 149 (1983).

S. Chandrasekhar, Phil. Trans. R. Soc. A, 309, 93 (1983).

S. Chandrasekhar, Lig. Cryst., 14, 3 (1993).

J. W. Doane, a. Golemme, J. L. West, J. B. Whitehead and B. G. Wu,
Mol. Cryst. Lig. Cryst., 165, 511 (1988).

G. P. Montgomery, “Large-Area Chromogenics: Materials and
Devices for Transmittance Control”, C. M. Lampert and G. G.
Granqvist (Ed. SPIE).

P. S. Drzaic, J. Appl. Phys., 60, 2142 (1986).

22



91. J. W. Park, C. S. Bak and M. M. labes, J. Am. Chem. Soc., 97, 4398
(1975).

92. C.S.Oh, Mol. Cryst. Lig. Cryst., 42, 1(1977).

93. B. Engelen and F. Schneider, Z. Naturforsch, 33A, 1077 (1978).

94. M. Domon and J. Billard, J. Phys, (Paris), 40, C3-413 (1979).

95. F. Schneider and N.K. Sharma, Z. Naturforsch., 36a, 62, (1981).

96. F. Schneider and N.K. Sharma, Z Naturforsch., 36a, 1086, (1981).

97. M. K. Das and R. Paul, Phase Transitions, 46, 185(1994).

98. M. K. Das and R. Paul, Phase Transitions, 48, 255(1994).

99. M. K. Das, R. Paul , Mol. Cryst. Lig. Cryst., 260, 477(1995).

100.M. K. Das, R. Paul and D.A. Dunmur, Mol. Cryst. Liq. Cryst., 285,
239 (1995).

101.D. A. Dunmur, R.G. Walker and P. Palffy-Muhoray, Mol. Cryst. Ligq.
Cryst., 122, 321(1985).

102. M. Brodzik and R. Dabrowski, Mol. Cryst. Lig. Cryst., 260,
361(1995).

103. M. Tykarska, B. Wazynska, 1. Ulbin, Proceeding of SPIE, Vol. 4147,
55 (2000).

104.8S. Diele, G. Pelzl, I. Latif and D. Demus, Mol. Cryst. Lig. Cryst., 92,
27 (1983). |

105.P. E. Cladis, Phys. Rev. Lett., 35, 48 (1975).

106. M. Bradshaw and E. P. Raynes, Mol. Cryst. Liq. Cryst.,91, 145 (1983).

107.K. W. Sadowska, A. Zywocinski, J. Steckiand and R. Dabrowski, J.
Phys. (Fr.), 43, 1673 (1982).

108.T. G. Churjusova and T. P. Sokolova, Mol. Cryst. Liq. Cryst., 213, 207
(1992).

109.7J. Szabon and F. Janossy, Advances in Liquid Crystal Research and
Applications, ed. by L. Bata (Pergamon Press, Oxford-Akademia
Kiado, Budapest, 1980) p-229.

23



110.V. V. Belyaev, T. P. Antonyan, L. V. Lisetske, M. F. Grebyonkin, G.
G. Slashchova and V. Petrov, Mol. Cryst. Lig. Cryst., 129, 221 (1985).

111.N. K. Sharma, G. Pelzl, D. Demus and W. Weissflog, Z. Phys. Chem.,
261 579(1980).

112.K. Araya and Y. Matsunaga, Bull. Chem. Soc. Jap., 53, 3079 (1980).

113.K. Araya and Y. Matsunaga, Mol. Cryst. Lig. Cryst., 67, 153 (1981).

114.Y. Iida, Bull. Chem.. Soc. Jap., 55, 2661 (1980).

115.7J. Andersch, S. Diele, P. Goering, J. —A. Schroeter and X.
Tschierske, J. Chem. Soc., Chem. Commun. 107-108 (1995).

116.J. S. Dave, P. R. Patel and K. L. Vasant, “Mol. Cryst. Lig. Cryst., 8,
93 (1969).

117.R. Dabrowski and B. Wazyanska, B. Sosnowska, Lig. Cryst., 1,
415(1986).

118.L. K. M. Chen, G. W. Gray, D. Lacey, S. Srilhauratana and k. L.
Toyne, Mol. Cryst. Liq. Cryst., 150B, 335 (1985).

119.G. Pelzl, 1. Latif, S. Diele, M. Novak, D. Demus, H. Sackmann, Mol.
Cryst. Lig. Cryst., 139, 333 (1986).

120. W. Wagner, Cryst. Res. Tech., 17, K67 (1982).

121.W. H. de Jeu, L. Longa , J. Chem. Phys., 84, 6410(1986).

122. A. Saupe and W. Mayer, Z Natureforsch., 14a, 882 (1959) and 15a,
287 (1960).

123.P. Palffy-Muhoray, D. A. Dunmur, W. H. Miller and D. A. Balzarini,
Liquid Crystaland Ordered Fluid, Vol 4, Ed. A. C. Griggin and J. F.
Johonson Plenum, N.Y., p. 615(1984).

124.R. Dabrowski and K. Czuprynski, Mol. Cryst. Liq. Cryst., 146, 341
(1987).

125.K. Czuprynski and R. Dabrowski, Mol. Cryst. Lig. Cryst. Lett., 4, 153
(1987).

126.R. Dabrowski and K. Czuprynski, J. Przedmojski, B. Wazynska, Lig.

24



Cryst., 14, 1359 (1993).

127.B. Wazynska, Lig. Cryst., 4, 399(1989).

128.H. T. Nguyen, J. Chem Phys., 80, 83 (1983).

129.S. Wrobel, M. Brodzik, Roman Dabrowski, B. Gestblom, W. Hasse

~and S. Hiller, Mol. Cryst. Lig. Cryst., 302, 223 (1997).

130. S. Takenaka, H. Nakai and S. Kusabayashi, Mol. Cryst. Lig.
Cryst., 100, 299 (1986).

131. W. Weissflog, N. K. Sharma, G. Pelzl and D. Demus, Krist. And
Techn., 15, K35 (1980).

132. G. Pelzl, U. Bottger and D. Demus, Cryst. Res. Technol., 16, K67
(1981).

133. B. Engelen, G. Heppke, R. Hopf and F. Schneider, Mol. Cryst. Ligq.
Cryst., 49, 193 (1979).

134. G. Pelzl, B. Oertel and D. Demus, Cryst. Res. Technol., 18, K18
(1983).

135. P. Pollmann and W. Wiege, Mol. Cryst. Liq. Cryst. Lett.,102, 119
(1984).

136.F. Harddouin, G. Sigaud, P. Keller, H. Richard, H. T. Nguyen, M.
Mauzak and F.A. Chard, Lig. Cryst., 5, 463 (1989).

137.H. T. Nguyen; F. Hardouin and C. Destrade, J. Phys (Paris), 43, 1127
(1982). ' |

138.D. Guillon, P.E. Cladis and J. Stamatoff, Phys. Rev. Lett., 41, 1598
(1978).

139.G. Pelzl, S. Diele, I. Latif, D. Demus, W. Schafer and H. Zaschke,
Mol. Cryst. Lig. Cryst., 1, 39 (1985).

140.P. E. Cladis, R. K. Bodardus, W. B. Daniels and G. N. Taylor, Phys.
Rev. Lett, 39, 720 (1977). '

141.P. E. Cladis, R. K. Bodardus, and D. Aadsen, Phys. Rev., A18, 2292
(1978).

25



142.L. Longa and W. H. de Jeu, Phy. Rev., A26, 1632 (1982).

143.8S. Chandrasekhar, “Mol. Cryst. Lig. Cryst., 124, 1 (1985).

144.G. R. Luckhurst, B. A. Timmi, “Mol. Cryst. Liq. Cryst.Lettes., 64,
253 (1981).

26



