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INTRODUCTION

Liquid crystals have found wide commercial application over the last
25-30 years in electro-optical flat panel display (FPD) devices for
consumer audiovisual and office equipment, such as watches, clocks,
stereos, calculators, portable telephones, personal organizers, note-
books, and laptop computers. There are many other applications for
liquid crystal displays (LCDs), such as information displays in techni-
cal instruments and in vehicle clocks, speedometers, and navigation
and positional aids. They are also used in low-volume, niche prod-
ucts, such as spatial light modulators and generally as very fast light
shutters. More importantly, they have come to dominate the displays
market in portable instruments due to their slim shape, low weight,
low-voltage operation, and low power consumption. LCDs are now
starting to win market shares from cathode ray tubes (CRTs) in the
computer monitor market. The market share of LCDs in the total
market for displays is expected to significantly increase over the next
decade. There are a number of existing competing FPD technologies,
such as plasma displays (PDs), vacuum fluorescence displays (VFDs),
inorganic light-emitting diodes (LEDs), and micro mirrors (MM).
However, these have relatively small shares of the overall displays
market. There are also a series of promising technologies in develop-
ment, such as organic light-emitting diodes (OLEDs), light-emitting
polymers (LEPs), and field emission displays (FEDs). The first pro-
duction lines for LEP technology were recently commissioned. How-
ever, the value of LCDs is still expected to exceed that of the CRT
tube in the near future. Manufacturing facilities for FPDs are very
capital intensive. For example, a plant for twisted nematic LCDs with
active matrix addressing can cost upward of $1 billion. As a conse-
quence of the capital already invested in LCD plants, it will take
many years for competing technologies to gain a significant market
share in the displays market in general. In particular, LCDs can be
expected to maintain a dominant position in portable applications.
The successful development of LCD technology was dependent
on parallel developments and progress in an unusual combination
of scientific disciplines such as synthetic organic chemistry, physics,
electronics, and device engineering. These include improvements in
batteries, polarizers, electrodes, complementary metal-oxide semi-
conductor (CMOS) drivers, spacers, alignment layers, and nematic
liquid crystals. These developments were made in response to a
clear market requirement for a low-voltage, low-power-consuming
flat panel display screen for portable, battery-operated instruments

to display graphic and digital information of ever increasing vol-
ume, speed, and complexity. In this chapter, we attempt to illus-
trate this development using the three most important types of LCDs
currently in large-scale manufacture. We also describe ferroelectric
LCDs, which have the potential to become a major commercial prod-
uct, to illustrate the problems to be overcome before an LCD tech-
nology can be successfully established in the displays market. All of
these technologies can be incorporated in gels and polymer-dispersed
LCDs. Therefore, they will not be dealt with here in any detail,
because the general principles of operation are essentially the same.

The historical development of these types of LCDs is illustra-
tive of the general dependence of consistent improvement in the
performance of LCDs as a consequence of the invention, labora-
tory preparation, evaluation, scale-up, and then large-scale manufac-
ture of liquid crystal components and mixtures. This development is
described in detail herein.

Light shutters with very fast response times (<1 us) that utilize
the orientation of an organic material in an electric field applied
perpendicular to an incident beam of light do not need to use lig-
uid crystals. The Kerr effect relies upon the macroscopic alignment
of polarizable molecules in an electric field to produce an induced
birefringence An from the isotropic liquid. The magnitude of the
induced birefringence depends upon the strength of the applied field,
E according to

An = ABE? 1)

where A is the wavelength of incident light and B is the Kerr con-
stant. The amount of light transmitted through a cell with crossed
polarizers is dependent on the optical retardation & induced by the
organic medium under the action of the applied electric field, and is
given by

5= 27Tind @

This effect is based upon a field-dependent birefringence and can
also be found for calamitic liquid crystals above the clearing point
in the isotropic liquid. However, the birefringence produced in the
liquid crystalline state with similar permanent dipole moments can
be up to 4 orders of magnitude greater, due to the stabilizing effect
associated with the shape anisotropy. An effect similar to the Kerr
effect, but utilizing the dielectric interaction of an applied electric
field with an organic medium in the nematic phase (rather than the
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Fig. 1. Schematic representation of the structures of a solid, a smec-
tic phase, the nematic phase, and the isotropic liquid state formed by
calamitic organic molecules with a large length-to-breadth ratio.

isotropic liquid) is the basis of the vast majority of liquid crystal
displays manufactured at the present time.

A whole range of materials exist in some form of liquid crystalline
state under certain conditions [1-3]. Small molecules with rodlike
“calamitic” liquid crystals with a relatively large length-to-breadth
ratio tend to exhibit nematic and smectic phases (See Fig. 1). Only
organic calamitic materials that exhibit the nematic or smectic phases
as a function of temperature are considered here. Lyotropic liquid
crystallinity produced by the action of a solvent on a solid material,
such as carbohydrates in water, are not be dealt with here [4-9].
Lyotropic phases also exhibit a temperature dependency, and some
materials may be amphoteric; that is, they exhibit thermotropic and
lyotropic phases, such as certain phospholipids [9]. Furthermore, the
electro-optic applications of liquid crystalline polymers have been
described in depth elsewhere [10-14] and are not discussed here.
Laser-addressed displays that incorporate side-chain liquid crystal
polymers for high-information-content displays (such as maps and
ferroelectric side-chain liquid crystal polymers for lightweight dis-
plays, including heads-up displays for pilots) have been developed
for military customers. However, liquid crystalline polymers have yet
to find wide commercial acceptance in the consumer displays mar-
ketplace. The vast majority of electro-optical instruments that incor-
porate flat panel displays utilize LCDs that incorporate a thin film
of a nematic liquid crystal, whose optical properties are modulated
by an electric field [15]. These form the main part of the discussion
here [16-25]. However, LCDs based on some unique properties of
smectic liquid crystals have the potential to overcome some of the
limitations [25], and these will also be discussed here, although they
are not manufactured in bulk despite decades of intense research
and development.

1. ELECTRO-OPTIC RESPONSE OF
LIQUID CRYSTALS

Three distinct physical phenomena [26-28] associated with the
nematic state can be manipulated by an electric field in different

LCD geometry to modulate the intensity of light passing through
the cell in the activated (select) and nonactivated (nonselect) states.
(This will be discussed further later.) A very wide variety of commer-
cial and prototype LCDs have been developed based on these three
related, but different, effects. Although the utilization of liquid crys-
tals in flat panel display devices began in the late 1960s, the effects
of magnetic and electric fields on nematic liquid crystals have been
investigated since the beginning of the 20th century [16-19]. The first
practical electro-optical flat panel LCD that used any kind of liquid
crystal as the switchable light valve device was reported by Heilmeier,
Zanoni, and Barton [29, 30] at the RCA Laboratories in Princeton,
New Jersey in 1968. The switching is due to the movement, under
the action of an electric field, of a small number of ions within the
nematic liquid crystal that gives rise to electrohydrodynamic instabil-
ities [31, 32]. The stirring effect of an electric field on nematic lig-
uid crystals had already been observed in the 1930s [17] and lead to
the formation of visible domains, known as Williams domains, at low
voltages and light scattering above a higher threshold voltage [19].
The RCA display appears black when there is no applied voltage.
The interaction of the electric field with the ions gives rise to turbu-
lence in the liquid crystalline medium [32], resulting in the movement
of areas of liquid crystal in alternate directions to produce visible
stripes referred to as Williams domains [19, 33]. The shear produced
by this electrohydrodynamic effect is counterbalanced by the elastic
and dielectric torques under steady state conditions. At higher fields,
these stripes are replaced by a homogeneous scattering of incident
visible light, so the display is bright. Although liquid crystals are gen-
erally regarded as dielectrics (i.e., nonconductive, insulating organic
materials), the conductivity required for the formation of electro-
hydrodynamic instabilities is relatively low (107 Q! cm™!).

For the vast majority of calamitic nematic liquid crystals of high
resistivity, the application of an electric field results in an orientation
of the nematic director either parallel or perpendicular to the field,
depending on the sign of the dielectric anisotropy of the nematic
medium [15, 34, 35]. The molecules align themselves with the molec-
ular axis of greatest polarization parallel to the field. The dielectric
realignment of the nematic phase caused by an electric field can be
described by the same equations used to define the effect of mag-
netic field on a nematic liquid crystal, with appropriate modifications
to allow for the different nature of the field. This realignment is due
to dielectric coupling between permanent and induced dipoles in the
liquid crystal molecules with the electric field, and corresponds to the
Kerr effect manifested in the nematic state, but is of much higher
magnitude. This concept is the basis of most LCDs manufactured at
the current time and includes the majority of LCDs [20-28] that use
nematic liquid crystals.

The third physical property manifested by calamitic nematic lig-
uid crystals is flexoelectricity, which corresponds to piezoelectricity
in crystals. It is postulated that banana-shaped or wedge-shaped lig-
uid crystals give rise to a bulk curvature electric effect under certain
boundary conditions. Although this effect was predicted in the late
1960s [36] and experimentally confirmed many years ago [37], LCDs
that utilize this effect (such as the bistable nematic displays [38-40])
are only just now being developed for the flat panel displays market.
As such, they will not be discussed here.

Smectic liquid crystals have been used in commercial LCDs to a
much lesser extent. They are based on different physical phenom-
ena, which are associated with the layer structure of smectic liquid
crystals, to generate an electro-optical effect. The most important of
these physical properties is ferroelectricity [41-46]. This can be man-
ifested by optically active rodlike molecules organized in fluid layers,
such as a chiral smectic C* phase, where the molecular long axis is
tilted with respect to the layer normal (See Sects. 3.5 and 19). Soon
after the initial discovery [41] of ferroelectricity in chiral smectic lig-
uid crystals, it was predicted [42] that the suppression of the helix of
a smectic C* phase by surface forces in very thin layers between two
glass electrodes would pin the molecules in their positions and allow
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switching between two energetically equivalent polarization direc-
tions, thereby giving rise to an electro-optic memory effect. This
is the basis of the electro-optic display device called the surface-
stabilized ferroelectric liquid crystal device (SSF-LCD) [43], which
uses ferroelectric liquid crystals (See Sect. 1.19). In the SSF-LCD,
the helix is suppressed by surface forces if the cell gap is considerably
lower than the pitch of the smectic C* helix. Therefore, long-pitch
smectic C* materials are used. Compounds that exhibit the smec-
tic C* phase are chosen due to the low rotational viscosity (y) of
this phase compared with that of the more ordered tilted smectic
phases. Deformed helix LCDs [44] and antiferroelectric LCDs [45]
also have great promise, because prototypes exhibit improved shock
stability and the absence of ghost images associated with SSF-LCDs.
The smectic A* phase exhibited by optically active materials can be
used in an electroclinic effect [46] which is very similar to electrically
controlled birefringence (See Sect. 8). It is of great interest for spa-
tial light modulators in optical computing. However, these types of
LCDs, that utilize smectic liquid crystals are not discussed here, due
to space constraints.

Anisotropic gels are (at least) two component systems derived
from a polymer LC network matrix and lower-molar-mass liquid
crystals [47-49]. They are produced by the in situ polymerization
of an oriented nematic or smectic liquid crystal mixture consisting
of a small amount (e.g., < 5 wt.%) of liquid crystalline monomers
with at least two polymerizable groups, such as diacrylates, in the
presence of nonpolymerizable, low-molar-mass liquid crystals without
reactive units, typically cyanobiphenyl mixtures [50-53]. These liquid
crystalline gels are much more stable to external shocks and, there-
fore, the textures are also stabilized. Droplets of liquid crystal can be
formed by phase separation at higher concentrations of polymer. The
droplets then respond to an external electric field in what is referred
to as polymer-dispersed LCDs [54-56]. In principle, all LCD types
can be reproduced as a gel-stabilized or polymer-dispersed LCD.

2. THE LIQUID CRYSTALLINE STATE

There are a number of very early reports in the literature [3, 4]
of the strange melting behavior and appearance of some naturally
occurring compounds—either as pure compounds or as gels in water—
that have now been shown to be thermotropic or lyotropic liquid crys-
tals. The former are formed under the action of heat (See Fig. 1) and

the latter in conjunction with a solvent such as water. However, the
true nature of these materials was not suspected at the time. There-
fore, the discovery of the liquid crystalline state is usually attributed
to the botanist Reinitzer [57] from the Institute for Plant Biology
of the German University of Prague in 1888. He was attempting to
determine the exact chemical formula of cholesterol extracted from
plant sources, so he synthesized the acetate and benzoate deriva-
tives of cholesterol isolated from human gallstones. While determin-
ing their melting points in capillary tubes, he noticed the reflection
colors of their melts, as had others before him for other cholesterol
derivatives. However, he also noted that samples of cholesteryl ben-
zoate (1) seemed to melt at 145.5 °C and form a cloudy opaque lig-
uid, which then appeared to melt again at 178.5 °C and form a clear
transparent liquid (See Fig. 2). This second melting point was found
to be reversible within a few degrees, whereas the first transition
showed a substantial degree of supercooling. The liquid crystalline
state Reinitzer observed is now known to be the chiral nematic state
(i.e., the helical equivalent, formed by some optically active materials,
of the usual nematic state; See Fig. 3). This state was referred to as
the cholesteric state for many years, due to its origin. Reinitzer sent a
sample to the German physicist Otto Lehmann, who had developed a
series of optical polarization microscopes. Lehmann [58] recognized
that he was looking at a different state of matter than that of clas-
sical solids, liquids, and gases, so he introduced the term fliessende
Kristalle—flowing crystals, or liquid crystals—to describe the materials
that gave rise to it. He soon found that some synthetic organic com-
pounds, such as the azoxy compounds shown in Table I, also exhib-
ited liquid crystallinity.

Since the turn of the 20th century, many new synthetic liquid crys-
tals have been prepared, especially in Germany and mostly at the
Martin Luther University in Halle [59-61], and since the late 1940s in
the United Kingdom at the University of Hull [62-64]. This research
was purely academic, because no commercial applications for liquid
crystals were known at this time. Many systematic studies soon estab-
lished the relationships between central linkages, terminal groups,
lateral substituents, number of rings, and type of mesophase and
transition temperatures, which are still valid today [59-64]. A typi-
cal liquid crystal possesses a linear structure with a central core that
contains several collinear rings, a linear unsaturated linkage and two
terminal chains, as exemplified by the chemical structures [65-73] for
compounds 2-16 collated in Table I. It was known that short chains
favored the formation of the nematic state. The combination of one
short alkyl chain on one ringand a polar substituent on the other
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Fig. 2. The chemical structure of cholesteryl benzoate and a schematic representation of the melting of crystalline cholesteryl benzoate 1 [57, 58] at
145.5 °C to form a chiral nematic (cholesteric) phase, which, in turn, forms an isotropic liquid on further heating to 178.5 °C.
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Fig. 3. Schematic representation of the periodic helical structures of the
chiral nematic (cholesteric) phase. The pitch of the helix corresponds to
the rotation of the director through 360°. There is no layered structure
in a chiral nematic N* phase.

was also known to be favorable for nematic phase formation, and an
order of efficiency for these terminal polar substituents was reported
[62-64]. Therefore, all of the compounds reported in Table I are aro-
matic with two phenyl rings joined by an unsaturated central linkage
to maximize the degree of conjugation and anisotropic polarizability
of electron density. The fundamental theories [74-85] that describe
the nematic state were developed well before the advent of LCDs.
The synthesis of these materials provided physicists with the lig-
uid crystals required to investigate and to determine the anisotropic
nature of their physical properties [15, 34, 35], which determine the
complex response of the liquid crystalline state to an electric field in
LCDs [16-25].

The liquid crystalline state represents an intermediate state of
matter between that of a crystalline solid with three-dimensional
order at one extreme and a completely disordered liquid at the other.
A liquid crystal may exhibit order in one or two dimensions. In the
nematic state formed by calamitic organic compounds, with a rodlike
or lathelike molecular structure, where the length-to-breadth ratio is
much greater than unity, there is a parallel orientation of the long
molecular axis of individual molecules. This results in a long-range
orientational order, but no positional order. This is the prime factor
that differentiates the nematic state from an isotropic liquid. This is
shown schematically in Figure 1 and described generally by contin-
uum theory [74-80], which postulates that the director of the nematic
state changes continually and gradually throughout the bulk of the

nematic material, although there are many alternative theories for
specific interactions and phenomena in liquid crystals [81-85].

The average direction of these long molecular axes at any one
point is defined as the director n, where n is identical to —n; that
is, there is an inversion symmetry axis at any one point along the
director. The order parameter S is a scalar quantity and it represents
the average orientation of the molecules in the liquid crystal relative
to the director and is a macroscopic property [81] defined as

S =(3(3cos’ 0 1)), 3)

where 0 is the angle between the long molecular axis of an indi-
vidual molecule and the director. In a completely disordered liquid
made up of rodlike molecules, cos # = 1/3 and § = 0. Conversely,
in an ideal macroscopically ordered nematic liquid crystalline state,
cos @ =1 and S = 1. Usually, S lies between 0.5 and 0.7 for a typical
compound in the nematic state at a temperature relatively far away
from the clearing point (i.e., the temperature at which the compound
ceases to exhibit the liquid crystalline state and forms the isotropic
liquid). According to the Maier-Saupe theory, S at a temperature T
depends only on the reduced temperature 7.4 and is not a molecu-

lar property,

T
Tred = K (4)

where Ty_; is the nematic clearing point (See Fig. 4).

3. PHYSICAL PROPERTIES OF LIQUID CRYSTALS

The rodlike shape of liquid crystals means that their physical prop-
erties [1, 15, 34, 35] also possess a degree of anisotropy; that is, they
exhibit different values when measured parallel or perpendicular to
the director [15] (See Fig. 5). Free rotation around the long molec-
ular axis gives an axis of symmetry parallel to the director, so that
the values of the physical properties measured perpendicular to the
director (i.e., along the y and z axes) are identical; however, they
do differ from those measured parallel to the director (i.e., along
the x axis). The anisotropic nature of the physical properties of lig-
uid crystals, due to their shape anisotropy, combined with the ability
of magnetic and electric fields to influence the bulk spatial orienta-
tion of these molecules renders them of such importance to electro-
optic display devices. Their fast reorientation under the influence of
a moderate electric field is a result of their fluid nature. The physi-
cal properties also depend on temperature and pressure, as well as
the type of liquid crystal state (e.g., nematic, smectic, columnar) and
the degree of ordering in the liquid crystalline state. The anisotropic
properties of relevance to LCDs [86, 87] are described in general
in the next section. Table II provides an example of typical physical
properties.

3.1. Optical Anisotropy (Birefringence)

Aligned calamitic liquid crystals are uniaxial, due to their shape and
polarization anisotropy, and are therefore birefringent, exhibiting dif-
ferent properties for light traveling with the electric field propagating
parallel and perpendicular to the director or optic axis. Birefringence
is a property usually associated with transparent crystals with a non-
centrosymmetrical lattice structure (e.g., calcite). The free rotation in
liquids averages out any asymmetry of molecular shape and renders
the optically isotropic. The electric vector of incident plane polar-
ized light entering a birefringent medium is split into two mutually
perpendicular components called the ordinary (o) and extraordinary
(e) rays. The electric field of the o-ray is always perpendicular to the
optic axis, so its refractive index n,, is a constant independent of prop-
agation direction. The electric field of the e-ray lies in a plane that
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Table I.  Transition Temperatures (°C) for Compounds (2-16)°
Compound Molecular structure Crystal Nematic Isotropic Ref.
2 c4Hgoc113 . 69 — . 68
3 c4}19—<j>—0—<i>—0m3 e <25 — . 68
4 C,H, Q = O OCH, . 49 (o 37) . 68,70
H
/
5 C,H, N . 145 — . 68
C OCH
/ ‘< >_ 3
(6]
O
/
6 C,H, C\ . 61 Q0 25) . 69
o—<j>—oc1{3
7 C4H9—Qo\ . 40 (o 25) . 69
C OCH
/ ‘< >_ 3
(0]
H
/
8 C,H, c\\ . 118 . 121 . 68, 69
c—<j>—oc1{3
/
H
9 C4HQ—QN\ . k) . 47 . 69, 71
N—@—OCH3
H
/
10 C,H, C\\ . 108 C 70) . 68
N —@—ocm
_/
O
continues

contains the optic axis, so its refractive index n,(6) varies with the
ray propagation angle 6 with respect to the optic axis according to

cos’@ sin? 0\
meo = (204 1) ©
o e

This relationship is illustrated by the refractive index ellipsoid shown
in Figure 6. The birefringence of the medium, An(0), depends on
the propagation direction and is defined as

An(0) = n,(0) —n, (6)

The maximum birefringence occurs when 6 = 90° (i.e., when the
electric field of the e-ray is parallel to the optic axis) and is given by

An=n,—n, (7)

where n, = n, (6 = 90°). An is defined as the difference between the
refractive indices for the o- and the e-rays of a fully oriented nematic
phase [88] propagating parallel and orthogonal, respectively, to the
optic axis of the nematic medium. Most nematic liquid crystals have

positive birefringence (An > 0), meaning that the e-ray is delayed
with respect to the o-ray on passage through the material.

Birefringence is responsible for the appearance of interference
colors in LCDs operating with plane-polarized light. Interference
between the extraordinary ray and the ordinary ray, which have trav-
eled through the medium with different velocities, gives rise to the
colored appearance of these thin films. For a wave at normal inci-
dence, the phase difference in radians between the o- and e-rays
caused by traversing a birefringent film of thickness d and birefrin-
gence An is referred to as the optical retardation 6 given by

5= 2mwAnd
A

®)

v

where A, is the wavelength of light in a vacuum. The retardation is
wavelength dependent, so that positive and destructive interference
occur at different wavelengths, resulting in the suppression of some
part of the visible spectrum, and, therefore, a nonwhite color. More-
over, the birefringence is also wavelength and temperature depen-
dent, because the refractive indices also vary with these parameters
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Table 1. (continued)

Compound Molecular structure

Crystal Nematic Isotropic Ref.

11 C,H,

12 C,H,

13 C,H,
OCH,

14 C,H,
OCH,

15 C,H,

5878

OCH,

Il
16 C,H, 0CO

Q

OCH,

. 113 (C 53) o 68,72

68,72

“The parentheses [( )] represent a monotropic transition temperature.

(See Fig. 7). Above the nematic clearing point in the isotropic lig-
uid, the material is no longer birefringent (n, = n,) and an isotropic
refractive index n; is observed.

3.2. Dielectric Anisotropy

The interaction between a liquid crystal and an electric field is
dependent on the magnitude of the dielectric permittivity measured
parallel & and perpendicular &, to the director and to the differ-
ence between them [i.e., the dielectric anisotropy Ae; See Eq. (9)
and Fig. 8]. The dielectric permittivity measured along the x axis is
unique, whereas the dielectric permittivities measured along the y
and z axes are identical. Therefore,

Ae=¢g — ¢, )

where the dielectric permittivity & of a material is defined as the ratio
of the capacitance C,,,; of the parallel plate capacitor that contains
the material to the capacitance C,,., of the same capacitor that con-
tains a vacuum:

C
Cia‘ =z (10)

vac

The dielectric constants are dependent on the temperature and the
frequency of the applied field up to the transition to the isotropic
liquid. Above the clearing point, the dielectric constants measured
along all three axes are equal due to the isotropic nature of a lig-
uid and, therefore, the dielectric anisotropy decreases to zero. The
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Fig. 4. The dependence of the order parameter S on the reduced tem-
perature 7, — T, where 7. is the transition from the liquid crystalline
state to the isotropic liquid (i.e., the clearing point) and 7T is the actual
temperature [81].
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Fig. 5. The molecular structure of a typical nematic liquid crystal with a
large length-to-breadth ratio. The breadth of the molecule measured in
the x-y plane is symmetrical about the z axis, due to very rapid rotation
about the molecular long axis.

resultant dielectric constant ¢; is the dielectric constant of the lig-
uid (See Fig. 8). The sign and magnitude of the dielectric anisotropy
are dependent on the anisotropy of the induced polarizability, Ac,
and the anisotropy and direction of the permanent polarization
attributable to the resultant of permanent dipole moments.

3.3. Elastic Constants

The elastic behavior [76] of a liquid crystal phase under a distorting
force, such as an electric field or at an interface with a solid surface
is determined by the three elastic constants, k, k5, and k33 that are
associated with splay, twist, and bend deformations, respectively (See
Fig. 9). The elastic constants are molecular parameters and describe
the restoring forces on a molecule within a liquid crystalline phase
in response to an external force that distorts the medium from its
lowest energy configuration. The elastic constants co-determine the
spatial and temporal response of the director to applied external
electrical and magnetic fields. They are also obviously important for
surface-stabilized electro-optic displays displaced from their equilib-
rium states by dielectric interaction with an applied electric field. The
equilibrium position is then restored upon removal of the field by
elastic forces that originate at the surface between the liquid crystal
and the orientation layers that cover the device substrates.

3.4. Viscosity

The flow viscosity [89, 90] of the liquid crystalline state is also
an anisotropic property, depending on the direction of flow of an

Table II.

Typical Values and Symbols for Some Physical Properties

[86] of 4-(trans-4-Pentylcyclohexyl)benzonitrile 17 [87]

determined at 20 °C

Property and symbol

Value and units

Melting point (Cr—N) 30°C

Clearing point (N-T) 55°C

Melting point enthalpy 21.35kJI mol !
Clearing point enthalpy 0.96 kJ mol !
Density ( p) 0.9706 g cm 3
Bulk viscosity (1) 225mms™!
Rotational viscosity (y,) 0.1507 Pa s
Refractive index of the extraordinary ray (n,)" 1.6173
Refractive index of the ordinary ray (n,)* 1.4924
Birefringence (An) 0.1249
Dielectric constant parallel to the long axis (aH)b 17.5

Dielectric constant orthogonal to the long axis (¢, )° 4.8

Dielectric anisotropy (A &)” 12.7

Splay elastic constant (k;;) 9.6 X 10712 N
Twist elastic constant (k,,) 65%x 10712 N
Bend elastic constant (k,;) 194 x 10712 N
Bend /splay elastic constant ratio (k43 /k;;) 2.03

Bend /twist elastic constant ratio (k53 /k,,) 3.0
Diamagnetic anistropy ( x) 40x 1078

“Measured at 546 nm.
®Measured at 1 kHz.

individual molecule with respect to the director at any one point
within the medium. Three parameters are required to character-
ize the viscosity of the nematic state, due to the shape anisotropy
of its constituent molecules. These are m;, which is perpendicular
to the direction of flow, but parallel to the velocity gradient; 7,,
which is parallel to the direction of flow, but perpendicular to the
velocity gradient; and n3, which is perpendicular to the direction of
flow and to the velocity gradient. The bulk viscosity of an unaligned
nematic liquid crystal is an average of these three viscosity coeffi-
cients [89]. However, individual viscosity coefficients influence the
optical response times in an electro-optic display device, due to the
constrained anisotropic environment imposed by the boundary con-
ditions and the unidirectionality of any applied electric field. Such
an environment is represented by the rotational viscosity y;, which,
in the nematic phase, is associated with the movement of a molecule
from a homogeneous planar conformation parallel to the cell sur-
faces to a homeotropic conformation with the long molecular axis
(director) perpendicular to the cell walls and parallel to the applied
electric field.

3.5. Spontaneous Polarization

In the smectic C phase, the molecules are tilted at an angle 6 from
the axis normal to the plane of the layer, forming a mirror plane (See
Fig. 10). This tilt angle is a molecular property and is the same for all
molecules of the same compound in the pure state, although it is a
temperature-dependent physical parameter. However, the molecules
are free to rotate around the layer normal (i.e., around the zenithal
axis) on the surface of cone. The direction of tilt makes an angle ¢
in the azimuthal plane parallel to the layer. The symmetry group is
C,,, because of the C, axis, which is perpendicular to the molecular
axis, and the mirror plane. In the corresponding tilted chiral smec-
tic layers exhibited by a compound with an optically active center,
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RAY DIRECTION

Fig. 6. The refractive index ellipsoid of a uniaxial liquid crystal phase
with the optic axis parallel to the x axis. The refractive index n, of the
ordinary ray is independent of propagation. The refractive index n, of
the extraordinary ray is larger than n, for a liquid crystalline material of
positive birefringence [15].
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Fig. 7. The dependence of the refractive indices n, and n, of the ordi-
nary and extraordinary rays, respectively, on the temperature 7 for a
typical nematic liquid crystal. Above the clearing point 7, (the transition
to the isotropic liquid), the birefringence has disappeared and only one
refractive index (n;) is observed [86].
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Fig. 8. The dependence of dielectric constants &, and &, measured per-
pendicular and parallel, respectively, to the director, on the temperature
T for a typical nematic liquid crystal. Above the clearing point 7, (the
transition to the isotropic liquid), the dielectric anisotropy Ae = &, — &,
disappears, and only one dielectric constant, e; the permitivity (of the
isotropic liquid), is observed [86].

NANNAN

o225 EEEE W
SSSSS §88¢ 000000
SSSss BE g

Fig. 9. Schematic representation of the Frank elastic constants &, k,,,
and k4, for splay, twist, and bend, respectively, of a nematic phase [76].

the chiral and polar nature of the individual molecules give a local
C, symmetry without a mirror plane. This is in spite of a consider-
able degree of molecular reorientation about the long axis [41-43,
90-92]. The consequence of this time-dependent alignment of the
dipoles along the C, twofold axis is a spontaneous polarization (P,)
with a large component parallel to the layer planes and orthogonal
to the layer normal. The spontaneous polarization is averaged out
macroscopically to zero by the helical superstructure of the chiral
smectic C (C*) phase, with a temperature-dependent pitch p caused
by torsional twist and splay deformations, due the chiral nature of
the molecules (See Fig. 11). The azimuthal angle ¢ varies linearly
with distance along the normal to the layers. However, a permanent
polarization arises in a homogeneous monodomain if the helix is
unwound by an electric field applied parallel to the layer normal or
suppressed by elastic forces, due to the interaction of thin smectic C*
films with flat surfaces. The spontaneous polarization P, is a molec-
ular property characteristic for the dopant. However, the observed
polarization P, is dependent on the tilt angle according to

P, =P,sin6 (11)

For a smectic C phase, an effective viscosity y.; can be defined
[90] by

de .
yeffE +PSESII1qD =0

(12)
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Fig. 10. Molecular structure and symmetry considerations in the smec-
tic C and ferroelectric smectic C* phases for a typical chiral dopant
[41-43, 92].
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Fig. 11. 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. The
spontaneous polarization of a bulk, inhomogeneously oriented smectic C*
phase is zero, due to the helical local structure [41-43, 92].

where ¢ is the angle of rotation on the chiral smectic C cone and E
is the applied electric field. Equation (12) allows the definition of a
characteristic time 7

_ Yeft

"TPE

(13)

The experimental switching time is proportional to 7. Geometrical
considerations indicate that vy, is related to 6 by

(14)
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Fig. 12. Generalized schematic representation of the major optical and
electrical components of a liquid crystal display.

where v, is independent of # and represents the rotational viscosity
of a hypothetical nematic-like smectic C structure with a tilt angle
of 90°.

4. LIQUID CRYSTAL DISPLAY DEVICES

Displays that use liquid crystals [16-28] generally consist of a very
thin layer of a nematic or smectic liquid crystal mixture enclosed
between two transparent parallel glass substrates hermetically sealed
around the edges (See Fig. 12). The glass plates are held apart by
solid spacers (fibers, strips, or beads) to form a uniform cell gap
(~ 2-10 um), which should be as uniform as possible across the visi-
ble area of the display. Thicker cells are generally not used, because
they are turbid, due to light scattering, as well as exhibit much longer
response times. The inner surfaces of the glass substrates are coated
with a whole series of thin, transparent layers with different func-
tions. The first coating is often a barrier layer (e.g., silica) to pre-
vent leaching of ions from the glass substrates into the liquid crys-
tal, which should be a dielectric with a high resistivity. Color LCDs
often incorporate a regular pattern of red, green, and blue color fil-
ters that correspond to the pixel pattern. However, the absorption
of the other colors at each pixel gives rise to insufficient brightness
for LCDs driven in reflection. Therefore, LCDs with color filters are
driven in transmission or transflection (transmission and reflection)
with a powerful backlight. The next layer is a transparent conduct-
ing material, most often indium-tin oxide (ITO), between which the
electric field is applied; early displays often used NESA.

There are three basic methods for generating the appropriate
electric field responsible for the modulation of light transmission at
a particular picture element (pixel) of the LCD. These are direct
addressing, multiplex addressing, and active matrix addressing (See
Sects. 5.1, 5.2, and 5.3, respectively). In directly addressed LCDs, the
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desired pixel pattern is obtained by using patterned electrodes on
one surface and a nonpatterned back electrode on the second sur-
face. Passively addressed LCDs with multiplexed addressing utilize
electrodes in a series of rows on one electrode surface and columns
on the other electrode surface that are arranged orthogonal to each
other. Actively addressed LCDs use a silicon substrate with a series
of thin film transistors combined with a (structured or unstructured)
back electrode on the other glass substrate. On top of the electrode
surface, there may be another thin protective layer to prevent migra-
tion of ions into the liquid crystal mixture. The last layer is an align-
ment layer that is in direct contact with the liquid crystal mixture
and is used to induce a homogeneous, uniaxial orientation of the
local optic axis, which is usually coincident with the director in the
azimuthal plane of the device. The alignment layer should induce
the desired direction of the director at both of the substrate surfaces,
depending on the type of LCD. In directly addressed or multiplexed
addressed LCDs, the two glass substrates are offset to some extent to
allow physical contact with the drive electronics. The contacts usually
are composed of plastic sheets with alternate strips of conducting and
insulating polymers, whose dimensions correspond to the width of
the electrodes on the substrate. In high-information-content displays,
electrical contact is often achieved by using patterns of conducting
adhesives attached directly to the motherboard.

Once the cell has been constructed, it is evacuated through a small
hole to produce a vacuum and then filled with the appropriate lig-
uid crystal mixture under an inert atmosphere. The area around the
hole is cleaned to remove excess liquid crystal and then hermetically
sealed (e.g., with epoxy resin or even gold). The chosen direction of
alignment at the glass substrates is dependent on the optics of the
type of LCD. For many types of LCDs, a sheet of polarizer is then
attached to the outer surface of one or both substrates—usually by
contact bonding. The polarization direction makes angles, « and 8 to
the direction of rubbing at each surface and, therefore, the optic axis
(director) of the liquid crystal mixture. Sheets of optical retarders
also may be placed between the glass substrates and the polarizers.
External plastic sheets, which scatter more transmitted light through
a wider viewing angle cone, also may be attached.

5. ADDRESSING METHODS FOR LCDs

The addressing of any display device [24] converts the image or infor-
mation to be displayed into a sequence of sequential voltage pulses
to activate individual pixels. These applied voltages result in a modu-
lation of the light intensity at the array of pixels, thus generating the
image or information on the display. Each pixel has to be switched
on and off individually by applying and then removing an electric
field or by applying a voltage of opposite polarity. There are three
main methods by which this can be achieved; (1) direct addressing,
(2) multiplex addressing, and (3) active matrix addressing.

5.1. Direct Addressing

In simple, low-information-content displays, such as digital clocks
and some basic calculators, each pixel is driven directly with a ded-
icated electrical contact and a driver for each segment of the digit
(See Fig. 13). The first commercial LCDs were constructed with
direct addressing. With this type of addressing, the off voltage can
be zero, and the on voltage can be several times the threshold volt-
age for switching. Therefore, in a twisted nematic (TN) LCD, where
the electro-optical characteristic is relatively flat, a good contrast can
be attained, as well as low power consumption. However, the need
for displays with higher information content (e.g., sophisticated cal-
culators, personal organizers, notebooks, and portable computers)
requires more complex addressing schemes, due to the high cost of
using many drivers and the absence of sufficient space for the profu-
sion of electrical contacts.

REAR FRONT

SUBSTRATE SUBSTRATE
BACK SEGMENT
ELECTRODE ELECTRODES

<

Fig. 13. Schematic representation of a simple, low-information-content,
alphanumeric TN-LCD with direct addressing made up of segmented
electrodes.

5.2. Multiplex Addressing

A high-information-content display contains a very large number of
pixels, each of which has to be addressed [24]. Individual connections
to each element would require M x N connections. There is a limit
above which it is impossible to physically connect all the pixels. Mul-
tiplex addressing, however, with M electrode columns and N elec-
trode rows allows M x N pixels to be driven by M + N connections,
thereby significantly reducing the number of electrode connections
(See Fig. 14). This renders it possible to address more lines, thereby
allowing larger flat panel displays with good optical properties to be
produced (See Sects. 11 and 14).

In an LCD with multiplex addressing, parallel lines of electrodes
are etched onto both glass substrates and then positioned so that
they are perpendicular to one another, resulting in a matrix of rows
and columns. Each row is sequentially scanned by a scan or select
pulse (V;), whereas the columns are addressed by data pulses (V}),
which contain the information to be displayed. As voltage is applied
sequentially to each row, voltage pulses are applied to the corre-
sponding columns. When the combination of row and column volt-
ages in phase with each other is greater than the threshold voltage,
the liquid crystal responds to the applied voltage and the pixel is
turned on. An appropriate reduction in the voltage applied to one
electrode turns the pixel off. For most nematic LCDs, the root mean
square (rms) voltage is the relevant switching parameter, because the
response of the liquid crystal is caused solely by an induced polar-
ization of the nematic medium that varies with the square of the
applied electric field. Unfortunately, the number of addressable lines
in a multiplexed LCD with good legibility is limited, albeit to a much
lesser extent than direct addressing. Alt and Pleshko [93] showed
that the maximum number of addressable lines (V) is given by the
equation

Vo _ JYN 21 (15)
V. VJVN+1

where V; and V, are the select and nonselect voltages, respectively
(See Fig. 15). For 64 addressable lines, there is only a difference
of about 11% between the select and nonselect voltages. Therefore,
the more lines there are to be addressed, the smaller the permissi-
ble voltage change becomes. This results in lower contrast, due to
the inadvertent activation of neighboring pixels (i.e., cross-talk). To
increase the number of addressable lines without reducing the con-
trast, it is essential that the electro-optical response curve exhibit a
very steep or, indeed, infinite slope. However, a steep electro-optic
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Fig. 14. Schematic representation of the pixels of a LCD with multi-
plexed addressing made up of a pattern of orthogonal rows and columns
of electrodes [24].

TRANSMISSION
100 % —
90 % —f——==——==—————————
80 % —
70% ——-———-———m———=——
60 % —
50 % —
40% —
30% —f--——-—--—-——-
20% —
10% ——-——--—-—--

I
!
VNs Vg VOLTAGE a.u.

Fig. 15. Schematic representation of the transmission versus applied
voltage for a LCD with multiplexed addressing. V,,; and V; are the nons-
elect and the select voltages, respectively [24].

characteristic reduces the scope for generating gray scale and, there-
fore, full color [94]. Gray scale allows the intensity of light (ie.,
brightness) at a pixel to be controlled almost linearly by varying the
applied voltage (See Fig. 15). Therefore, multiplexed LCDs are only
capable of displaying a limited amount of information at the same
time as good contrast and legibility, unless the electro-optic trans-
mission curve is very steep [e.g., for supertwisted nematic LCDs;
see Sect. 14]. LCDs with a relatively flat electro-optic transmission
curve are incapable of displaying a high information content with
good contrast, short response times, and acceptable viewing-angle
dependency. In practice, a duty cycle of 1 : 64 is the upper limit for
TN-LCDs; that is, 64 rows can be addressed in one frame.

5.3. Active Matrix Addressing

A large number of pixels for high-information-content LCDs are
presently achieved commercially by using versions of passively
addressed TN-LCDs and STN-LCDs [24] with in-plane switching
multiplexed addressing, or active matrix electrically controlled bire-
fringence (ECB) LCDs, IPS-LCDs, or TN-LCDs (See Sects. 8-14)
[95-98]. Most commercial LCDs with active matrix addressing use
a discrete thin film transistor (TFT) [96] or diode [97] at each
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Fig. 16. Schematic representation of the electrode pattern and thin film
transistors at each pixel of a high-information-content LCD with active
matrix addressing [24].

individual pixel that is formed on an amorphous silicon backplate [98]
(See Fig. 16 for a TN-TFT-LCD and Sect. 11). This arrangement does
away with the requirement for rows and columns and removes the
stringent size constraints imposed by multiplexed addressing. Thin
film transistors that use cadmium selenide (CdSe) were developed in
the early 1960s to address several kinds of display devices [99], and
there are very many variants and combinations of LCDs with active
matrix addressing on the market [100]. This diversity is attributable
to the significant advantages of this technology, which include high
contrast ratio, almost complete absence of cross-talk, adequate gray
scale, fast response times, high-information-content, and large area.
Major disadvantages include low luminosity and high power con-
sumption, but, more importantly, the high production cost associ-
ated with the silicon substrate and the low production yield, due to
pixel damage and subsequent repair. However, more efficient manu-
facturing methods, improved technology, and specially designed pro-
duction equipment are constantly improving the yield, increasing the
size, and lowering the cost of LCDs with active matrix addressing.

Active matrix addressing of LCDs essentially corresponds to
a memory effect; that is, the addressing pulse switches the TFT,
which maintains a constant charge on the pixel capacitor until it is
addressed again in the subsequent frame. Leakage of charge away
from the pixel e.g., into the nematic liquid crystal decreases the effec-
tive voltage across the pixel, which, in turn, leads to lower contrast.
Hence, nematic materials with high resistivity are required.

6. ALIGNMENT LAYERS

Most LCDs based on field effects are, in effect, surface stabilized
in one way or another [101]. Organic polymers such as polyimides
and polyamides, mechanically rubbed to create microgrooves [102],
obliquely deposited inorganic oxides such as SiO, [103], or long-
chain aliphatic siloxanes [104] are the most common orientation
layers. Although it is capable of generating the desired orientation
of the optic axis of the liquid crystal mixture reproducibly in the
azimuthal and zenithal planes, the production technique for inor-
ganic alignment layers is intrinsically expensive and not very com-
patible with continuous production processes. Aliphatic siloxanes
usually generate homeotropic alignment with small pretilt angles
measured from the normal to the plane of the cell. Therefore, buff-
ing of organic polymers has become the standard alignment tech-
nique for homogeneous (planar) alignment with a defined pretilt
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angle in commercial TN-LCDs, STN-LCDs, and LCDs with active
matrix addressing (e.g., TN-TFT-LCDs) [105-112]. However, rubbing
can cause pixel damage and generate static electricity which leads
to dielectric breakdown or the reduced resistivity of the liquid crys-
tal layer. These consequences are especially important for LCDs
with active matrix addressing, where the presence of even very small
amounts of dust particles or static surface charges can lead to an
unacceptable deterioration in display performance with subsequent
lower production yields and higher costs.

Noncontact alignment layers, which use plane-polarized light to
generate a surface anisotropy and, thus, uniform alignment of the lig-
uid crystal director, have the potential to eliminate problems caused
by buffing organic layers. A variety of related methods [113-121] that
utilize the cis—trans photoisomerization of azo dyes to produce an ori-
entation effect have been developed. However, all these methods use
the same basic effect that is, the cooperative influence of configura-
tion changes of the azo-dye molecules (cis—trans photoisomerization)
produced by the absorption of polarized light on the spatial arrange-
ment of neighboring liquid crystalline molecules. The dye may be
dissolved directly into a standard orientation layer (e.g., polyimide)
[113] or the LC mixture [114, 115], or covalently bonded to poly-
mers either spun onto the substrate surface [116-118] or arranged
in Langmuir-Blodgett monolayers [119-121]. Noncontact alignment
layers that use azo chromophores require the use of intense laser
light for relatively long periods (e.g., 1-2 h), to induce the isomer-
ization of the dye molecules. The high concentration of dye required
(e.g., 2 wt%) may induce an unwanted colored appearance. The ther-
mal and ultraviolet light stability of the orientation layers or the azo
dyes themselves may also be insufficient for commercial applications,
due to relaxation effects or degradation over time.

Photoinduced anisotropic cross-linking of side-chain polymers
is among the most promising of the various noncontact align-
ment technologies [122-140]. It was found that poly(vinylcinnamate)
(PVC) films exposed to linearly polarized ultraviolet light yield
homogeneous liquid crystal alignment perpendicular to the polar-
ization direction of the light [122-128]. Alignment results from an
anisotropic depletion of the cinnamate side chains because of (2+2)
cycloaddition reactions (See Fig. 17), although some authors suggest
that cis—trans isomerization is also involved at low fluences [124]. A
low azimuthal surface anchoring energy of ~4 x 107% J m~2 has been
measured [125], but better alignment is found when PVC deriva-
tives are used [126-128]. Small liquid crystal pretilt angles (~0.3°),
measured from the surface, have been generated in PVC by means
of a double exposure of the alignment layer [128]. However, the
pretilt angle is more easily varied by exposure at nonnormal inci-
dence, when the alignment direction is parallel to the polarization
direction of the ultraviolet light. These conditions were reported with
a coumarin side-chain polymer [129, 130] (See Fig. 18). Subpixel-
lated, multidomain devices with improved viewing-angle dependence
of the contrast have been produced using this material [131, 132].
The mechanism of photoalignment was investigated in some detail
[133-138]. Anchoring energies comparable to rubbed polyimide have
been determined. This technique can be use to improve the viewing-
angle dependence of TN-LCDs and STN-LCDs by photolithographic
generation of multidomain pixels, in which the subdomains exhibit
different microscopic alignment directions. The anisotropic pho-
todegradation of polyimide layers using plane-polarized ultraviolet
light can also give rise to good alignment [137, 138]. However, the
process generates a lot of chemical debris, which must be completely
removed for commercial applications.

7. COMPENSATION FILMS FOR LCDs

Compensation films for LCDs are essentially optical retarders [139].
They are used in attempts to compensate for the very strong
viewing-angle dependency of the optical properties, such as contrast,
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Fig. 17. Schematic representation of the anisotropic cross-linking of a
photoreactive cinnamate polymer by the action of polarized ultraviolet
light to produce a stable anisotropic network as a noncontact alignment
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Fig. 18. Schematic representation of the anisotropic cross-linking of a
photoreactive coumarin polymer by the action of polarized ultraviolet
light to produce a stable anisotropic network as a noncontact alignment
layer [133-135].

luminosity, gray scale, and color, which are caused by the anisotropic
nature of the birefringent polarizers and the nematic layer in the cell.
These optical properties degrade as the angle of view increases from
normal to the plane of the cell (See Fig. 19). However, the viewing-
angle dependency of these properties is asymmetric, that is, different
in the zenithal and azimuthal planes. These problems are particularly
acute for the ECB, TN, and STN LCDs due to wave-guiding and
interference effects. The basic mode of operation of a compensation
film is to match the optical symmetry of the compensation layer to
the optical pattern of the liquid crystal layer, but with an inverse sign
of birefringence.

Many kinds of compensation films in many different combina-
tions have been reported [140-153]. They may be layers of positive
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Fig. 19. Schematic representation of viewing angles 6 and ¢ in the
zenithal and azimuthal planes for light traversing a LCD [24].

or negative birefringence, whose optic axis makes an angle to the
plane of the cell, which may be fixed or increased by a splay of the
nematic director. The optic axis of these layers may be parallel to
the nematic director or the major axis of absorption of the polarizer
or make some angle to either of them. One, two, or a stack of com-
pensation layers may be fixed above and below the cell inside the
polarizers. These practical combinations are often far from simple.
For example, it was found that compensation layers of negative bire-
fringence on either side of a TN-LCD cell with the optic axes in the
plane of the cell led to an improvement in the horizontal plane, but
did not improve the viewing-angle dependency in the vertical plane.
However, tilting the optic axis of the compensation layer with respect
to the plane of the cell resulted in better optical properties in the
vertical direction. The relationship between these factors is complex.
Therefore, computer programs, such as the Jones or Berreman pro-
grams [151], are used to predict the effect on the optics of a given
display of a compensation layer of a given birefringence, thickness,
and orientation. The Jones program is simpler than the Berreman
program and, therefore, marginally less accurate. However, it is much
quicker to run and is sufficient for most purposes.

Organic films of optical retarders are often preferred by LCD
manufacturers and systems integrators of displays, because pre-
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formed compensation films can simply be laminated to commer-
cial displays, using a pressure-sensitive adhesion layer, to improve
their optical properties to meet a given set of specifications. These
organic optical retarders can be formed in a number of ways. Stan-
dard compensation films are formed by mechanically stretching films
of aromatic main-chain polymers that incorporate polarizable aro-
matic units (e.g., a polycarbonate polymer). The stretching procedure
aligns the long polymer chains parallel to each other in the direction
of mechanical stress. This alignment induces an anisotropy of polar-
izability, because the polarizability parallel to the long polymer axis
is greater than that orthogonal to the direction of stretching. There-
fore, n, is greater than n,, and the retardation film has positive bire-
fringence [See Eq. (7)]. A styrene polymer [140] treated in the same
way will have negative birefringence, because the refractive index
measured orthogonal to the oriented polymer axis is larger than that
parallel to the polymer axis; that is, n, is less than n,, (See Fig. 20).

Optical compensation layers are generally produced as
anisotropic networks from photoreactive liquid crystalline precursors
[141-153]. Nematic liquid crystals are preferred to smectic liquid
crystals, due to their low viscosity and good alignment properties.
However, columnar networks of negative birefringence are used
commercially, despite their high intrinsic viscosity. Anisotropic net-
works are generally formed by spin casting a polymerizable nematic
liquid crystal onto a substrate, evaporating off the solvent, and then
polymerizing and cross-linking the reactive nematic precursors with
ultraviolet light (See Fig. 21) to produce a solid three-dimensional
network (See Fig. 22).

DIRECTION OF STRETCHING

Fig. 20. Schematic representation of the linear structure of a stretched
polystyrene component of an optical retardation sheet.
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Fig. 21.
anisotropic polymer network [49].

Schematic representation of the process of radical polymerization and cross-linking in the nematic phase of a diacrylate to produce an
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Fig. 22. Schematic representation of the structure of a nematic polymer
network [49].

Optically anisotropic photoalignment films produced by cross-
linking induced by polarized ultraviolet light are birefringent and
can be used to generate photopatterned, high-resolution optical
retarders, polarization converters, and interference filters [122, 123].
However, the birefringence value is generally very low, and thick
films have to used. Therefore, they are used in combination with
anisotropic networks formed from reactive mesogens [123, 126, 127].
If some of the molecules in a liquid crystals mixture contain at least
two reactive groups, which can be either photochemically or ther-
mally polymerized, then cross-linked, anisotropic networks can be
produced in a relatively simple fashion. Macroscopic, uniaxially ori-
ented forms or films can be formed by orientation of the sample on
the photoalignment layer and then cross-linked to form a patterned
optical retarder as an anisotropic network.

8. ELECTRICALLY CONTROLLED
BIREFRINGENCE LCDs

There are many different variants (e.g., deformation of vertically
aligned phases and homeotropic nematic) of LCDs that utilize elec-
trically controlled birefringence [154-159]. However, they all have
the same basic cell setup as shown in Figure 23 and are essen-
tially based on the Fréedericksz effect [160] described in the early

/7 REFLECTED
LIGHT

(WHITE)

LIGHT
ABSORBED
(BLACK)

POLARIZER

/ FRONT
> SUBSTRATE

NEMATIC
MOLECULE

REAR
SUBSTRATE

ANALYZER

OFF-STATE

ON-STATE

Fig. 23. Schematic representation of an electrically controlled birefrin-
gence LCD [154-159].

1930s. Interest in ECB-LCDs has ebbed and flowed over the last
30 years without any large-scale commercial breakthrough primarily
due to their unsuitability for high-information-content displays with
passive, multiplexed addressing. The brightness is low (*20%), the
gray scale is poor, the contrast is also relatively low (25 : 1), and the
color is angle dependent. However, LCD products that incorporate
ECB-LCDs with active matrix addressing are starting to appear on
the market, due to their capacity to generate full color using gray
scale and relatively rapid response times. This renewed interest is
also due to the availability of stable nematic mixtures of negative
dielectric anisotropy, high birefringence, and low viscosity.

9. ECB-LCD CONFIGURATION

A nematic liquid crystal of negative dielectric anisotropy is aligned
orthogonally to the cell walls by means of a surfactant orientation
layer, and the bulk alignment is modulated by dielectric coupling
with an electric field applied between the two electrodes. One or two
polarizers (linear, elliptical, or circular [159]) are required, depending
on whether the cell is operated in the transmissive or reflective mode.

9.1. Off State

If the cell is positioned between crossed polarizers, then, in the off
state, polarized light produced by the first polarizer travels through
the homeotropically aligned nematic medium unchanged and is sub-
sequently absorbed by the second polarizer. Therefore, extinction
occurs and the cell appears dark (See Fig. 23).

9.2. On State

An electric field applied between the electrodes causes the nematic
director to tilt away from the normal with increasing field above a
threshold voltage [161]

772k33

V=, ———
th (SJ_—S”)SO

(16)

where &, — &) < 0. This induces birefringence An; and allows some
of the incident light to traverse the cell in the on state. The optical
effect is produced by interference between the extraordinary and the
ordinary rays and, therefore, at voltages above the threshold voltage,
white incident light is often converted into colored light by interfer-
ence. Theoretically, this conversion allows the production of colored
displays. However, as explained subsequently there is virtually no
change in color at voltages near the threshold voltages. Therefore,
the display is usually operated in the threshold voltage region using
color filters. The optical retardation & is proportional to the induced
birefringence, An = n, — n,,, which, for a given cell gap d and wave-
length of light A is given [162] by

5= 2m7And
A

a7

when operated in the transmission mode.

The value for the refractive index of the ordinary ray (n,) passing
through the cell is unaffected by the applied field, but the value for
the extraordinary ray (n,) increases with voltage (due to dielectric
coupling of the director with the field) if the liquid crystal mixture
is of negative dielectric anisotropy. Thus, the effective birefringence
increases with applied electric field strength. Therefore, the intensity
I of light traversing the cell depends on the optical retardation (phase
difference) 8, as well as on the angle of incidence of light (&),

(18)

8
I o1, sin*(2¢,) sinz(E)
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where I, is the intensity of the incident plane-polarized light. This
produces bright information on a black background. The intensity /
of transmitted light is a maximum when

And = (2m + 1)% (19)
where m is an integer. Usually, Eq. (19) is satisfied at an operat-
ing voltage with m = 0 and A ~ 550 nm, the central wavelength
of the visible spectrum. This gives a black and white display with
good uniform transmission across the visible spectrum. Whereas the
induced birefringence depends on the electric field strength, the
amount of light transmitted can be modulated to produce a tunable
birefringence (i.e., gray scale). Because the magnitude of the dis-
placement of the director is not large enough for an optical effect to
be observed, the switch-on times of this display type are intrinsically
short (20 ws), although they occur at relatively high operating volt-
ages. The switch-off time f.; is dependent on a viscosity coefficient,
7, a curvature elastic modulus « and the thickness of the cell d [161]:

nd*
Lot O T (20)

Therefore, because no field effect is involved, switch-off times
are often 3 or 4 orders of magnitude larger than switch-on times,
although special addressing techniques can produce short frame
times (=50 us) [163, 164]. The nematic director should be inclined
in one specific direction (e.g., 1° pretilt) to produce a uniform
optical appearance. In this case, there may be no sharp threshold
voltage [165].

10. NEMATIC MATERIALS OF NEGATIVE
DIELECTRIC ANISOTROPY

LCDs based on electrically controlled birefringence require a sharp
threshold voltage and a steep electro-optic contrast curve [166]. To
meet these conditions, the nematic mixture used should fulfill a num-
ber of conflicting specifications. A high negative value of Ae and
high positive values of k33/kq;, An, and & are required. However,
high values of An, which allow thin cells and, therefore, shorter
response times [See Eq. (19)] also give rise to birefringence in the
off state, because of the finite pretilt, interference colors, and, conse-
quently, lower contrast ratio. A large cell gap leads automatically to
longer response times according to Eq. (20). The parameter Ag/g,
should also be low; that is, both &, and g should be high. However,
high operating voltages, which are already relatively high for opera-
tion with standard, low-cost CMOS drivers, are observed if Ag/g is
too low.

The first LCDs based on electrically controlled birefringence
used readily available nematic Schiff bases of negative dielec-
tric anisotropy, such as N-(4-methoxybenzylidene)-4-butylaniline
(MBBA) or mixtures of Schiff bases, such as MBBA and N-(4-
ethoxybenzylidene)-4-butylaniline (EBBA). These compounds pos-
sess a nematic phase, a high clearing point, and a melting point at
or below room temperature (See Table I). However, the dielectric
anisotropy of these Schiff bases is low (0 > Ae > —1). Therefore, the
operating voltages of prototypes such as the ECB-LCDs [154], now
often referred to as deformation of vertically aligned phases (DAP)
LCDs, were relatively high (7-8 V). The effect on the threshold volt-
age of the elastic constants could not be ascertained, because they
were not known at that time.

Subsequent LCD types using electrically controlled birefringence,
such as homeotropic nematic (HN) LCDs [159] or electrically con-
trolled birefringence (ECB) LCDs [156, 158], utilized liquid crys-
tal mixtures of relatively strong negative dielectric anisotropy. These
mixtures incorporated components that possessed a polar substituent,

such as a halogen or a cyano group (e.g., F, Cl, Br, and CN), in a lat-
eral position. In this way, the vector of the dipole moment associated
with this lateral substituent perpendicular to the long molecular axis
was greater than that parallel to the long molecular axis [167-175].
(See Table III). The cyano group was utilized most of all, because of
its large dipole moment (4 D) [167-175].

The large van der Waals volume of the cyano group induces
substantial clearing point depressions and a high viscosity, whereas
the induced negative dielectric anisotropy is only moderate
(=2 > Ae > —4). This situation is illustrated by the data collated in
Table III for compounds 18-23 [169]. The nematic clearing point
decreases linearly with increasing radius of the lateral substituent
for compounds 20-22, except for the fluorine derivative (19). This is
due to a shielding effect associated with the large rotation volume of
the 1,4-disubstituted bicyclo[2.2.2]octane ring. The clearing point of
the fluoro-substituted derivative (19) with the lateral substituent in
position 2 is much higher than that of the corresponding ester (23)
with the fluoro substituent in position 3. This indicates that a lat-
eral substituent in position 3 is no longer shielded or is shielded to
a much lesser extent than the same substituent in position 2. The
viscosity increases proportionately with increasing size of the lateral
substituent. Therefore, a lateral substituent should be next to the
carboxy group (i.e., in position 2) to minimize steric effects on the
nematic clearing point and the viscosity. Furthermore, the compo-
nent of the dipole moment of the lateral substituent parallel to the
long molecular axis tends to cancel out that of the carboxy group,
while the orthogonal contributions reinforce each other. Therefore,
the cyano group in position 2 of compound 22 induces a negative
value (—2) for the dielectric anisotropy of the nematic phase. This
is too low for LCDs based on ECB effects, because it results in high
operating voltages.

Materials that incorporate two cyano groups in lateral positions
(e.g., compound 24 exhibit a much greater negative value for the
dielectric anisotropy (—12 > Ae > —20) because the resultant dipole
moment (=7 D) is directed perpendicular to the long axis of the
molecules, because the dipole vectors parallel to the long molecular
axis cancel each other out. The viscosity does not increase propor-
tionately for dicyano-substituted derivatives, compared with corre-
sponding mono-cyano-substituted derivatives, although the resulting
viscosity is high, whereas the clearing point may be even higher. This
observation is probably due to the shielding effect of the first nitrile
group, because the molecular rotation volume remains almost con-
stant. Therefore, the degree of molecular separation is not increased.

In the case of the two-ring compounds (18-24), the large rota-
tion volume of the 1,4-disubstituted bicyclo[2.2.2]octane ring reduces
the steric effect of the lateral substituent on the clearing point,
and the viscosity, although bicyclo[2.2.2]octane derivatives are gen-
erally very viscous. Three-ring materials are generally necessary to
retain mesomorphism in compounds that incorporate the nitrile func-
tion in a lateral position, e.g., compound 25 [167] (See Table IV).
The increased molecular length and polarizability of such three-
ring compounds also contribute to the high observed viscosity.
The Chisso Corporation made nematic mixtures of high negative
dielectric anisotropy for LCD applications available in the late
1970s. These mixtures contained liquid crystalline ester derivatives of
4-n-alkoxy-2,3-dicyanophenol such as compound 26 [168]. However,
these mixtures suffered from a degree of photochemical instability,
which limited the effective lifetime of displays in which they were
incorporated. The substitution of a methylene group for the termi-
nal oxygen atom of 4-n-alkoxy-2,3-dicyanophenol to produce analo-
gous 4-n-alkyl-2,3-dicyanophenyl ester derivatives, such as compound
27, resulted in materials that were sufficiently stable for commercial
applications [172, 173]. Although the magnitude of the dielectric
anisotropy of dicyano-substituted materials is sufficiently great to
allow the use of small concentrations, mixtures that incorporate these
substances are still very viscous and result in long response times.
Attempts to reduce the viscosity by incorporating two cyclohexane
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Table III.  Transition Temperatures (°C), van der Waals Radius (V) of C-X (A), Viscosity (¢St measured at 20 °C), Dipole Moment
of C-X (uD), and Dielectric Anisotropy (A e measured at 0.95 X Ty_,) for Nematic Liquid Crystals 18—24¢
Compound X Crystal Nematic Isotropic 14 n w Age Ref.

O

18 CSHH—@—( ° 310 e 645 . 34" ~06 169
o
OF

19 C5H114@_</ e 260 e 650 . 5.8 44 1.47 -1.1 169
o CsH,,
O (I

20 CSH”—@—</ e 355 e 410 . 120 1000 159 169
o CsHy,
O Br

21 CSH”A@—( e 145 e 270 . 14.4 1.57 169
O Cs;Hy,
ONC

22 CsH,, —@—{ « 275 . 295 . 14.7 405 —20 169
o CsHy,
O F

23 C.H,, —@—( o 45 (385 . 169
o CsHy,
ONC CN

24 CSH“—@—( o 84 (36 . 120 172
o CsHyy

“The parentheses [( )] represent a monotropic transition temperature.
Value for a 1:1 mixture of 3 /5 and 5/5 homologues.

rings (e.g., compound 28 [170]) or replacing the carboxy function by
an ether link (e.g., compound 29 [170]) or by an ethyl group (e.g.,
compound 30 [176]) resulted in almost insoluble, nonmesomorphic
compounds with very high melting points. The incorporation of only
one cyano group in three-ring materials without carboxy groups, but
with sp? bonding on aromatic rings (31) [177] and sp® bond angles in
central linkages or terminal chains (32) [178] resulted in low negative
values of the dielectric anisotropy.

A variety of liquid crystalline 3,6-disubstituted pyridazines, such
as compound 33, whose lone pair electrons, which are situated
at the electronegative nitrogen atoms give rise to a large dipole
moment perpendicular to the long molecular axis, were then pre-
pared [178-181] (See Fig. 24). The lone pair electrons do not increase
the breadth of the molecule. Therefore, due to the absence of steric
effects associated with lateral substituents, two-ring 3,6-disubstituted
pyridazine derivatives exhibit nematic phases of high negative dielec-
tric anisotropy (—6 > Ae > —10) and low viscosity. Unfortunately,
they also suffer from the serious disadvantages for commercial
LCD applications of photoinstability over time and insufficient
resistivity.

The trans,trans-4,4’ -dialkyl-1,l'-dicyclohexyl-4'-carbonitriles, such
as compound 34, contain only one cyano group. However, the axial
position of this nitrile function on one of the cyclohexane rings
locates the dipole moment almost exactly perpendicular to the long
molecular axis [182-184] (See Fig. 25). The axial hydrogen atoms
on the same side of the cyclohexane ring shield the axial cyano

group to some extent. Thus, these chemically, thermally, and photo-
chemically stable materials exhibit wide-range enantiotropic nematic
phases whose viscosity is much lower than that of the aromatic,
monocyano-substituted compounds. However, the very low birefrin-
gence of axially substituted bicyclohexanes renders them unsuitable
for electro-optic displays based on electrically controlled birefrin-
gence; related derivatives that incorporate two benzene rings and one
axially substituted cyclohexane ring are more appropriate.

The most promising approach to the synthesis of nemato-
gens of negative dielectric anisotropy and low viscosity involves
2,3-difluorobenzene derivatives, such as compound 35 [185] (See
Table IV). The small van der Waals volume of the fluorine atom
(5.8 A) and its relatively small dipole moment (1.47 D) lead to mate-
rials of relatively low viscosity and weak to moderately strong nega-
tive dielectric anisotropy in the nematic phase. If diether derivatives
of 2,3-difluoroquinone are prepared, the resultant dipole moment
perpendicular to the long molecular axis is enhanced, and, thus, rel-
atively large values of the dielectric anisotropy (—4 > Ae > —6)
are induced. Fluoro-substituted pyridines, such as compound 36, also
exhibit negative dielectric anisotropy, due to the resultant dipole
moment orthogonal to the long molecular axis [186]. However, they
do not appear to exhibit properties superior to the corresponding
2,3-difluorophenyl derivatives, and the synthesis is more complex.
Attempts to improve the properties of 2,3-difluorophenyl deriva-
tives involved synthesizing and evaluating compounds with different
central linkages [187]. It is evident from the data in Table V for
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Table IV.  Molecular Structures, Transition Temperatures (°C), and Dielectric Anistropy
(A& measured at 20 °C) for Nematic Liquid Crystals 25-36

Compound Molecular structure

Crystal Smectic Nematic Isotropic Ae Ref.

ONC
O CsHyy
ONC CN
(0} OC,H,
ONC CN
o CsHyy
ONC CN
28 CsH,, .........<:>—<:>..‘m.</ .
o CsHyy
NC CN
29 CsH,, ........,<:>_<:>..‘m..\ .
O OC,H,

NC CN
CsHy,

CN

31 CsH; HWOOOMH CsH,,
CN
32 C.H,, -
st <C>— C,H,,

N=N
33 CH, ™ \ ) OC:H;
CN
F F
s e OX oo
F

N=

59 — o« 113 . -38 167
138 — o 148 . -19.0 168
106 — (¢ 102 . -115  172-175

83 154 o 169 . 170
230 — — . 170
224 — — . 176

63 (o 43) e 795 . 177

715 o 162 o« 173 . 178

59.5 — (¢ O . -60  179-181

25 e 30° e 66 . —80  182-184

74 e 86 e 171 . -41 185
112 (¢ 105° o 190 . ~53 186

“The parentheses [( )] represent a monotropic transition temperature.
bSmectic A.
“Smectic B.

compounds 37-42 that two oxygen atoms (Z = CH,0, C;H4O, and
C;H,0) are required to produce even a moderately strong negative
dielectric anisotropy (Ae = —6). A range of diether derivatives of
2,3-difluoroquinone are manufactured commercially (by E. Merck)
for several types of LCDs, which require nematic mixtures of nega-
tive dielectric anisotropy.

11. TWISTED NEMATIC LCDs

The twisted nematic (TN) liquid crystal display (TN-LCD) [105] was
invented at Hoffman-La Roche in Basel, Switzerland, as part of
a wider collaboration with Brown Boveri (Baden, switzerland) and
Ebauche (Neuchatel, Switzerland) to develop flat panel displays e.g.,
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Fig. 24. Schematic representation of the resultant transverse dipole
moment across the molecular long axis of a 3,6-disubstituted pyridazine
derivative.
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Fig. 25. Schematic representation of the resultant transverse dipole
moment across the molecular long axis of an axially 4'-fluoro-substi-
tuted or 4'-cyano-substituted trans,trans-4, 4 -dialkyl-1, 1’-dicyclohexane
derivative.

for watches. Brown Boveri constructed the first TN-LCD factory at
Videlec in Lenzburg, Switzerland, in the mid 1970s. Since its inven-
tion, the TN-LCD has established itself as the dominant electro-
optic display in portable instruments. Directly addressed or multiplex
addressed TN-LCDs are found in low-information-content electro-
optic devices, such as digital clocks, watches, computer games, and

Table V.

calculators. Active-matrix addressed TN-LCDs are slowly replacing
multiplexed STN-LCDs [24] (see Sect. 14) in the high-information-
content segment of the displays market (e.g., in notebooks, per-
sonal organizers, and laptop computers). The dominance of TN type
LCDs with these different types of addressing is due to an advan-
tageous combination of properties, such as low power consumption,
low threshold and operating voltages, adequate optical contrast (at
least for narrow viewing angles), relatively efficient multiplexing at
least at low ratios, (e.g., a 1 : 32 duty cycle), long operating life-
time, and low cost. The main disadvantages of the TN-LCD are long
response times (especially at low temperatures), poor brightness, and
limited contrast, as well as large variation of contrast with viewing
angle, especially in passive matrix applications.

12. TN-LCD CONFIGURATION

A typical TN-LCD consists of a nematic liquid crystal mixture
enclosed in a cell with rubbed polyimide alignment layers, crossed
polarizers, and a cell gap of 5-10 um (See Fig. 26). The nematic
director is aligned in the azimuthal plane of the device parallel to
the direction of rubbing. The alignment layer usually induces a small
pretilt angle (0 ~ 1-3°) in the zenithal plane. The direction of
alignment at the upper glass substrate is orthogonal to that at the
lower glass substrate. This configuration generates an overall twist
of 90° across the liquid crystal layer, due to elastic forces in the
off state. The polarization direction of the crossed polarizers is usu-
ally arranged parallel to the director of the nematic mixture at each
surface. Sometimes, the polarizers are parallel to one another to
generate a dark off state and a bright on state with a wider viewing
angle cone. between the on state and off state.

Transition Temperatures (°C) and Dielectric Anisotropy (A ¢) for

4-Ethoxy-2,3-difluorophenyl-Substituted Nematic Liquid Crystals 37-42¢

Compound V4 Crystal  Smectic B Smectic A Nematic  Isotropic Ae Ref.
F F
37 C3H7<:>—<:> 68 o 109 — e 160 . -37 185
OC,H;
F F
38 C3H7<:>—<:>\ 62 — — e 154 . -60 185
0 OC,H;
F F
39 C3H7""-----<:>—<:>""©—OC2H5 76 e 79 — e 186 . —44 185
OF F
40 CH =4 87 (o 81) o 98 e 222 . -41 185
3447
0 OC,H;
F F
41 C3H7<:>—<:>'\ O—GOCZHS 59 — — . 136 . -51 187
F F
42 C3H7mv--v--<:>—<:>m\ O—C}—ocsz 65 — — e 135 . 187

“The parentheses [( )] represent a monotropic transition temperature.
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Fig. 26. Schematic representation of a twisted nematic liquid crystal dis-
play [24].

12.1. Off State

The twisted nematic medium rotates the plane of the polarized light
generated by passage through the first polarizer by 90° through the
twisted nematic medium, due to a wave-guiding action. This rota-
tion occurs because the wavelength of visible light (380-780 nm)
is much less than the thickness (5-10 wm) of the nematic layer
[188]. This wave-guiding action allows the plane-polarized light to
pass through the second polarizer (analyzer), because the direction
of plane-polarized light is now parallel to the transmission direction
of the second polarizer. In the reflection mode, this light is then
reflected back along its original path by a mirror. Thus, the off state,
or transition state, appears white. The off state is often referred to
as the open mode or white mode.

To avoid the production of elliptically polarized light rather than
plane-polarized light from a TN-LCD, it is necessary to meet certain
conditions with respect to the cell thickness d, the birefringence of
the nematic medium, An, and the wavelength of light in a vacuum A,
according to the equation

A
dAn > —

: e

TN-LCDs often operate with small values of d (=5 um), because the
response time of TN-LCDs is proportional to the square of the cell
gap. The first commercial TN-LCDs had to operate at greater values
of d (=8 um) to compensate for an inability to accurately control the
cell gap homogeneously across the whole of the cell. A disadvantage
of smaller cell gaps is that the transmitted light is more elliptically
polarized, due to the small pitch of the twisted nematic medium.
Thus, TN-LCDs can be tinged with color, especially for nonorthog-
onal viewing angles, due to interference between the extraordinary
and ordinary rays. However, for certain wavelengths of light, interfer-
ence at the analyzer can inhibit the production of elliptically polar-
ized light to some degree. This gives rise to linearly polarized light
according to the equation

2dAn
u=
A

(22)

where the coefficient u is much larger than unity, which is the
Maugin limit [189]. Thus, for the center of the spectral range
(=550 nm) of visible light (~380-780 nm), the wavelength at which
the eye is most sensitive, a series of maxima and minima in trans-
mission are produced for discrete values of the coefficient u (i.e.,

V3,/15,/35, /63, etc.). These are often referred to as the first,
second, and so forth Maugin [189] or Gooch and Tarry, [188] min-
ima. Thus, for a TN-LCD with ideal parallel polarizers and neglecting
light absorbed by the first polarizer,

I sin2|:77/2(1 + u2)1/2]

23
T2 (23)

Whereas the amplitude of transmission decreases with increasing
values of u, it is advantageous to operate in the first minimum or, at
most, the second minimum to maximize the brightness, contrast, and
acceptable viewing angle. The curve is inverted for crossed polar-
izers, and, therefore, the minima become maxima and vice versa.
A bright TN-LCD can be achieved by utilizing a nematic liquid crys-
tal mixture with a low birefringence (An < 0.10) in a TN-LCD with
a cell gap of 6.55 um operated in the first minimum [21, 190] (See
Fig. 27). Higher birefringence values correspond to different Gooch
and Tarry minima with consequent lower transmission in the off state.
A nematic mixture of low viscosity is used to achieve fast response
times. A certain amount of light still leaks through all TN-LCDs,
due to a variety of factors, such as nonperfect polarizers, nonuniform
nematic alignment, cell thickness, variation, temperature and wave-
length dependence of An, and the polychromaticity of visible light
itself. A combination of these factors results in a lower contrast

12.2. On State

When a voltage above the threshold voltage, V;,, is applied across a
TN cell, the molecules in the center of the cell and, therefore, the
optic axis, start to tilt to realign themselves in the direction of max-
imum polarization (i.e., parallel to the electric field) if the nematic
phase is of positive dielectric anisotropy. This realignment results
in a decrease in the effective average birefringence. A high volt-
age leads to a tilt angle of 90° at the center of the cell, where the
twist is then completely unwound. The effective birefringence is then
nearly zero, and, consequently, the plane of the polarized light is no
longer rotated. Therefore, the plane-polarized light strikes the ana-
lyzer in a crossed polarizer configuration and is absorbed. Thus, the
TN-LCD in this configuration exhibits positive contrast (i.e., displays
black figures on a white background). However, there are residual
transition regions of bend and splay at the cell boundaries, where
the director is rigidly fixed. Near the threshold voltage, the deforma-
tion of the director gives rise to sinusoidal perturbations that have
the longest wavelength compatible with the boundary conditions [74,
75, 81, 191]. The elastic energy required and the dielectric energy
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Fig. 27. Gooch and Tarry plot of transmission versus the coefficient u
and the corresponding birefringence values An for a TN-LCD of thick-
ness 6.55 um operating between parallel polarizers [21, 189, 190].
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released by this deformation depend on the square of the amplitude
of these perturbations. The instability threshold is attained when the
two quadratic terms are equal, and the threshold voltage for a twisted
nematic cell is then defined [105] by the equation

1 Kz — 2ky \ 2
g,Ae (k“ + 4

o

Vi = W[ (24)

where ky;, k4, and k33 are the Frank elastic constants [76], ¢, is the
dielectric constant of a vacuum, and Ae is the dielectric anisotropy
of the nematic mixture. Upon removal of the applied field, surface
and elastic forces [34, 76, 192] restore the twist, which allows plane-
polarized light to be transmitted once more. The response times, #,,
and f, are defined [105] as

2
Lo & AgEniimrz (25)
o 1 (26)

where
= frus (B2 -

n is the rotational viscosity, (y;) and E is the applied field. The
response of the director is not identical throughout the cell and
depends on the strength of the anchoring at the substrate surfaces.
The molecules of the nematic mixture closest to the inner surfaces
probably do not respond at all to an applied field.

The optical contrast of a TN-LCD is highest along a direction
parallel to the director in the middle of the cell and is lowest at
right angles to this direction. Therefore, the observed contrast for
a TN-LCD is asymmetric and depends not only on the viewing
angle, but also on the direction of view with respect to the director.
Molecules in a twisted nematic structure can give rise to areas, or
domains, of reverse twist upon application of an electric field. Discli-
nation lines between neighboring domains reduce the observed con-
trast. This reduction can be eliminated by adding a small amount of
an optically active material (dopant) [192], which induces a uniform
direction or handedness of twist in the nematic medium that coin-
cides with the twist in the cell. If the ratio of the pitch and cell gap
(p/d) is too small, areas of reverse twist can form. Therefore, the
pitch p induced in the nematic medium by the chiral dopant should
be long and result in a relatively large ratio for p/d (=7). Larger
values for the pitch can fail to inhibit the formation of domains with
reverse twist. A consequence of the addition of a chiral dopant is
that the medium is also no longer a twisted nematic phase, but a chi-
ral twisted nematic phase. This results in a higher threshold voltage
according to the equation

2 _ _ 2
V[h:\/k”ﬂ- + {k33 — k(1 —4d/p)}(7/2) 28)

g,Ae

where the pitch of the chiral nematic mixture is also a term [105].
Initially, derivatives of cholesterol such as cholesteryl nonanoate
[193] were added to induce the desired handedness of twist. How-
ever, such derivatives are hygroscopic and not particularly sta-
ble, so they were quickly supplanted by optically active derivatives
of cyanobiphenyls such as 4-cyano-4'-[(S)-2-methylbutyl]biphenyl
[194, 195].

The activated on states of a TN-LCD leak more light than desired,
due to the nonideal behavior of the nematic director in the cell.
Even at high applied voltages, some nematic molecules in the bulk
of the cell are not completely parallel to the applied field [21]. Fur-
thermore, at the surface of the cell, a layer of nematic molecules
probably does not move at all, due to strong surface anchoring to

the alignment layer. This results in a splayed structure at both sur-
faces. These nonideal birefringence effects are especially pronounced
during gray scale operation, because the optic axis of the nematic
layer is at an oblique angle to the normal of the cell and the applied
field. This nonideal behavior results in the asymmetric viewing-angle
dependency of contrast, luminance, and chromaticity, due to inter-
ference effects and even to inversion of contrast in gray scale opera-
tion at large viewing angles. For example, for a typical TN-LCD cell,
contrast ratios above 10 : 1 are limited to a maximum viewing angle
of +45° in the horizontal plane and +60° and —15° in the vertical
plane [141]. This range is clearly unacceptable for large area displays
(e.g., computer monitors).

The large viewing-angle dependency of TN-LCDs caused by the
positive birefringence of the nematic layer can be compensated
[141-151] to a large degree by using one or more optical retarders of
positive or negative birefringence (See Sects. 3.1 and 7) in combina-
tion with the normally white (NW) mode (i.e., with crossed polariz-
ers). The NW mode is especially important, because TN-LCDs with
active addressing and video-rate compatibility are driven in this con-
figuration. Compensation layers of negative birefringence used ini-
tially on either side of a TN-LCD cell with the optic axes in the
plane of the cell led to an improvement in the horizontal plane, but
did not improve the viewing-angle dependency in the vertical plane
[141-144]. The compensation layers were replaced by compensation
films [146], where the optic axis of the compensation layer of negative
birefringence was also tilted and splayed with respect to the plane
of the cell. If the optic axis of the compensation film of negative
birefringence coincides with the optic axis of the nematic liquid crys-
tal of positive birefringence, then unwanted birefringence effects are
suppressed. The splay of the nematic layer is matched by the splay
of the retardation film of opposite birefringence. The suppression of
unwanted leakage of light in the on state leads to higher contrast at
wider viewing angles and suppresses gray scale inversion. The twist
of the nematic layer is compensated for by aligning the optic axis of
the two compensation layers on either side of the cell at right angles
to each other. This results in no retardation at normal incidence.
Therefore, these optical compensation layers also improve the opti-
cal properties in the vertical as well as in the horizontal direction
for nonnormal viewing angles, while maintaining good optical prop-
erties at normal viewing. These films are prepared from photopoly-
merizable columnar liquid crystals and are available commercially as
a cross-linked anisotropic network referred to as Fuji WV Film Wide
View A. A carrier film of cellulose triacetate also contributes to the
compensation effect. Thus, these films are a hybrid of multiple com-
pensation layers of positive and negative birefringence with the optic
axis in the azimuthal plane of the cell, as well as configured with the
optic axis tilted and splayed in the zenithal plane of the cell. Other
approaches use a nematic anisotropic network with positive birefrin-
gence and a tilted optic axis [147] or holographic form birefringence
[148]. The complex nature of the optics of these multiple anisotropic,
birefringent layers means that it is essential to run computer simula-
tions to find their optimal combination [149-151].

There are many other methods for improving the viewing angle
dependency of TN-LCDs (e.g., pixel-divided cells [152] and mul-
tidomain cells [153]). However, these methods will not be discussed
further.

13. NEMATIC MATERIALS OF POSITIVE
DIELECTRIC ANISOTROPY

As the size and information content of TN-LCDs have increased,
there has been a continual need to synthesize new classes of nematic
liquid crystals to meet the ever more stringent requirements. In ret-
rospect, the initial specifications were very undemanding. The major
developments in the synthesis of nematic materials for the TN-LCDs
are described next.
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13.1. Nematics for Direct Addressing

The first TN-LCD prototypes [105] were constructed using a single
nematic material [i.e., N-(4-ethoxybenzylidene)-4-aminobenzonitrile
(43) of positive dielectric anisotropy (& + 14)] [196, 197] and
were prepared in the first decade of the 20th century [196].
The prototypes were operated in the nematic phase between the
melting point (Cr-N = 106 °C) and the clearing point (N-I =
128 °C) (see Table VI). A tertiary mixture (ML), consisting of
two 4-n-alkoxybenzylidene-4-aminobenzonitriles (44 and 45) [197]

Table VI.
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and 4-heptanoylbenzylidene-4-aminobenzonitrile (46) [199] permit-
ted operation at room temperature [200]. It was known that nematic
mixtures usually exhibit a melting point much lower than that of the
individual mixture components, whereas the clearing points are nor-
mally an average, although some deviation from ideal behavior is
generally observed [200]. The binary mixture M2, consisting of the
esters 47 and 48, and the binary mixture M3, made up of the Schiff
bases 49 and 50, are also nematic at room temperature [201]. Fur-
thermore, the threshold voltage of both of these mixtures is much
lower than that of M1, due to an advantageous combination of elastic

Transition Temperatures (°C), Dielectric Anisotropy, Threshold Voltage ¥/, and Switching Times (s)

for Nematic Mixtures M1, M2, and M3 and Their Components 43—50¢

Compound Molecular structure Crystal Nematic Isotropic Ae Vi Lons Loft Ref.
B
03 CZHSOOC\\ o« 106 s 128 . +14 196, 197
o
i
44 C4Hgo—®—c e 6 e 11 . 198
N\
N CN
n
45 CGHUO—O—C\\ e 55 e 101 . 198
o
H
/
0 Q
46 CrH s~ \NOCN e 54 s o8 . 199
0
0
47 c4H9—®—/( e 66 (s 4D 199
o
0
48 C6H13—®—/< « 46 e 55 . 199
o
i
49 C3H7—®—c e 655 s 715 . 199
N\
N CN
H
/
50 CeHys ¢ e 33 e 645 . 199
A\
N CN
44:33.3%
M1 45:33.3% e 20 e o4 . +14 35 105, 200
46: 33.3%
47:333% ,
M2 { AP « 25 e 50 . +14 09 02015 199
49:333% - ,
M3 {50:66.6% e —30 . @ . +14 L1 01;01 199

“The parentheses [( )] represent a monotropic transition temperature.
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constants [see Eq. (24)] the dielectric anisotropy of mixtures M1-M3
is almost identical and the threshold voltage is independent of the
cell gap. Moreover, because the values of the elastic constant ratio
for M2 and M3 are very similar, the shorter switching times observed
for M3 also are due to a lower rotational viscosity vy; of the Schiff
bases, compared with that of the esters [see Eqs. (25) and (26)]. The
alkyl-substituted components of M1 exhibit a lower viscosity than the
alkoxy components of mixtures M2 and M3.

The first commercial TN-LCDs utilized mixtures of Schiff
bases and phenyl benzoate esters. They were manufactured by
F. Hoffmann-La Roche and had to be handled with some care,
due to the possibility of hydrolysis by atmospheric moisture.
Researchers at the University of Hull realized that the chemi-
cal, photochemical, or electrochemical instabilities encountered for
standard liquid crystals at that time were caused by the unsat-
urated linking unit between the aromatic rings. Therefore, the
cyanobiphenyls [e.g., 4-cyano-4'-pentylbiphenyl (51); see Table VII],
which do not contain a central linkage between the two phenyl
rings [202], were designed and synthesized. Due to the absence
of the unsaturated central linkage, they are chemically, photo-
chemically, and electrochemically stable. The absence of the cen-
tral linkage has the added advantage of lowering the viscosity
and the melting point. Some homologues exhibit a nematic phase
at room temperature. Mixtures of 4-n-alkyl-4’-cyanobiphenyls, 4-n-
alkoxy-4'-cyanobiphenyls, and 4-n-alkyl-4”-cyano- p-terphenyls devel-
oped at Defense Evaluation and Research Agency (DERA) were
made commercially available by BDH (now E. Merck, Darmstadt,
Germany). Consequently, mixtures of 4-n-alkyl-4'-cyanobiphenyls,
4-n-alkoxy-4'-cyanobiphenyls, and 4-n-alkyl-4”-cyano- p-terphenyls
over time replaced the mixtures of Schiff bases and phenyl benzoate
esters in most commercially available TN-LCDs.

The pentyl homologues of the nitriles 51-73 [87, 203-221] listed
in Tables VII-IX are representative of attempts to improve on
the cyanobiphenyls [202]. The values of the dielectric anisotropy of
2-(4-cyanophenyl)-5-pentylpyridine (52) [203], 2-cyano-5-(4-pentyl-
phenyl)pyridine (53) [204], and 2-(4-cyanophenyl)-5-pentylpyrimidine
(54) [205] are higher than that of the 4-cyano-4'-pentylbiphenyl (51)
due to the dipole moments along the long molecular axis associ-
ated with the lone pair of electrons on the nitrogen atoms (see

Table VII). If the dipole moments are in the opposite direction,
Ae is lower [e.g., 5-cyano-2-(4-pentylphenyl)pyrimidines (55) [205].
The 2-(4-cyanophenyl)-5-n-alkylpyrimidines [205] and related deriva-
tives from F. Hoffmann-La Roche represent nematic liquid crystal
replacements for the Schiff bases and phenyl benzoate esters.

Replacement of the phenyl ring attached to the alkyl group of the
4-cyano-4'-pentylbiphenyl (51) by a trans-1,4-disubstituted cyclohex-
ane ring to create the frans-1-(4-cyanophenyl)-4-pentylcyclohexane
(17) resulted in lower birefringence and lower viscosity without low-
ering the dielectric anisotropy substantially [87] (see Table VIII).
This achievement led to the synthesis of a whole range of materials
(e.g., compounds 56—67) [206-216] with one aliphatic ring bearing a
terminal alkyl group and one aromatic ring bearing a cyano group.
Several types of nitriles collated in Table VIII, such as the dioxanes
(63) [213] are also manufactured for TN-LCDs. This use was partially
due to the large value of the dielectric anisotropy of the dioxanes,
attributable, in part, to the dipole moments associated with the elec-
tronegative oxygen atoms. The high dielectric anisotropy gives rise to
lower threshold and operating voltages. The other classes of aromatic
nitriles suffer from at least one unattractive property, that prohibits
their large-scale manufacture, such as photochemical instability (e.g.,
61), low resistivity values due to ionic impurities (e.g., 64), and high
viscosity (e.g., 67).

If the cyano group is attached to a nonconjugated alicyclic ring,
then the dipole moment of the cyano group is much lower than
when it is attached to an aromatic ring, due to the absence of
polarizable electron density (e.g., the aliphatic nitriles 68-73 collated
in Table IX) [217-221]. Consequently, the value of the dielectric
anisotropy is lower for aliphatic nitriles then for the corresponding
structurally related aromatic nitriles (See Tables VII and VIII). How-
ever, the trans-1-(trans-4-cyanocyclohexyl)-4-pentylcyclohexane (70),
with two cyclohexane rings instead of two phenyl rings in the corre-
sponding 4-cyano-4'-pentylbiphenyl (51) or one cyclohexane ring and
one phenyl ring in 4-(trans-4-pentylcyclohexyl)benzonitrile (17), still
exhibits a moderately high value for the dielectric anisotropy [219].
Whereas the nematic clearing point is high and the birefringence and
viscosity values are low, homologues of the aliphatic nitrile (70) are
also used in nematic mixtures (e.g., by E. Merck). They are especially
useful in nematic mixtures of low An for TN-LCDs with a cell gap

Table VII.  Transition Temperatures (°C) and Some Values for the Dielectric Anisotropy (A s measured at 0.98 X Ty _),
Birefringence, and Bulk Viscosity (poise) of the Aromatic Nitriles 51-55¢

Compound Molecular structure Crystal Nematic Isotropic Ae An n Ref.

51 CiH,, CN « 25 o 35 . +85 018 35 202
=N

52 C.H,, W—CN . 335 o  £5 . 203

=N

53 C5H11%CN e 73 [e 31] J +9.4 204
=N

54 C5H11—<\: }—QCN o 71 (o 52) . +21 018 50 205
N

N=
55 CsH,, —@—Q :>—CN . 9 . 109 . +34 205

N

“The parentheses [( )] represent a monotropic transition temperature and the square brackets ([ 1) represent an extrapolated

“virtual” transition temperature.
Smectic A phase at 93.5 °C.
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Table VIII.  Transition Temperatures (°C) and Some Values for the Dielectric Anisotropy, Birefringence, and Bulk Viscosity (poise)
of the Aromatic Nitriles 17 and 56—67¢
Compound Molecular structure Crystal Nematic Isotropic Ae An n Ref.
17 C,H,, Q—@— CN e 31 e 55 . +9.9° 012 21 87
=N
56 C.H,, w CN e 455 e 555 . 206
57 C.H,, <:>—<t>— CN o 48 . 64 . 207
N
=N
58 C,H,, <:>_< )—CN .« 84 (o 36) . 208, 209
N
=N
59 CH,, <:>—<: )—CN « 70 . o8 . 208, 209
N
60 CsH,,»N N CN o 40 — . 210
—/
61 CSH“CN . 48 . 6l . 211
62 CSHHCN « 35 (¢ 9 . 212
O
63 C5H11""“"'<: >—©—CN e 56 (¢ 52 . +11¢ 08/9 46 213
O
0
64 C5H11“"""'<: BOCN o 48 — . 214
O
(0}
65 CH ,m >—©—CN . T4 (e 19 . 215
S
S
66 CH ,m >—©—CN . 98 — . 215
N
67 CSHM—@—O—CN .« 62 o 100 . —10° 014 90 216

“The parentheses [( )] represent a monotropic transition temperature.

’A & measured at 0.98 x Tx-1-
“Smectic B phase at 94 °C.
A & measured at 42 °C.

‘A& measured at 25 °C.

of ~6.55 um operated in the first minimum [21, 190] (See Fig. 27).
The other aliphatic nitriles collated in Table IX generally exhibit a
combination of high melting point, low nematic clearing point, and
high viscosity.

The combination of a short alkyl chain, a trans-1,4-disubstituted
cyclohexane ring, and a cyanobenzene in the trans-1-n-alkyl-4-(4-
cyanophenyl)cyclohexanes (PCHs) appeared to be an optimal combi-
nation for TN-LCDs [87]. Therefore, it seemed potentially beneficial
to investigate the incorporation of a stable central linkage between
the two rings to form the compounds 74-83 collated in Table X
[87, 222-226]. The chemists at E. Merck removed the central link-
age from the 4-cyanophenyl trans-4-n-alkylcyclohexanoates [222] syn-

thesized earlier at the Martin Luther University (Halle, Germany),
to yield the PCHs. These researchers were the first to investi-
gate the effect of the trams-1,4-disubstituted cyclohexane ring on
mesomorphic behavior. However, only the trans-1-n-alkyl-4-[2-(4-
cyanophenyl)ethyl]cyclohexanes (PECHs) (e.g., 76) [224], were found
to be almost equivalent from the point of view of display devices.
None of these materials is currently being manufactured, apart from
the original esters (74) [222].

Changes in the terminal chains seemed to be one of the
few remaining possibilities for modifying the properties of these
core systems; see Table XI, where a series of frans-4-substituted-
cyclohexylbenzonitriles (17 and 84-99) bearing a chain of fixed length
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Table IX.  Transition Temperatures (°C) and Some Values for the Dielectric Anisotropy (A e measured at 0.98 X Ty_;)
and Birefringence of the Aliphatic Nitriles 68—73¢

Compound Molecular structure Crystal Nematic Isotropic Ae An Ref.

68 CsHy, O“""‘Q CN . <25 . —-25 . 217

69 CSHH—@—@CN e 113 (¢ 50 . 218

70 CH,, <:>—<:> CN o 62 e 85" . +3~4  004/5 219

71 CH, N—-<:> CN o 57 65 . 220
(0]

72 CH,, < >—<:> CN o 46 e 47 . 21
(6]

73 CSHH—@W--‘Q— CN o« 104 o 129 . 218

“The parentheses [( )] represent a monotropic transition temperature.

®Unidentified smectic transitions at 43 and 52 °C.

(five units) is shown [87, 227-230]. In the series [227] of ethers
(84-87), which differ only in the position of the oxygen atom, only
the methoxypropyl-substituted-benzonitrile 87 with an oxygen atom
at some distance from the core exhibits a nematic phase. How-
ever, because the melting point is higher than that of the unsubsti-
tuted benzonitrile 17, the nematic range is narrower. Whereas the
angle made by the carbon-oxygen—carbon bond (CH,OCH,) is very
similar to that with a methylene unit instead of the oxygen atom
(CH,CH,CH,), it must be assumed that the effect of the oxygen
atom on the clearing point is primarily of a polar and not a steric
nature.

Substantial differences in the liquid crystal transition temper-
atures of benzonitriles 88-94 with a carbon—carbon double bond
(C==C) in the terminal chain also were observed [228]. The elastic
and dielectric constants also differ greatly, which is of real commer-
cial and technological relevance for LCDs, especially supertwisted
nematic liquid crystal displays (STN-LCDs) [24, 94] (See Sect. 14)
[231-234]. Molecular modeling of ensembles of molecules indicates
that steric effects due to different configurations of the terminal
chain are primarily responsible for the very large differences in
the transition temperatures [233]. The corresponding acetylene 95
derivative [227] exhibits a virtual nematic clearing point just above
0 °C. This is probably due to the nonaxial position of the acetylene
group, which acts to increase the breadth of the molecule in this
particular case.

The effect on the mesogenic tendencies of compounds [229] of
combining two functional groups (i.e., one exerting polar effects and
the other steric effects) is shown by reference to ethers 96 and 97.
For ether 96, no liquid crystal behavior could be determined, whereas
for ether 97, a monotropic nematic phase could be detected at a tem-
perature higher than that of the reference substance (17). Whereas
ester 98 [230] is not mesomorphic, the related compound 99, which
contains an ester group (COO) and a carbon-carbon double bond
exhibits very high nematic transition temperatures for two-ring sys-
tems [230]. This temperature is probably attributable to an advanta-
geous combination of molecular rigidity and extended conjugation,
despite the presence of the flexible cyclohexane ring.

13.2. Nematics for Multiplex Addressing

In simple displays (e.g., clocks and calculators), where the informa-
tion content is limited, each pixel can be driven directly with a ded-
icated electrode contact and individual driver (See Sect. 5.1). With
this type of addressing, the off voltage can be zero, and the on
voltage can be several times the threshold voltage. Therefore, in a
TN-LCD, where the electro-optical characteristic is relatively flat, a
good contrast as well as low power consumption can be attained. The
compounds described in the previous section satisfy these require-
ments. However, the need for displays with a higher information con-
tent (e.g., portable computers, personal organizers, and notebooks)
requires more complex addressing schemes, due to the high cost of
the many drivers required and an absence of space for the contacts.
One way to resolve the problem is to use multiplex addressing (See
Sect. 5.2).

In a TN-LCD with multiplex addressing, the number of address-
able lines with good legibility is limited, although to a much lesser
extent than direct addressing. Alt and Pleshko [93] showed that the
maximum number of addressable lines (N) is given by the equation

Yo _ VN1 (29)
Vs VN+T

where V; and V;, are the select and nonselect voltages, respectively
(See Sect. 5.2). Therefore, the more lines there are to be addressed,
the smaller the permissible voltage change becomes. For example,
there is only a difference of about 11% between the select and nonse-
lect voltages for 64 addressable lines, which results in lower contrast,
due to the inadvertent activation of neighboring pixels (i.e., cross-
talk). To increase the number of addressable lines without reducing
the contrast, it is essential that the electro-optical response curve
have a very steep or, indeed, infinite slope. However, a steep electro-
optic characteristic severely reduces the capacity for gray scale and,
therefore, full color. Thus, multiplexed TN-LCDs are only capable of
displaying a limited amount of black-on-white information with good
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Table X.  Transition Temperatures (°C) for the Compounds 17 and 74-83“
Compound Molecular structure Crystal Nematic Isotropic Ref.
o}
74 CsHy, """"'<:>‘</ . 55 . 81 . 222
oo
75 CsH, <:>— 0 . 74 C 67)° . 223
¢}
17 C.H,, Q—@— CN . 30 . 59 . 87
76 CsH, J 45 o 55 o 224
CN
77 CsHy, @ . 74 (C 49) . 224
oo
78 CsH, \ . 54 . 107 o 225
CN
79 C.H,, Q—}@— CN . 4 . 7 . 225
80 C5 H 1 mm---<:>\_/—®— CN . 51 (o 39) L] 226
81 CsHy, Illmmm CN . 40 C 39) o 226
82 CsH,jym 0 O CN . 63 (o 54) . 226
83 CsH,, .........Q—\JO—O—CN e 64 (o 43) . 226

“The parentheses [( )] represent a monotropic transition temperature.

bMOl’lOtI‘OpiC smectic X—smectic B transition at 58 °C.

contrast and legibility. In practice, a duty cycle of 1 : 64 is the upper
limit; that is, 64 rows can be addressed in one frame.

To drive TN-LCDs with a relatively high information content with
multiplex addressing, the nematic mixture used has to fulfill a new
set of specifications. These requirements include a high Aeg, for a
low threshold voltage, a low viscosity for short response times, and
low ks3/kqq, high ks3/k,,, and low Ae/e, for a steep electro-optic
response curve (See Sect. 5.2). The birefringence, An, of the mixture
depends on the cell gap and whether device operation is in the first
or second transmission minimum. Furthermore, because the trans-
mission curve also depends on temperature, a low rate of change
is required (e.g., <1% in threshold voltage per degree centigrade).
This reduces the need to compensate for the change in operating
voltages with temperature by electronic means. However, in practice,
the variation of operating voltages with temperature is often compen-
sated for electronically or by using an optically active dopant whose
pitch decreases with increasing temperature [24].

The nematic liquid crystals shown in Tables VII-IX were found
to exhibit strong antiparallel molecular correlation, probably due to
the large dipole moment (~4.0 D) of the cyano group attached to a

phenyl ring [235-239]. This structure corresponds to a binary mixture
of virtually uncorrelated molecules (monomers) and pairs of associ-
ated molecules (dimers) [239] in a dynamic, temperature-dependent
equilibrium. The effective resultant dipole moment and dielectric
constants of the dimer will be much lower than those of the noncor-
related monomer, due to the antiparallel correlation of the terminal
dipoles in the dimer. However, the effective molecular length of the
dimer is greater (e.g., 1.4 times the molecular length of the monomer
for 4-n-alkyl-4'-cyanobiphenyls) [235]. This length promotes the for-
mation of a nematic phase at or just above room temperature for
these short molecules. The degree and nature of the molecular asso-
ciation of polar nematic liquid crystals is described by the Kirk-
wood Froehlich factor g [236-239]. This factor can be calculated
from macroscopic physical data, such as the refractive index, dielec-
tric constants, and molecular dipole moments, obtained for the bulk
nematic material [238, 239]. When g = 1, there is no correlation and
when g = 0, there is complete correlation of the molecular dipoles.
Thus, the Kirkwood Froehlich factor correlates directly with some
bulk physical properties of a nematic phase, such as dielectric con-
stants, elastic constants, clearing point, and viscosity.
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Table XI.  Transition Temperatures (°C) for Nitriles 17 and 84-99¢

Compound Molecular structure Crystal Nematic Isotropic Ref.

“ ~ m N .« _ . 227

86 o/
87 -2 /"""‘D‘@’CN . 5 . 55 . 227

88 N/ N . 16 . 59 . 228

90 J=/<:>‘©‘ N e« 16 e —~67) . 228

92 MOOCN < 00 * ™ ’ 28
T CN
_\_<O

9 _\_{) O‘@’ N e 128 (e 119) . 230
0

“The parentheses [( )] represent a monotropic transition temperature and the square brackets ([ ]) represent a virtual
(extrapolated) transition temperature.




28

Nematic mixtures, such as E7 (E. Merck, Darmstadt, Germany),
consisting solely of components with a terminal cyano group (in
this case, cyanobiphenyls and cyano- p-terphenyls), were found to be
very difficult to multiplex to any significant degree. However, it was
found [240] that mixtures of nematic compounds of low dielectric
anisotropy, such as the esters 18, 19, and 100-107 [169, 241-246]
shown in Table XII and the nitriles 17 and 51-73 shown in
Tables VII-IX, consist of a larger number of unassociated polar and
nonpolar monomers that not only give rise to a high value for the
observed dielectric anisotropy of the mixture and, therefore, a lower
threshold voltage, but also a low value of k33/k{;. Thus, mixing apo-
lar materials of low viscosity, weakly positive or negative dielectric
anisotropy with polar nematic liquid crystals of high positive dielec-
tric anisotropy creates nematic mixtures more suited to multiplexed
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addressing of TN-LCDs than materials that consist solely of polar
liquid crystals with terminal substituents with large dipole moments
(e.g., the cyano group).

The aromatic phenyl benzoate esters 100-102 possess either a low
nematic clearing point or narrow-range nematic phases of high vis-
cosity [241-243]. The phenyl bicyclo[2.2.2]octane esters exhibit very
low ks33/kq; values and high nematic clearing points, but possess high
viscosity values and are synthetically complex [169, 245, 246]. Only
the phenyl cyclohexyl esters 103—-105 combine a good nematic range
with a moderately high viscosity [241, 243, 244]. Although ester 106,
which has two cyclohexane rings, only possesses a smectic B phase,
homologues with shorter chains also exhibit a nematic phase of rela-
tively low viscosity and very low birefringence (See Table XIV) [244].
Although the presence of a fluorine atom in a lateral position in com-

Table XII.  Transition Temperatures (°C) for Compounds 18, 19, and 100-107¢
Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.

O

100 C.H,, —@—{ .« 3 — (o 26) . 241
e
O

101 C.H,, —@—{ .« 50 - . 58 . 242
o} —Q OC,H,
O F

102 C,H,, —@—{ . 2 - . 5 . 243
O CsH,y,
O

103 CsH,, <:>_( . 36 (o 29) . 48 . 241
e
O

104 C,H,, <:>—( . 49 — . 81 . 241
0 —@— 0C,H,
O F

105 C,H,, <:>—< T — . 37 . 243
o CsHy,
O

106 C.H,, <:>—< . sl . 7 — . 244
O

18 C.H,, —@—( . 3 — . 64.5 . 169, 245

O

107 C,H,, —@—{ . a0 — .« 100 . 245
o —Q OC,H,

19 . 26 — . 65 . 169, 246

O F
o CsHy,

“The parentheses [( )] represent a monotropic transition temperature.
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pounds 102, 105, and 19 leads to a lower melting point (sometimes
below room temperature) and the suppression of smectic phases,
the viscosity of these esters is considerably higher than that of the
nonfluoro-substituted analogues 100, 103, and 18.

However, even the cyclohexyl esters shown in Table XII, used
initially to produce multiplexable nematic mixtures, were found gen-
erally to induce unacceptably long response times, even in low-
information-content TN-LCDs with multiplex addressing. Therefore,
in attempts to produce apolar nematogens of low viscosity, a series of
new materials that incorporate either (1) one trans-1,4-disubstituted
cyclohexane ring or two frans-1,4-disubstituted cyclohexane rings and
one or two aromatic ring (such as compounds 108-116 [247-251]; see
Table XIII) or (2) only two frans-1,4-disubstituted cyclohexane rings
(such as compounds 117-125 [244, 252-258]; See Table XIV), with a
variety of different central linkages, were synthesized.

Most of the compounds (108-116) [247-251] collated in
Table XIII exhibit a nematic phase, as well as an unwanted smectic
B phase. However, only the compounds linked by the ethane linkage
(e.g., 109) [248] or linked directly (e.g., 114-116) [250, 251], were
found to exhibit the desired low values of the viscosity. The sup-
pression of the highly viscous smectic B phase by mixture formula-
tion is a difficult task, especially at low temperatures for mixtures
with a wide temperature range. Therefore, compounds such as 108,
which only possess a smectic B phase, are not very suitable compo-
nents of nematic mixtures with a wide nematic temperature range.
Furthermore, the presence of a smectic B phase at elevated temper-

atures for such compounds also leads to a limited solubility at low
temperatures in nematic mixtures. Therefore, mixtures of two-ring
compounds, such as 113, which are not mesomorphic at room tem-
perature but exhibit a very low viscosity, are used in admixture with
analogous three-ring and four-ring materials, such as compounds 114
and 115, with very high nematic clearing points [250, 251]. The pres-
ence of a fluorine atom in a lateral position in compounds such as
116 leads to a greater molecular separation and a greater tendency
for formation of the nematic phase [250, 251].

Nematic compounds that contain two cyclohexane rings possess
very low values of birefringence, although they also exhibit a ten-
dency for smectic B formation (e.g., compounds 117-125 [244, 252-
258]; (See Table XIV)). Homologues of ether 119 [255] and ester 120
[244] also exhibit nematic phases, although unfortunately they are of
high viscosity. Homologues with longer terminal chains exhibit pre-
dominantly smectic B phases (e.g., compound 121) [256]. In spite
of this, homologues of ester 120 [244, 94] have been manufactured
for certain TN-LCD applications where low birefringence is required
and very short response times are not essential. Of the classes of
compounds shown in Tables XIII and XIV, only short-chain homo-
logues of aliphatic ether 118 [253, 254] exhibit the desired combina-
tion of nematic phase and low viscosity, as well as a very low value
of birefringence.

Studies of apolar aromatic liquid crystals have been much more
limited, due to the preconception that the nematic phases of fully
aromatic materials are intrinsically more viscous than those of the

Table XIII.  Transition Temperatures (°C) for Compounds 108-116
Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.
108 C;H,, n<:>—®<:>— CsHy, e 50 . 196 — . 247
109 CsH o e 23 . 135 . 143 . 248
'<:>‘ CsHyy
110 CsHy, "@ e 70 . 133 . 143 . 249
111 CsHy, ""w"<:>—0 e 70 ° 90 . 156 . 250
(0)
112 C5H11 """IHO—.\_/_@WO—CSHH . 50 . 111 - . 249
113 c5H7mnw<:>—®— C,H; . 1 — [ —70] . 250, 251
114 CsHu""'"" O O CsH, . 13 . 164 . 170 . 250, 251
F

“The parentheses [( )] represent an extrapolated transition temperature.

PSeveral ordered smectic phases present.
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Table XIV.  Transition Temperatures (°C) for Compounds 117-125¢
Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.
117 C;H, <:><:>— C;H, . 64 . 82 — . 252
118 C;H, ww-"<:>"-""<:>— OC,H; . 49 — e 50 o 253,254
119 C;H; <:>\ . 7 . 8 .« 175 . 255
O
120 C;H; <:>( e 23 — o« 37 . 244
O
121 CsHyy <:></ . 52 . 72 — . 244, 256
o~ H-can,
122 CsH,, <:> o« 46 . 109 — . 257
123 CsHy, m<:> . 53 . 95 — . 257
W.v..v...u CsH,,
124 CsH, ""--"-<:>-"-”"E—<:>-w"" CsHy, . 52 (o 50) — o 257
o
125 CsH,, <:> 4 . 71 . 84 — . 258
/ il CS H 1
o

“The parentheses [( )] represent a monotropic transition temperature.
bMonotropic smectic X—smectic B transition at 58 °C.

analogous cyclohexane derivatives. This concept has generally been
found to be the case. However, liquid crystals that combine a high
positive dielectric anisotropy with low k33/k; and Ag/e, ratios have
been prepared by the incorporation of lateral substituents, especially
fluorine, in polar molecules, such as compound 127 [237] collated in
Table XV, which incorporates a terminal substituent with a strong
dipole moment. Although the presence of a lateral fluorine atom
results in lower absolute values for the elastic constants than do those
of the nonlaterally substituted ester and results in a lower degree of
molecular association, the relatively low value for the elastic constant
ratio ks3/k;; does not improve the multiplexability of mixtures that
contain such components. The viscosity of these fully aromatic esters
is indeed very high.

However, fully aromatic apolar 5-n-alkyl-2(4-n-alkoxyphenyl)
pyrimidines (e.g., compound 128) [259] were found to give rise to
very low ks3/kq; elastic constant ratios, high birefringence, and low
viscosity in admixture with polar nematics, such as the compounds
shown in Tables VII-IX (e.g., homologues of compound 17) and
related three-ring materials [87]. More examples of these pyrimidine
materials are given in Sect. 19, because they are also used in ferro-
electric smectic C* mixtures. Such pyrimidines are synthetically very
accessible and, as a consequence of this attractive combination of
properties, they are used on a large scale in nematic mixtures for

TN-LCDs with multiplexed addressing, especially where a higher An
value is required.

13.3. Nematics for Active Matrix Addressing

The low contrast and brightness, as well as the very narrow viewing
cone of TN-LCDs with even a moderate degree of multiplexing, ren-
ders the TN-LCD unsuitable for fast, high-information-content dis-
plays. These displays are presently achieved by using (1) versions
of STN-LCDs [24] with a high degree of multiplexed addressing,
(2) TN-LCDs [96-99] with active matrix addressing with a dis-
crete thin film transistor (TFT-TN-LCDs) [99], or (3) diode metal-
insulator-metal (MIM-TN-LCDs) [97] at each individual pixel on an
amorphous or crystalline silicon substrate [98] (See Sect. 5.3). The
advantages of active matrix addressed TN-LCDs include high con-
trast ratio, almost complete absence of cross-talk, gray scale, fast
response times, a high information content, and large area. Major
disadvantages are a direct consequence of the low brightness of
the TN-LCD, that is, low luminosity or high power consumption.
The high production cost associated with the silicon substrate and
the low production yield due to pixel damage and subsequent repair
initially hindered the market acceptance of active matrix addressed
TN-LCDs. However, improved production equipment and processes
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Table XV.  Transition Temperatures (°C), Elastic Constant Ratio® (k33 /k;,), Birefringence® (An), Dipole Moment ( uD), Kirkwood
Froehlich Factor (g), and Dielectric Anisotropy (A &) for Compounds 126-128
Compound Molecular structure Crystal Smectic A Nematic  Isotropic k33 /ky; An m g Ae Ref.
O
126 C7H15—®—/< .« M4 — . 57 . 152 015 56 07 199 237
O
O F
127 C7H15—®—/< .« 47 — . 4 . 141 48 08 98 237
O CN
=N
128 CSH”—< }—QOCSH” e 34 e 56 s 64 . 1.0 10 =0 259
N

“Measured at 0.95 X Ty_;.

have reduced the price differential with comparative STN-LCDs
substantially.

A TFT-TN-LCD is basically a memory effect; that is, the thin film
transistor maintains the charge on the pixel capacitor until the pixel
is readdressed in the following frame. Charge leakage from the pixel
(e.g., into the nematic liquid crystal) decreases the effective voltage
across the pixel, which leads to lower contrast. Consequently, the
resistivity of the nematic liquid crystal mixture should be constant
over time and also be orders of magnitude higher (~10'2-10'*  cm)
than that of commercial nematic mixtures for standard TN-LCDs
without active-matrix addressing. The holding ratio HR represents
the stability of the resistivity of the liquid crystal over time and is

defined as
r 1/2
HR=|(1-e 27 — 30
0= (57)] (30)

Table XVI.

where T is the frame time and 7 is the time constant for the pixel and
storage capacitor. These requirements impose very demanding spec-
ifications on the purity, the stability (e.g., chemical, photochemical,
and electrochemical), and the resistivity over time of each of the
individual mixture components and the mixture itself.

Nitriles were found to be unsuitable for LCDs with active-matrix
addressing, because the high polarity of the cyano group dissolves
ions out of the layers on the LCD substrate. This leads to a lower
value of resistivity and, therefore, a decrease in the effective holding
voltage and contrast ratio. Hence, liquid crystals that contain halogen
atoms, especially fluorine atoms (i.e., substituents with a much lower
value for the permanent dipole moment than that of a cyano group),
were synthesized. Typical examples are collated in Tables XVI-XIX
for compounds 129-152 [260-274]. Many related derivatives have
been reported [208, 226, 229, 249, 275, 276]. The two-ring compounds
that correspond to those listed in these tables are also used in the
same mixtures for TN-LCDs with active-matrix addressing as the

Transition Temperatures (°C), C-X Bond Length (A), Dipole Moment of C-X Bond (Debye), Birefringence (20 °C),

Dielectric Anisotropy (extrapolated to 100% at 20 °C), and Viscosity (cP at 20 °C) for Compounds 129-133

Compound Molecular structure Crystal Smectic A Nematic  Isotropic C-X " An Ae n Ref.

129 CsHyym . e 67 — . 82 . 1.10 =0 0.15 =0 22.7 260
DaWa

130 CsH . e 76 — e 125 . 1.39 1.47 017 +49 251 260
DaWa

131 CsHyym . e 100 — e 158 . 1.78 157 022 +7.5 46.6 260
WaWa

132 CsH . e 125 — e 163 . 1.93 1.59  0.24 +7.6  63.0 260
DaWa

133 CsH . e 79 87 o 184 . 1.14 4.0 023 413 261
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Table XVII.  Transition Temperatures (°C) and Dielectric Anisotropy (extrapolated to 100% at 20 °C) for Compounds 134-141¢

Compound Molecular structure Crystal Smectic B Nematic Isotropic Ae Ref.
134 CsH . O O H . 58 . 81 . 98 * 0 262
135 CsH . O O CH; . 98 . 123 . 178 o 0 262
136 CsH . O O F e 100 — . 152 . +7.3 262
137 CsH . O O OCF; . 43 . 128 . 147 . +9 263, 264
138 CsH . O O OCHF, . 67 . 120 . 162 . +9 265, 266
139 CsH . O O CF; e 123 — . 124 o +13 265
140 CsH . O O CN . 96 — . 222 o +11 87
141 CsH;m . O O SO,F e 156 — [o 60] . +27.1 267

“The parentheses [( )] represent an extrapolated “virtual” transition temperature.

Table XVIII.  Transition Temperatures (°C) and Dielectric Anisotropy (extrapolated to 100% at 20 °C) for Compounds 142-147*

Compound Molecular structure Crystal Smectic B Nematic Isotropic Ae Ref.

142 C5H,m . O O F e 90 — . 158 . +7.3 268
F

143 C3H7""--F . 46 — . 14 . 493 263
F

144 C3H7""""' O O F . 42 — (e 33) . +12.6 269
F
F F

145 C3H7mw- O O F o 64 — — . +15.2 270
F
F F

146 C3H7""-"-- O O F e 123 — — o +20.5 270
F F
F

147 _/F e 49 e 65 e 159 . +320 25,271

“The parentheses [( )] represent a monotropic transition temperature.
?Extrapolated at Ty_; = 10 °C.
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Table XIX. Transition Temperatures (°C) and Dielectric Anisotropy (extrapolated to 100% at 20 °C) for Compounds 148-152¢
Compound Molecular structure Crystal Smectic A Nematic Isotropic Ae Ref.
F
148 C3H7""""' O O OCH,CF; o 84 — . 105 o +12.2 272
F
F
149 c3H7.‘......, O O 0 F .« 52 — e 104 . +125 272
F F
=N
150 C3H7<:>—-®—< )—F . 124 — . 156 . 177 2713
N
F F
0}
151 /<: 5 O = O F e 99 e 134 e 157 . +208° 274
F
152 o 71 — (e 6) . +10.2 275

F F
O F
F

“The parentheses [( )] represent a monotropic transition.
bExtrapolated at Ty_; = 10 °C.

three-ring analogues. Most of the two-ring compounds are not liquid
crystalline and, therefore, they are not dealt with in any detail here.

The data in Table XVI indicate that a moderately high value of
Ag is indeed exhibited by compounds with a halogen atom in a termi-
nal position (e.g., 130-132) [260]. The value of A¢ increases with the
dipole moment of the halogen—carbon bond. However, the largest
value of Ae exhibited by the halogenated compounds (i.e., 132) is
not as high as that of the corresponding nitrile (133) [261], due to
the smaller dipole moment of the halogen—carbon bond. However,
the viscosity increases drastically with the size of the terminal halo-
gen atom [260]. Therefore, the fluorine atom in a terminal position
appears to offer the best combination of a moderately high positive
value of Ae and a moderately low viscosity.

Significantly higher values of dielectric anisotropy can be achieved
by using terminal groups that contain several halogen atoms bonded
to the same carbon atom [e.g., trifluoromethoxy, difluoromethoxy,
or trifluoromethyl groups (compounds 137-139)] (See Table XVII)
[87, 262-267]. The nematic clearing point and Ae generally increase
with polarity of the terminal substituent compared with the val-
ues of the nonterminally substituted reference compound 134. The
trifluoromethyl-substituted compound (139) possesses a Ag value
above that of corresponding nitrile (140). The effect on Ae of
the three fluorine atoms in compound 139 is seen by compar-
ing its value with that of the analogous compound (135), with
three hydrogen atoms in place of the fluorine atoms. A very high
value of Ae is observed for the sulfonyl fluoride (141), due to the
added electron density and polarizability of the sulfonyl group. The
trifluoromethoxy-, trifluoromethyl-, or difluoromethoxy-substituted
compounds (137-139) are synthetically readily accessible. There-
fore, these and related similarly substituted compounds are found

in commercial nematic mixtures for TN-LCDs with active-matrix
addressing.

Very high values of the dielectric anisotropy are achieved for
compounds that contain two or more fluorine atoms spread around
the molecule (See Table XVIII) [25, 263, 268-271]. There is a clear
additive effect for the dipole moments associated with the fluorine
atom (e.g., compare the dielectric data for the polyfluorinated com-
pounds 142-146). However, the viscosity does not increase propor-
tionately, because the molecular width does not increase with the
addition of each supplementary fluorine atom. The nematic clear-
ing point decreases with increasing number of lateral substituents.
Compounds 145 and 146, which have four and five fluorine atoms
in terminal and lateral positions, respectively, are not mesomorphic.
However, such compounds can be used as components of nematic
mixtures to increase the positive value of the dielectric anisotropy to
the desired value. The presence of a carbon—carbon double bond in a
suitable position can help to compensate for the effect of the lateral
substituents on the nematic clearing point e.g., compare the thermal
data for compounds 143 and 147.

Compounds such as 148 and 149 in Table XIX that combine a
terminal group that contains halogen atoms with additional fluorine
atoms in lateral positions can also exhibit values of Ae compara-
ble to that of aromatic nitriles [272]. Other combinations of het-
eroatoms can achieve similar effects. For example, the presence of
electronegative heteroatoms other than halogen incorporated in aro-
matic or aliphatic rings, such as oxygen and nitrogen, can also give
rise to high values of the dielectric anisotropy (e.g., the pyrimidine
150 [273] and the dioxane 151 [274]. There are many other possi-
bilities [208, 226, 229, 249, 275, 276, 277] for combining different
molecular building blocks to produce polar nematogens without a
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cyano group or, indeed, for incorporating heteroatoms in different
parts the molecular structure of organic molecules (e.g., compound
152 incorporates two fluorine atoms in the central linkage between
two of the rings in the molecular core).

Many of the compounds shown in Tables XVI-XIX solvate ions to
a much lesser degree than analogous nitriles, as indicated by the high
stable holding ratios of nematic mixtures in which they are contained.
Therefore, due to the advantageous combination of physical proper-
ties previously referred to, many of the polar compounds (without
a terminal cyano group) shown in the Tables XVI-XIX are indeed
used in commercial mixtures for TN-LCDs with active addressing,
such as TFT-TN-LCDs.

14. SUPERTWISTED NEMATIC LCDs

It was evident in the early 1980s that the optical performance
of highly multiplexed TN-LCDs was intrinsically insufficient for
high-information-content displays for portable instruments, such
as notebooks, personal digital assistants, and portable computers.
Large-area, highly multiplexed TN-LCDs (e.g., the ones used in the
first handheld televisions and portable computers) exhibited poor
contrast, low brightness, and very strong viewing-angle dependency.
However, it was found that a range of supertwisted nematic (STN)
LCDs invented in the mid-1980s could fulfil these requirements.
Competing technologies based on active-matrix addressed TN-LCDs
see Sects. 5.3 and 13.3 and ferroelectric liquid crystals (see Sect. 19)
were still in a development stage [24, 94, 109, 278-284].

The sharpness of the electro-optic contrast curve of applied
voltage against optical transmission increases dramatically for twist
angles, ¢ > 90° up to values of ~180°. For higher values (180° <
¢ > 360°), hysteresis, bistability, and visible stripe textures [285] are
observed. Under well-defined conditions, the stripe textures can be
suppressed, and bistable displays with very steep electro-optic trans-
mission curves can be produced. The steepness of the electro-optic
transmission curve increases with increasing twist angle until a value
with infinite slope is found for ¢ = 270° (see Fig. 28). This allows
the very high degree of multiplexing essential for high-information-
content displays. Initially, STN-LCDs were addressed using rms
voltages and Alt and Pleschko [93] driving schemes. Although such
displays are adequate for high-information-content applications, such
as notebooks, personal computers, and calculators, the long response
times give rise to an unacceptably low contrast at the video rate
(<50 ms) required for television screens or computer monitors.
So-called Active Addressing™ [286] of STN-LCDs can lead to sub-
stantially quicker response times and, therefore, acceptable contrast
displays at video rate. Due to this combination of advantageous prop-
erties, STN-LCDs were manufactured in volume shortly after their
invention. They contributed significantly to the market acceptance
of laptop computers and thereby facilitated their large-scale manu-
facture. Although the market share for STN-LCDs is being eroded
by TN-LCDs with active addressing (See Sect. 13.3) at the high end
of the market, STN-LCDs are increasingly replacing TN-LCDs with
multiplexed addressing for low-information-content applications.

15. STN-LCD CONFIGURATIONS

There are several kinds of STN-LCDs, not only with different optics,
but also different operating principles. The common features that
link these types of LCDs are a large twist of the chiral nematic
medium within the cell and, at least in principle, the ability to display
a large amount of digital and graphic information. The most impor-
tant of these variants are described in the following subsections.

90

60
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Fig. 28. A plot of the twist angle at the center of a cell versus applied
voltage for a series of twist angles of nematic LCDs [24].

15.1. Bistable Liquid Crystal Twist LCDs

The first supertwisted nematic LCD was reported [287, 288] by
researchers from Bell Laboratories in Murray Hill, NJ. Although not
commercialized, these prototypes, the theory of cell operation that is
associated with them, and related predictive computer programs laid
the foundation for the discovery of the other commercially successful
STN-LCD modes.

15.1.1. Device Configuration

A chiral nematic mixture of positive dielectric anisotropy is homoge-
neously aligned in a standard sandwich cell with a very high pretilt
angle (6 < 45°), large cell gap (d < 20 wm), and crossed polar-
izers (See Fig. 29). The front polarizer is parallel to the nematic
director in the off state. The large pretilt angle was produced by a
vacuum-deposited SiO layer (1000 A). The cell gap was generated
by the use of mylar film at the edges of the device.

15.1.2. Off State

The nematic director is tilted at a high angle from the substrate
surface at both substrates. Therefore, the molecules of the chiral

REFLECTED LIGHT
LIGHT POLARIZER ABSORBED
(WHITE) FRONT (BLACK)

SUBSTRATE

REAR

MIRROR

Fig. 29. Schematic representation of a bistable liquid crystal twist LCD
[287, 288].
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nematic phase are essentially parallel from the top to the bottom
of the cell. In spite of the presence of a chiral dopant, there is no
twisted structure in the cell. This leads to extinction between crossed
polarizers and the nonaddressed parts of the display appear black.

15.1.3. On State

If a voltage, (e.g., 2 V) is applied above a threshold value and then
removed quickly, the addressed pixel reverts to the original off-state
orientation. However, if a higher voltage (e.g., 3 V) is applied and
then removed, the nematic director twists through 360° at various
angles to the cell normal to form a second stable state. In this ori-
entation, two elliptically polarized modes are formed, and some light
passes through the front polarizer and rear analyzer. Thus, informa-
tion is displayed with negative contrast (i.e., a bright image against
a black background). The on and the off states are both stable and,
therefore, a bistable cell is formed under these conditions. This is
due, in part, to the presence of the chiral dopant, which increases
the energy barriers between the nontwisted and fully twisted states.
Other metastable states can be eliminated by a judicious choice of
device configurations, addressing schemes, and material properties.
There are no disclinations in the activated areas. In principle, this
opens up the possibility of producing high-information-content dis-
plays, due to the shorter refresh frame times associated with bistable
displays (i.e., a memory effect). However, the growth of metastable
twist states with intermediate twist, which degrade the optical per-
formance of the device, is found to occur around dust particles in
cells with a cell gap below a critical value (d < 20 wm). Therefore,
whereas the response time is proportional to the square of the cell
gap, very long response times (=1 s) are observed. This phenomenon
also precludes the use of distributed spacers, which, in turn, excludes
the possibility of producing the uniform cell gap with very little vari-
ation that is essential for the manufacture of large-area LCDs. If the
polarizers are removed and a dichroic dye is added, then a kind of
supertwisted White and Taylor type guest-host (GH) LCD results
[94, 112, 280, 290, 291]. The absorption of light by the dye depends
on the direction of its polarization axis, which follows the LC direc-
tor. In the off state, half the light (colored by the dye) is transmitted.
Both elliptically polarized rays are absorbed in the twisted on state.
This produces black information on a colored background; that is,
the contrast is inverted from negative, as displayed by the nondyed
mode, to positive. The contrast obtained is low, because the thick
cells (d > 20 mm) used in this STN-LCD result in a high optical
retardation (And).

15.2. Supertwisted Nematic Guest—-Host LCDs

The supertwisted Nematic Guest-Host (STN-GH) LCD resolves
many of the problems associated with the bistable liquid crystal twist
(BLCT) LCDs, such as low contrast and optical instabilities. It also
addresses the fact that nonsupertwisted GH-LCDs cannot be mul-
tiplexed to any significant degree [289]. At the Royal Signals and
Radar Establishment (now DERA) in Malvern, U.K. in 1983 it was
found [94, 112, 280, 290, 291] that supertwisted versions of the
Heilmeier and Zanoni GH-LCD [29, 30] that used one polarizer and
a nematic liquid crystal of high birefringence or a White and Taylor
type guest—host (GH) LCD [292-294] with no polarizers and a chiral
nematic liquid crystal of low birefringence both exhibited very steep
electro-optic transmission curves over a very short range of voltages
[112, 280, 290, 291]. This observation offered the possibility of practi-
cal production of large-area, high-information-content GH-LCDs for
the first time.

15.2.1. Display Configuration

The sandwich cell incorporates a chiral nematic host, a dichroic dye
with positive dichroic ratio, and a relatively high concentration of
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Fig. 30. Schematic representation of a supertwisted nematic guest—host
LCD [24, 280, 112, 290, 291].

chiral dopant. This composition induces a large twist angle (270°) for
a given cell gap (0.5 < d/p < 1). An alignment layer induces a high
tilt angle, and one polarizer is fixed to the front substrate surface
(See Fig. 30).

15.2.2. Off State

The incident polarized light is not wave guided, due to the highly
twisted structure of the chiral nematic host. However, the transition
moment of the dissolved dye, which follows the director orientation,
has a component that is parallel to the electric vector of the prop-
agated light, which is absorbed and then reemitted. Therefore, the
nonaddressed areas of the display appear colored.

15.2.3. On State

Application of an operating voltage V;, just above the threshold
voltage 1}, causes the director to become strongly aligned with the
electric field, due to the high pretilt angle and the highly twisted
structure. The transition moment of the dye is now orthogonal to the
direction of polarization of the light, which is transmitted without
absorption taking place. Thus, white information is displayed against
a colored background for reflective displays; that is, the contrast is
negative. The transition from the on state to the off state is very
sharp and occurs over a very short range of voltages (V,,/Vi, < 1.1).
Theoretically, this allows a very high degree of multiplexing (1 : 500)
using standard Alt and Pleshko addressing schemes. However, prac-
tical displays operate at lower duty cycles (1 : 200), because the oper-
ating voltages are very sensitive to even marginal inhomogeneities in
the cell gap (e.g., £0.1 um over a gap of 9.0 um), due to insuffi-
cient planarity of the glass substrates. Furthermore, the temperature
dependence of the threshold and operating voltages must be com-
pensated for either through the drive electronics or through the use
of optically active dopants. This situation also impacts negatively on
the maximum degree of multiplexing possible. However, the viewing-
angle cone is still very wide. A variant of this device configuration
involves the use of a low tilt angle. However, the degree of multi-
plexing is considerably lower.

15.3. Superbirefringent Effect LCDs

Superbirefringent effect (SBE) LCD [24, 107, 282, 283] were
reported by Scheffer and Nehring (Brown Boveri, Baden,
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Switzerland), at more or less the same time as STN-GH-LCDs.
Although the device configurations are very similar, the SBE-LCD
differs in several important respects from the STN-GH-LCD. The
most important difference is that the SBE device does not use a
dichroic dye to produce an optical effect; rather, it utilizes the opti-
cal interference of two normal, elliptically polarized modes of trans-
mitted light that are generated by a high-tilt, highly twisted nematic
structure viewed between two crossed polarizers set in a nonstandard
fashion. The input polarization direction is not parallel to the direc-
tor at either substrate, and the polarizers are not crossed at 90° (See
Fig. 31). It also differs from the related BLCT-LCDs (See Sect. 15.1),
which also use birefringence effects, in that it is optically stable due
to the fact that the cell gap is much thinner, the tilt angle is much
lower, and the twist angle of the chiral nematic phase is also lower.

15.3.1. Device Configuration

Prototype SBE-LCDs, illustrated in Figure 32, combined a chiral
nematic mixture with large twist angle (¢ ~ 240-270°; d/p ~ 0.75),
positive dielectric anisotropy (Ae =~ +12), high birefringence (An ~
1.4), and a very large pretilt angle (20° < 6 < 30°). The high
pretilt angle can be produced using vacuum-deposited SiO or SiO,,
rubbed polyimide, or polyphenylenes Imperial Chemical Industries
(ICI). The polarization directions of the polarizer and analyzer are
at angles « and B to the director at the front surfaces (See Fig. 31).

15.3.2. Off State

The highly twisted chiral nematic structure results in the production
of two normal, elliptically polarized modes. The high optical retar-
dation produced by the highly birefringent chiral nematic phase of
positive dielectric anisotropy results in interference at the analyzer.
Therefore, the display appears colored in the off state (blue or yel-
low). It was found that the highest contrast was obtained when the
polarizers were positioned at 30° and 60° to the direction of align-
ment (nematic director) at the front and the rear surfaces, respec-
tively. This gives a positive contrast display referred to as the yellow
mode of black figures on a yellow background. Rotating one of the
polarizers by 90° gives a negative contrast with white figures on a
blue background (blue mode).

15.3.3. On State

Applying a voltage slightly above the threshold voltage results in a
modest realignment (~10%) of the nematic director in the middle of
the cell. This reduces the effective birefringence, the optical path dif-
ference, the degree of interference (color), and, therefore, the inten-
sity of transmitted light. Thus, due to the highly twisted structure

DIRECTOR
REAR
SUBSTRATE

REFLECTED LIGHT
LIGHT POLARIZER ABSORBED
(YELLOW) (BLACK)

/ FRONT
SUBSTRATE

REAR
SUBSTRATE

ANALYZER
MIRROR

OFF-STATE ON-STATE

Fig. 32. Schematic
LCD [24, 282, 283].

representation of a superbirefringent effect

of the nematic phase, a large optical effect is generated by a small
change in voltage, and a very steep slope of the distortion-voltage
curve is produced. In practice, a twist angle ¢ is chosen so that the
cell can be addressed at either side of a narrow bistable range in the
distortion—voltage curve. In principle, this permits a very high degree
of multiplexing (e.g., 1 : 600) using rms addressing and standard Alt
and Pleshko driving schemes. However, device characteristics of prac-
tical displays, such as the lowering of applied voltage caused by the
resistance of the electrode layers and the internal resistance of the
drive electronics, as well as variations in the cell gap due to nonop-
tically flat surfaces, result in a lower, but still high, multiplexing rate
[e.g., a duty cycle of 1 : 120, is obtained with a high contrast ratio
(e.g., 10 : 1 for the yellow mode and 8 : 1 for the blue mode) when
the display is directly viewed]. The contrast ratio is still relatively high
(e.g., 4 : 1) for wide viewing angles (e.g., 45°) and is far superior to
that observed for the GH-STN-LCDs and TN-LCDs at a compara-
ble multiplex rate. The response time (90% transmission) was long
(~300 ms at 20 °C) with normal rms addressing, which precludes
use for applications where video frame rate addressing with short
response times (~40-50 ms) is required, such as television screens.
The high tilt angle 6 at the surfaces energetically favors the highly
twisted and tilted nematic configurations in both the off state and
the on state: That is, it suppresses a competing distorsional structure
and eliminates scattering stripe instabilities. It also results in a high

ANALYZER

POLARIZER

DIRECTOR

Fig. 31.

FRONT
SUBSTRATE

Polarizer and analyzer orientation, as well as the director orientation, at the substrate surfaces for STN-LCDs [24].
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transmission / when

Andcos® 6, ~ 0.8 um, (31)
where 6,, is the average tilt angle in the nonselect state. The tem-
perature dependence of the select and nonselect voltages can be
compensated for either electronically or by using two optically active
dopants of opposite twist sense [295]. As the pitch of one chiral
dopant increases with temperature, the other decreases, resulting in
an almost constant variation of pitch with temperature, at least over
the operating temperature range of the display.

15.4. Supertwisted Nematic LCDs

The supertwisted nematic (STN) LCD reported by Kando, Naka-
gomi, and Hasagawa [108] in Japan is essentially a lower tilt-bias (6 ~
5°) version of the SBE-LCD. It is otherwise very similar. Therefore,
somewhat confusingly, both are often referred to as STN-LCDs, as
are GH-STN-LCDs.

15.4.1. Device Configuration

The sandwich cell contains a chiral nematic mixture of positive
dielectric anisotropy and a twist of 180°. The polarizer and analyzer
are parallel to polarization directions at angles «, 8 = 45° from the
director at the substrates.

15.4.2. Off State

The two elliptically polarized rays give rise to a bright yellow back-
ground in the off state with a transmission / given by

ol e (2]

The transmission is optimized for yellow light when the optical path
difference () is given by

(32)

Q=And=1pm (33)

15.4.3. On State

The application of an appropriate voltage above the threshold
voltage gives rise to extinction. Thus, a positive contrast of black
information on a yellow background is produced.

15.5. Optical Mode Interference LCDs

In 1987, an optical mode interference (OMI) LCD was reported
by researchers at F Hoffmann-La Roche in Basel, Switzerland.
[296, 297] The OMI-LCD [109, 284] is a black and white display
with a degree of multiplexability comparable with that observed for
other STN-LCDs. However, it is much more tolerant of some other
variable cell parameters. A larger pretilt angle (6) can result in
lower operating voltages, but much lower levels of multiplexability.
Therefore, a low value of 6 is preferred for high-information-content
displays. Response times are also much shorter than those of compa-
rable STN-LCDs. However, OMI-LCDs suffer from the major disad-
vantage of poor brightness. Although this can be improved to some
extent by increasing the twist angle, the degree of brightness remains
substantially lower than that of a comparable STN-LCDs or even
TN-LCDs.

15.5.1. Device Configuration

The major difference between the configuration of the OMI sand-
wich cell and other STN-LCDs is that the optical path difference
() = And « 1 pm) is much lower than that for other STN-LCDs
(A1 um). Other significant differences are that there is no require-
ment for a significant pretilt angle (0 < 6 < 5°), the twist angle of
the chiral nematic layer is lower (180°), the front polarizer is paral-
lel to the nematic director (e = 0°), and the polarizers are crossed
(B =90°) (see Fig. 33).

15.5.2. Off State

The 180° twist leads to strong interference between the two ellipti-
cally polarized rays generated by the highly twisted nematic structure.
Whereas there is no wave guiding, if the optical path difference is
small (e.g., 0.4 um), a bright, white, nondispersive off state is pro-
duced. The chiral nematic mixture has positive dielectric anisotropy,
low birefringence, and a long pitch (d/p ~ 0.3).

15.5.3. On State

The effect of applying a voltage slightly above the threshold volt-
age is to realign the nematic director in the middle of the cell. This
results in absorption of the propagated light at the analyzer. Thus, a
positive contrast display of black information on a white background
is produced. A very steep slope for the distortion-voltage curve is
produced with a low dependence on temperature or inhomogeneity
of the cell gap.

16. ELECTRO-OPTIC PERFORMANCE
OF STN-LCDs

The cell construction and electro-optic response of SBE-LCDs and
STN-LCDs (and, to a lesser degree, OMI-LCDs) exhibit strong sim-
ilarities. The ways in which they differ were described in Section 15.
Therefore, to a certain extent it is valid to generally discuss their
electro-optic responses together. The general description is of a
STN-LCD with a twist angle 240° < ¢ < 270°, pretilt angle
5° < 0 < 10°, and a cell gap ~5 pum.

REFLECTED LIGHT
LIGHT POLARIZER ABSORBED
(WHITE) / FRONT (BLACK)
SUBSTRATE

REAR
SUBSTRATE
ANALYZER

MIRROR

OFF-STATE ON-STATE

Fig. 33. Schematic representation of an optical mode interference LCD
[109, 284, 296, 297].
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16.1. General Electro-Optic Performance of STN-LCDs

The steepness vy of the electro-optic curve should be as low as possi-
ble to maximize the number of lines to be addressed [298], that is,

Aekyy
& ks

y o (34)
Then e, and k33/kq; should be as large as possible. A large value of

Ae also gives rise to a low threshold voltage. However, because the
overall response time is

2
ne,d” (ks
fon + Lo X ASZ (rﬂ

(35)

a high value of the ratio k33/k; and a high value of ¢, lead to long
response times. Therefore, if the cell gap d can be reduced and low
viscosity nematic materials are used, then shorter response times will
result. For STN-LCDs operating in the first minimum, because the
product And is fixed (e.g., 0.85 for a 240° twist cell), then An should
be as high as possible. A further complication is furnished by the fact
that the elastic constant and the dielectric ratios also determine the
upper limit of the ratio of cell thickness to the chiral nematic pitch,
before the optically disruptive stripe texture appears [298]:

< d > Ackyy
= o — 11
P/ max aik33
Therefore, a larger k33/k;; ratio permits a greater tolerance of pitch
variations for a given cell gap.

(36)

16.2. Temperature Dependence of Electro-Optic
Performance of STN-LCDs

The temperature dependence of the electro-optic characteristics of
multiplexed STN-LCDs is large and has to be compensated to avoid
degradation of the optical performance of the display at tempera-
tures significantly above or below room temperature. Initially, this
was done electronically. However, a more sophisticated solution to
this problem is based on the temperature dependence of the pitch of
the chiral nematic mixture used in the display. The capacitive thresh-
old voltage of a chiral nematic mixture that contains an optically
active chiral dopant is dependent on the pitch of the mixture [299],

pd = V°<1 + 4 oo (37)

12
¢ ¢ P (kg + (ks — 2]‘22)/4))

where p is the pitch of the chiral nematic mixture, ¢, is the twist
angle, and d is the cell gap. The temperature dependence of the first
term in Eq. (37) is

VO(T) = V(22 °C) + ’Z/Tf (T —22°C)

(38)

It may be assumed that the optical threshold voltage is propor-
tional to the capacitive threshold voltage. The twist angle and elastic
constant ratios are almost temperature independent, and, because
V¢ decreases with temperature, the pitch of the chiral nematic mix-
ture should also decrease with temperature according to Eq. (37),
so that V¢ is temperature independent. Therefore, optically active
dopants are required to induce the desired twist in the STN-LCD
cell, as well as a temperature-decreasing pitch, while increasing the
viscosity and decreasing the nematic clearing point as little as possi-
ble. This prescription is usually achieved by using two chiral dopants
of opposite twist sense [295]. They should both possess a high helical
twisting power, because the viscosity of a nematic mixture increases
substantially with increasing concentration of chiral dopant.

17. INTERFERENCE COLOR COMPENSATION

To produce full-color STN-LCDs, the interference colors must be
suppressed. Suppression can be achieved in several ways, each of
which has a series of advantages and disadvantages. The most com-
mon method utilized commercially involves the use of passive optical
phase retarders [300].

17.1. Double-Layer Supertwisted Nematic LCDs

One method to compensate for optical retardation is to use double-
layer STN-LCDs (DSTN-LCDs) [301, 302]. In addition to the active
display STN cell, another nonaddressed, passive STN cell with oppo-
site twist sense is stacked above it. This second cell, which is identical
to the first, but not switched on or off, acts as a retardation com-
pensation layer. Utilization of a second STN cell has the advantage
of the same temperature dependence of the birefringence and the
same dispersion, assuming that both cells are using an identical lig-
uid crystal mixture. Note that it is important that the second STN
cell does not have to be addressed; therefore, there is no increase in
power consumption. However, the requirement for two almost iden-
tical cells increases the manufacturing cost and weight of the final
product.

17.2. Film-Compensated STN-LCDs

A number of methods, such as selective polarizers and color fil-
ters, were developed to try to compensate for the interference col-
ors manifested by STN-LCDs without the high cost and weight of
DSTN-LCDs. However, a black and white appearance is produced
most efficiently by utilizing polymer retardation layers with a high
birefringence and an opposite twist sense to the STN-LCD (see
Sect. 7). However, this also leads to a decrease in the display bright-
ness, due to light absorption.

18. NEMATIC MATERIALS FOR STN-LCDs

It is known from studies of nematic materials for TN-LCDs [303-305]
that nematic liquid crystals with a combination of terminal cyano
group and a short alkyl chain exhibit not only a positive value for
the dielectric anisotropy, but also relatively high ratio of k33/k; (see
Table XX). Thus, the terminal cyano group present in compounds
17, 51, 54, 63, 67, and 70 [87, 202, 205, 213, 216, 219] gives rise to
a positive dielectric anisotropy combined with a moderate dielectric
ratio, Ae/e,, and a high bend to splay elastic constant ratio (i.e.,
1.4 < ks3/ky; < 3.0) [306, 307]. This combination should produce a
steep electro-optic characteristic curve and a low threshold voltage
for STN-LCDs (see Sect. 16.1). However, it also induces high val-
ues of the rotational and bulk viscosities [308-310]. Comparisons of
values quoted in the literature for the physical properties of nematic
liquid crystals are always somewhat open to interpretation, due to dif-
ferences in measurement methods, different absolute temperatures
(e.g., 22 or 25 °C) and reduced temperatures (e.g., Ty = 10 °C or
0.95 x Ty) for the measurements and the use of extrapolated data
from a variety of nematic mixtures at different concentrations. This
variance of interpretation is especially the case for elastic constants,
where the use of extrapolated data is common. Unfortunately, non-
ideal behavior is common for such mixtures, and nonlinear behavior
is not unusual; that is, the values extrapolated to 100% are often
matrix and concentration dependent. However, although the absolute
values of the data collated in Table XX [measured in the same way
at the same reduced temperature (0.96 x Ty)] are lower than those
in the literature [25, 231, 311, 312] (usually measured at 22 °C), the
trends and relative values are the same.
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Table XX. Transition Temperatures (°C) [195, 354-358] and Some Values [307] for the Dielectric Anisotropy (Ae),
the Ratio of the Dielectric Anisotropy and the Dielectric Constant Measured Parallel to the Director (Ae/¢ | ),
and the Ratio of the Bend (k5;) and Splay (k) Elastic Constants for Nitriles 17, 51, 54, 63, 67, and 70°
Compound Molecular structure Crystal Smectic 2 Smectic 1 Nematic Isotropic Ae Aeg/e | kss3/kyy Ref.
51 CSH“CN e 225 — — o 35 . +13.3% 2.0 1.43° 202
17 CsHyym D—@— CN e 31 — — . 55 . +11.2° 2.1 1.77° 87
67 CSHH—@—QCN o 62 — — . 100 . +10.0° 2.35° 216
=N
54 CsHi = ,)—QCN e 71 — — (e 52) . +34.0¢ 43 1.13% 205
N
(@)
63 CsH = @CN o 56 — — (¢ 5 . +17.4¢ 22 1.36" 213
(]
70 CsH <:>-<:> ------ nCN * 62 ® 43 e 52 . 85 . +4.5° 0.5 1.59 219

“The parentheses [( )] represent a monotropic transition temperature.
®Measured at a reduced temperature of 0.96 X T_;.
“Extrapolated value from a 10% concentration in a nematic mixture.

18.1. Polar Nematic Materials for STN-LCDs

A starting point for synthesizing new nematic materials with a high
positive dielectric anisotropy, a high transverse dielectric constant, a
low rotational and bulk viscosity, and, especially, a high k35/k;; ratio
came from mean-field theories [81, 313, 314] combined with molecu-
lar modeling [233]. These sources indicated that the elastic constant
ratio k33/k;; should be proportional to the length-to-breadth ratio of
individual molecules; that is, long molecules with a narrow rotation
volume about the molecular long axis should be synthesized. There is
some indication that this may still be the case if ensembles of molecu-
lar dimers are taken into account [233]. Dimerization would increase
the effective molecular length and, hence, would increase ks3/k;.

This explanation seems to be confirmed to some extent by exper-
imental data. It was found that nematic mixtures of apolar nematic
compounds of low dielectric anisotropy and nitriles (See Sect. 132)
consist of a larger number of unassociated polar and nonpolar
monomers [233-240]. This composition not only gives rise to a high
value for the observed dielectric anisotropy of the mixture, but also
a low value of kj3/k,;, because the proportion of long molecular
dimers is reduced. Thus, mixing apolar materials of low viscosity,
weakly positive or negative dielectric anisotropy, and low ks3/kq;
elastic constant ratio with polar nematic liquid crystals of high pos-
itive dielectric anisotropy and high k33/k;; creates nematic mix-
tures suited to multiplexed addressing of TN-LCDs, which require a
low ratio of k33/kq;, but not for STN-LCDs. Therefore, a different
approach to producing nematic mixtures with a high k3;3/k;; ratio
was required.

First attempts involved the synthesis of molecules with polar
substituents in lateral positions. The dipole moment of the lateral
substituents clearly gives rise to the required high &, value, low
Ag/e |, ratio, and, hopefully, high ks3/k;; elastic constant ratio.
However, this projection is not consistent with the data collated in
Table XXI for the phenyl benzoate esters 126, 127, and 153 [237].
The degree of molecular association of the 4-cyano-2-fluorophenyl
4-heptylbenzoate 127 and 4-cyano-3-fluorophenyl 4-heptylbenzoate
153, which both possess a fluorine atom in a lateral position, is much
lower than that of 4-cyanophenyl 4-heptylbenzoate 126. The absence

of a molecular dimerization in the nematic phase of ester 153 (g = 1)
means that the effective molecular length is much shorter than that
of pairs of associated dimers. Therefore, a much lower clearing point
results for this ester compared with that of the nonlaterally substi-
tuted ester 126 or 2-fluoro-substituted ester 127. However, the ratio
of ks3/kq; of compound 153 is found to be the highest of all three
esters. Incidentally, the absence of association and the large dipole
moment of 6.1 D of the 3-fluoro-substituted benzoate 153 result in
the largest value for dielectric anisotropy observed for a liquid crys-
tal (= + 50). This fortuitous combination of properties led to the
commercial production of ester 153 and other homologues of this
ester on a large scale (by E. Merck in Germany and Dai Nippon
Ink in Japan). These esters are used as components of nematic mix-
tures to significantly lower the threshold and operating voltages of
STN-LCDs, while maintaining a steep electro-optic characteristic.

A breakthrough was achieved with the synthesis of alkenyl
nematic materials (i.e., compounds with a carbon-carbon bond in
the terminal alkyl or alkoxy chain). As long as the double bond is
not conjugated with an aromatic ring, it absorbs in the near ultra-
violet part of the spectrum below the cutoff frequency of the glass
substrates used in most LCDs. Thus, alkenyl versions of commercial
nematic materials with alkyl and alkoxy terminal chains can be just
as chemically, electrochemically, and photochemically stable as other
nematic mixtures. The elastic constants and other physical proper-
ties, such as the nematic clearing point, of materials that incorporate
an alkenyl side chain were found to exhibit unusually high or low
values [25, 231, 233, 312, 315]. However, these values varied greatly
for (otherwise identical) isomers, depending on the position and the
configuration [i.e. trans and cis, or (E) and (Z), respectively] of the
double bond [25, 231, 233, 312, 315] (see Table XXII).

A trans carbon—carbon double bond at an odd number of car-
bon atoms away from the molecular core, such as in compounds 154
and 158, shown in Table XXII, exhibits a high nematic clearing
point [315]. The corresponding cis isomers 155 and 159 possess very
low extrapolated clearing points, probably due to the nonlinear con-
formation of the alkenyl chain of the latter two materials. It is usu-
ally assumed that a linear, or at least completely antiperiplanar,
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Table XXI.

Transition Temperatures (°C), Elastic Constant Ratio (k43 /k,;), Birefringence (An), Dipole Moment ( uD),

Kirkwood Froehlich Factor (g), and Dielectric Anisotropy (A &) for Compounds 126, 127, and 153

Compound Molecular structure Crystal Nematic Isotropic ksz/kq; An m g Ae Ref.
O
126 C7H15—©—</ o 44 e 57 o 1.52¢ 0.15¢ 5.6 0.7 19.9 237
o
O F
127 C7H154©—</ o 47 o 54 o 1.41¢ 4.8 0.8 9.8 237
(6] CN
285 . 1.71¢ 0.14¢ 6.1 1.0 489 237

0 F
153 C7H15—©—</ .« 28 .
o CN

“Measured at 0.95 X Ty_;.

Table XXII.  Transition Temperatures (°C) for frans-1-(4-Cyanophenyl)-4-pentylcyclohexane 17 and Some Isomeric trans-1-
(4-Cyanophenyl)-4-pentenylcyclohexanes 154-160¢

Compound Molecular structure Crystal Nematic Isotropic Ref.
17 _\_/<:>‘®7 N . 30 . 55 . 87
154 E N/ N . 16 . 59 . 315
155 (2) / m N — [ —144] . 315
156 (E) f/QO N . 16 [o —~67] . 315
157 (2) _\=/<:>O N « 8 [ —54] . 315
158 (E) _\_/QO’ N « 60 . 74 . 315
159 (2) <_/<:>—©7 CN . 33 (e -14) . 315
160 =\_/‘<:>‘®* CN . 30 (o 10) . 315

“The parentheses [( )] represent a monotropic transition temperature and the square brackets ([ ]) represent a virtual (extrapolated)

transition temperature.

conformation of a terminal aliphatic chain supports nematic phase
formation by maintaining the rodlike shape of the molecule. The
nematic clearing point of compounds 154 and 158 with a trans
carbon—carbon double bond at an odd number of carbon atoms
(1 and 3) away from the molecular core is higher than that of the ref-
erence material 17 [87], with no double bond in the terminal chain.
This may be due to a greater rigidity of the alkenyl chain, which

allows less possible combinations with a nonlinear shape, a higher
degree of molecular polarizability [315], or both.

The values of most of the physical properties of compounds 154
and 158 [315], with a trans carbon—carbon double bond at an odd
number of carbon atoms away from the molecular core are equal or
superior with respect to those of the reference material 17 [87] use
as components in nematic mixtures for LCDs, especially STN-LCDs
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Table XXIII.

Transition Temperatures (°C), Elastic Constants (k,, k5,, k33; 10712 N), Dielectric Anisotropy (A &), Dielectric

Constant Measured Perpendicular to the Molecular Long Axis (¢ | ), birefringence (An), refractive index measured perpendicular to
the director (n,), rotational viscosity (vy;, poise), and Bulk Viscosity (n, poise) for trans-1-(4-Cyanophenyl)-4-pentylcyclohexane 17,
trans-1-(4-Cyanophenyl)-4-[( E)-pent-1-enyl]cyclohexane 154, and frans-1-(4-CyanophenyD)-4-[( E)-pent-3-enyl]cyclohexane 158
extrapolated to 100% at 22 °C [312]

A A A A A

17187] 154 [315] 158 [315]
Cr-N 30 16 60
N-I 55 59 74
ki, 8.98 9.40 9.41
Ky 473 6.15 5.74
ks 18.3 2238 24.1
ks /Ky 2.03 2.42 2.56
Ae 12.22 13.03 13.13
e, 485 5.02 5.02
Ae/e, 252 2.60 2.62
An 0.119 0.136 0.130
n, 1.487 1.493 1.483
¥, 128 134
7 215 21

(see Table XXIII). The values of the elastic constant ratio k33/k,
the birefringence, and dielectric anisotropy of the alkenyl compounds
154 and 158 are all higher than the corresponding values of the ref-
erence commercial compound 17. The viscosity is comparable. Thus,
alkenyl-substituted compounds were found to be excellent compo-
nents of nematic mixtures for use in STN-LCDs, due to a combina-
tion of very steep electro-optic curve, high nematic clearing point,
and fast response times.

The thermal data collated in Table XXIV for compounds 154 and
161-165 [315] illustrate the effect of the length of the alkenyl chain
on the liquid crystal transition temperatures. The nematic clearing
point exhibits a clear odd—even effect, depending on the number of
carbon atoms in the alkenyl chain. The higher clearing points are

those of compounds 162, 154, and 165 with an odd number of units
in the chain. This is probably due to a higher degree of anisotropy
of the molecular polarizability along the molecular long axis for the
compounds 162, 154, and 165 compared to the corresponding mate-
rials 161, 163, and 164 with an even number of carbon atoms in
the alkenyl chain. The unpredictability of the melting point of liquid
crystals is demonstrated by comparing the melting point of the first
three members of the series with that of the latter three members of
the series. The latter three compounds exhibit a wide-range nematic
phase at room temperature that could not have been predicted with
any degree of certainty based on literature data.

The transition temperatures collected in Table XXV for com-
pounds 161 and 166-170 [227, 315] reveal an odd-even effect for

Table XXIV. Transition Temperatures (°C) for Some trans-1-Alkenyl-4-(4-cyanophenyl)cyclohexanes 154 and 161-165¢
Compound Molecular structure Crystal Nematic Isotropic Ref.
161 /Q‘@’ N 56 (o 29) . 315
162 (E) /Q‘@’ N . 66 . 73 . 315
163 (E) \ //DO N « 45 . 315 . 315
154 (E) /" N .« 16 . 59 . 315
CN
164 ® SN\ S . 14 . 39 . 315
o CN
165 (E) SN/ T . 49 . 315

“The parentheses [( )] represent a monotropic transition temperature.
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Table XXV.  Transition Temperatures (°C) for Some trans-1-Alkenyl-4-(4-cyanophenyl)cyclohexanes 160, 161, and 166—170*
Compound Molcular structure Crystal Nematic Isotropic Ref.
161 /OO N « s6 (¢ 29 . 315
166 _/ m N « 29 . 31 . 315
167 \JOO N s 50 . 53 . 315
160 =\_/"<:>‘®’ CN .« 30 (o 10) . 315
168 mm CN . 46 . 53 . 227, 315
169 =/_\_/"<:>'@’ N S . 227,315
170 \_/_\_/OO N « B . 53 . 227,315

“The parentheses [( )] represent a monotropic transition temperature.

the clearing point and at least one low melting point for the homo-
logue 169 with a long alkenyl chain. Alkenyl chains with a terminal
carbon—carbon double bond are attractive from a cost—performance
point of view, due to the absence of trans—cis configurational isomers.
Chemical reactions to form carbon—-carbon double bonds normally
give rise to a mixture of trans and cis isomers. The cis isomer can be
converted by chemical or catalytic means into the more energetically
favored trans isomer. However, this is costly and time consuming.
Residual amounts of the unwanted isomer still have to be removed,
usually by recrystallization from a suitable organic solvent. Alkenyl
chains with a terminal double bond do not suffer from this problem,
due to the absence of trans and cis isomers, because the terminal
hydrogen atoms are equivalent. The physical properties of terminal
alkenyl compounds with respect to use in mixtures for LCDs are
usually inferior to those of corresponding isomers with a trans dou-
ble bond at an odd number of atoms away from the central core,
such as those shown in Tables XXIII and XXIV.

18.2. Apolar Nematic Materials for STN-LCDs

Apolar nematic compounds usually possess a low k33/k; ratio (typ-
ically 1.0 < k33/k;; < 1.5), partially due to the absence of molecular
dimers. However, they are essential components of nematic mixtures
for STN-LCDs, because they are used to lower the viscosity and
melting point of the nematic mixture, as well as to improve the mul-
tiplexability of the mixture, partly due to reduction in the proportion
of molecular dimers of associated polar molecules. Therefore, after
the synthesis of the first polar alkenyl liquid crystals and the discov-
ery of high values for the k33/k;; ratio, a series of apolar compounds
with a carbon—carbon double bond in various positions in the ter-
minal chain were synthesized. Typical examples, such as compounds
171-180, are shown in Table XXVI [227, 316].

Based on the preceding evaluation of the results of physical
measurements on polar alkenyl compounds, the position and config-
uration of the carbon—carbon double bond found in the apolar com-
pounds are similar to those in the polar compounds (essentially for
the same reasons). However, the combination of low melting point
and high nematic clearing point in the bicyclohexane compounds

(173, 174, and 176) is remarkable. The birefringence and viscosity of
these compounds is remarkably low [227].

The corresponding three-ring compounds (e.g., 177-180) shown
in Table XXVI exhibit higher melting and clearing points than those
of the analogous two-ring materials, as expected [227, 316]. The low
melting points of most of these kinds of alkenyl compounds and the
absence of ordered smectic phases, such as the smectic B phase,
render them very useful components of nematic mixtures. They can
be used to increase the temperature range of the nematic phase by
increasing the clearing point and lowering the melting point of the
mixture. The presence of two cyclohexane rings and one phenyl ring
gives rise to a low viscosity and a low birefringence for these three-
ring materials [227, 316]. Fluoro- and methyl-substituted compounds
are attractive from a synthetic point of view, due to the availability of
cheap starting materials in an otherwise complex synthesis procedure.
The short methyl group, being a terminal alkyl chain, also contributes
to a low viscosity and the suppression of smectic phases.

The thermal data in the Tables XXI-XXVI show that the pres-
ence of a trans carbon—carbon double bond in a limited number of
positions leads to a higher clearing point and a higher k33/k; ratio
than those exhibited by the corresponding material without a dou-
ble bond in the terminal chain. At the same time, smectic phases—
especially the ordered smectic B phase—are strongly suppressed.
This is advantageous for the formulation of nematic mixtures with a
low melting point and a high clearing point, as well as a steep electro-
optic transmission curve. The effect on the nematic clearing point
and the suppression of smectic phases is additive to some extent (See
Table XXVII) [317, 318]. Compound 181 [317, 318] exhibits only a
smectic B phase. Compound 182, with one carbon-carbon double
bond, possesses a smectic B phase at a lower temperature, as well
as a nematic phase. Compound 183, with two double bonds, exhibits
only a nematic phase with a higher clearing point than that of com-
pounds 181 and 182. No smectic phase could be observed. Com-
pound 184 with three trans carbon-carbon double bonds exhibits
the highest clearing point of all and is purely nematic [318]. How-
ever, the ratio of ks3/ky; is only slightly higher for compound 183
with two double bonds than that of the corresponding compound
182 with only one double bond. Thus, the effect of the presence of
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Table XXVI.  Transition Temperatures (°C) for Alkenyl-Substituted Cyclohexane Derivatives 171-180

Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.
171 _/ Q—@_O\_/_ . & — . 58 . 227
172 _/<:>‘®’ O .« 49 — .« 62 . 227
173 _/<:>‘<:>\ o . 12 . 2 .« 62 . 227
174 \\_/<:>—<:> O e 13 — o« 45 . 227
175 /<:>‘<:>\_/ .« -8 . 52 .« 64 . 227
177 _/<:>—<:>®’ CH, . 4 — . 214 . 227,316
178 JQ‘OQF . 105 — . 1% . 227,316

F

179 JO‘OG CH, . 87 — . 186 . 227,316
180 \\_/<:>—<:>Q CH, ) o 104 o 177 . 227,316

carbon—carbon double bonds on the elastic constants appears not to
be additive, at least not in a linear or consistent way. The ratio of
k33/kq; for the compound with two carbon—carbon double bonds is
still much lower than that exhibited by polar materials, such as the
benzonitriles 17, 51, 54, 63, 67, and 70 and phenyl benzoates 126,
127, and 153, which have no double bond in the terminal chain, listed
in Tables XX and XXI: they are very much lower than those of the
alkenyl-substituted benzonitriles 154 and 158 shown in Table XXIII.
The viscosity of the three compounds 182-184 increases with the
number of carbon—carbon double bonds in the molecule. This is a
general phenomenon for alkenyl compounds.

The three-ring alkenyl compounds 185 and 186 [318] shown in
Table XXVII exhibit higher clearing points than those of the anal-
ogous two-ring materials. Although their melting points are low,
Compounds 185 and 186 exhibit a smectic B phase at very high tem-
peratures. The viscosity is also much higher than that of the analo-
gous two-ring compounds, as expected. The k33/k;; ratio is slightly
lower than that of the corresponding two-ring materials 182 and 183,
perhaps due to a dilution effect attributable to the third cyclohex-
ane ring.

The thermal data collated for the cyclohexane esters 106, 187, and
188 listed in Table XXVIII demonstrate that, as is often the case in
liquid crystal research, it is not always valid to extrapolate from one
series of compounds to another. The effect of the presence of one
and then two trans carbon—carbon double bonds on the nematic and
smectic transition temperatures of compounds 106, 187, and 188 is
not as great as expected based on the data collated in Table XXVII
for very similar cyclohexane materials. The fully saturated ester 106
[244] exhibits only a smectic B phase, as does the corresponding

ester 187 [319-321], with one trans carbon—carbon double bond in
the terminal chain. Even the ester 188, with a double bond in each
of the terminal chains, possesses only a nematic phase over a tem-
perature range of 2 °C. [319-321].

The combined effect of the presence of a trans carbon-carbon
double bond and a nonconjugated heteroatom (e.g., an oxygen atom)
in the terminal chain on the transition temperatures of compound
191 is shown in Table XXIX [322]. The thermal data for the corre-
sponding compound 189 with just an oxygen atom in the chain and
the related alkyl-alkenyl compound 190 without the oxygen atom
are also shown in Table XXIX. The ether 189 exhibits only a smec-
tic B phase, whereas the alkyl-alkenyl compound 190 exhibits both a
smectic B and a nematic mesophase at elevated temperatures. How-
ever, the temperature range of the nematic phase of compound 190
is much narrower than that of ether 191, which exhibits a particularly
wide nematic temperature range (82 °C) with a melting point below
room temperature. Thus, some synergetic effects, due to the pres-
ence of both an oxygen atom and a carbon—carbon double bond, can
clearly lead to a wide nematic temperature range and a low melting
point [322].

The effect of systematically introducing an oxygen atom, a
carbon-oxygen double bond [i.e., a carboxy group (C=—=O0)], and a
carbon—carbon double bond (C=—=C) into the completely aliphatic
compound 192 [323] to yield the intermediate compounds 193-195
[324] and then (E)-but-2-enoate 196 is shown in Table XXX. Increas-
ing the polarity of the chain by introducing an oxygen atom or a
carboxy group does not induce a nematic phase. The added stiff-
ness of the chain due to the reduced number of nonlinear confor-
mations and increased dispersion forces due to the presence of the
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Table XXVII.  Transition Temperatures (°C) and Some Values for the Viscosity (mPa s) and the Ratio of the Bend (k53) and Splay (k;;)
Elastic Constants for Apolar Cyclohexane Derivatives 181-1862

Compound Molecular structure Crystal ~ Smectic B Nematic Isotropic vy,  k33/kq; Ref.
181 \.. <:>_\ e 36 e+ 8 — . 317,318
182 o 37 e 53 69 o 27 1.60 318

O
183 _\\<:>_\ . 56 — e 90 . 37 167 318

184 e 86 — o 121 ° 49 318

“On
186\ <:>_\ e 2 o 189 & 253 . 442 157 318

185 e 39 o 207 e 232 o 381 318

Table XXVIII.  Transition Temperatures (°C) for Cyclohexane Esters 106, 187, and 188

Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.

O
e /

106 ./ @ <:>U s e o B . »
/O

v _\J<:>—< <:>\_/’ w0 Y — . 319-322

(0]
4

188 —\_/.un-- o <:>—\J . 40 o 75 . 77 . 319-322

Table XXIX. Transition Temperatures (°C) for Bicyclohexanes 189-191

Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.

189 - /<:>—<:>\_ . 25 . 85 — . 322
190 _\_/<:>'<:>\\_ .« 38 . 7 .« 95 . 322

191 —0 /)"“'“' "””'\\_ . 10 — . 92 . 322
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Table XXX.  Transition Temperatures (°C) for Bicyclohexanes 192-196
Compound Molecular structure Crystal Smectic B Nematic Isotropic Ref.
192 _\_/<:>—<:> \ « » . 9% — . 323
193 S <:>_<:>\ . R .« T — . 324
194 \_{O—O \ . 56 ) — . 33
O
195 _\_/<:>—<:>\ e M4 . 75 . 96 . 233
196 77 — . 172 ° 323

carbon—carbon double bond in the chain results in a nematic phase
at elevated temperatures for the alkenyl compound 195. However,
a smectic B phase is still present at a high temperature. Only the
combination of all these elements in compound 196 gives rise to a
very high clearing point and a wide nematic phase without a smectic
phase being present.

Thus, the data collated in Tables XXVII-XXX demonstrate
clearly that the effects of individual molecular building blocks (such
as nonconjugated oxygen atoms and double bonds) on the lig-
uid crystal temperatures are clearly not additive. Therefore, some

Table XXXI.

cooperative effects due to the combination of exactly these groups in
these positions and configurations must be responsible. These effects
and the relationship between molecular structure and elastic con-
stants are not understood currently. However, alkenyl compounds,
such as those shown in Tables XX-XXVII, are used as components
of nematic mixtures for STN-LCDs with high-information content
(see Table XXXT) [25, 271, 298, 325, 326]. The data collated in the
table are used only to give an indication of the general magnitude of
the physical parameters of mixtures designed for STN-LCDs with dif-
ferent twist angles. The manufacturers of LCD mixtures offer a whole

Transition Temperatures (°C), Elastic Constants (k,;, k5, k33; 10712 N),

Dielectric Anisotropy (A ), Dielectric Constant Measured Perpendicular to the Molecular
Long Axis (& | ), Birefringence (An), Refractive Index Measured Parallel and
Perpendicular to the Director (ne, n,), Viscosity (y;, mm? s~!) Threshold Voltage (1),
Rate of Change of Voltage with Temperature (% °C~!), and Twist Angle (degrees)
Measured at 20 °C, Unless Otherwise Stated, for three typical nematic mixtures
for STN-LCDs [298, 326]

Low twist
STN-LCD [326]

Sm-N < =30
N-I 79
ki 13.1
ky 6.9
ki3 211
ka3 /kq; 1.61
k33 /kay 3.1
Ae +24.3
e, 6.5
Aeg/e | 3.73
An 0.15
n, 1.65
n, 1.50
v, (20°0) 28
v, (0°0) 128

v, (—40°C) 7100
Vie 1.04
dv,/dT 0.33
Twist 180

High twist
STN-LCD [298] STN-LCD [326]
< —40 < =30
100 715
13.1
6.9
21.1
1.61
31
+8.2 +7.39
39 3.95
2.10 1.9
0.12 0.16
1.61 1.67
1.49 1.51
23 16.5
80
2.15 2.14
220 270
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range of mixtures, mostly customer-specific and confidential, with far
superior properties than those quoted, and they are improved con-
tinually according to individual customer requirements.

19. SURFACE-STABILIZED FERROELECTRIC LCDs

The surface-stabilized ferroelectric (SSF) LCD [43], invented by
Clark and Lagerwall at the Chalmers University in Gothenburg,
Sweden, is based on switching the optic axis of a smectic C* phase
between two degenerate directions separated by 45° in the plane of
the cell between crossed polarizers. Following the prediction and dis-
covery of ferroelectricity in smectic C* liquid crystals [41], it was pos-
tulated that if the helix of a smectic C* phase could be suppressed
(e.g., by surface forces in very thin layers between two parallel sub-
strates), then these surface forces would also pin the molecules in
their positions with the molecular long axis in the plane of the cell
[42]. This situation would give two energetically equivalent states on
the smectic cone, separated by 26, where 6 is the layer tilt angle.
These states would have spontaneous polarizations of opposite polar-
ity, pointing upward and downward out of the plane of the cell.
The application of an electric field of appropriate polarity would
switch uniformly between the two states, creating a bistable memory
effect, because the switched state would remain after removal of the
field [42]. If the director of one of the states was parallel to one
of the absorption axes of two crossed polarizers, a switchable half-
wave plate would be generated. Clark and Lagerwall demonstrated
the validity of this hypothesis with the invention of the SSF-LCD.

20. SSF-LCD CONFIGURATION

The SSF cell contains a layer of liquid crystal in the ferroelectric
smectic C* phase at the operating temperature. Ideally, the smectic
layers should be orthogonal to the plane of the cell in the so-called
bookshelf configuration (see Fig. 34). Therefore, the molecular long
axes of the liquid crystal lie in the azimuthal plane with a small uni-
form pretilt angle in the zenithal plane. The polarizers are crossed
(90°), with one polarizer parallel to the optic axis of one of the
bistable states (as discussed here), or offset at a fixed angle (22.5°).
If the cell gap (e.g., d ~ 1 ~ 2 um) is considerably larger than the
pitch of the smectic C* helix, then the helix is unwound by surface
forces. The device is switched by dc pulses of appropriate polarity.

REFLECTED LIGHT
LIGHT POLARIZER ABSORBED
(WHITE) / FRONT (BLACK)
SUBSTRATE

REAR
SUBSTRATE
ANALYZER

MIRROR

BISTABLE STATE BISTABLE STATE

Fig. 34. Schematic representation of a surface-stabilized ferroelectric
LCD [43, 92].

20.1. Dark State

When the axis of the input polarizer is parallel to the director direc-
tion of the cell, there can be no optical retardation. Then the inci-
dent polarized light travels through the smectic liquid crystal and is
absorbed by the analyzer. Consequently, the cell appears dark.

20.2. Bright State

The application of a dc electric field of the appropriate polarity
inverts the direction of the spontaneous polarization parallel to the
field. The director rotates around the smectic cone to its second
bistable state. The transmission / of the cell is given [43] by

I =1,sin*40sin 39
o

, mAnd
A
where I, is the incident light intensity of wavelength A and An is the
birefringence. Maximum transmission is obtained when 6 is 22.5°,
which is not unusual for the smectic C* phase. Then the input polar-
ized light is divided into two components of equal amplitude, parallel
and perpendicular to the director. If
And 1
— = 40
) (40)
on traversing the cell, the optical path difference between the compo-
nents is A/2, so that light is transmitted through the analyzer. Assum-
ing a typical birefringence An = 0.125 and a median wavelength of
visible light A = 550 nm, requires d ~ 2 um to maximize contrast and
give a black and white display. The cell thickness tolerance must be
less than 10%, a stringent requirement from a manufacturing aspect,
considering the small cell gap.
The spontaneous polarization can be related to the tilt angle
[91] by
P, =P, sin6 41)
where P, is the maximum value for the spontaneous polarization. P,
is a constant molecular property characteristic for a particular dopant
of a defined optical purity. An effective viscosity y.; can then be
defined [90] as
d .
Yor g +PEsing =0 (42)
where ¢ is the angle of rotation on the chiral smectic C cone and E
is the applied electric field. This equation allows the definition of a
characteristic response time:

_ Yett
T =
PE

(43)

The experimental switching time is found to be proportional to 7.
Geometrical considerations indicate that vy, is related to 6 [90] by
2

Yeft = Yo SIN" 0 (44)

where v, is independent of # and represents the rotational viscosity

of a hypothetical nematic-like smectic C structure with a tilt angle of
90°. Combining of Eqs. (42), (43), and (44) gives

Ya
T =

= sin 6
P,E

(45)

Switching times (=100 us) are much shorter (i.e., 2 orders of mag-
nitude) than those possible with standard LCDs using nematic liquid
crystals. Furthermore, SSF-LCDs can be multiplexed to a significant
degree (e.g., 400 lines), which would allow video-rate addressing for
TV applications. The wide viewing angles are also an advantage.
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However, several limitations have restricted market acceptance of
SSF-LCDs, despite 20 years of research and development.

The ideal alignment for a SSF-LCD is the so-called bookshelf
structure, whereby the smectic layer normal is parallel to the cell
substrates [92, 327, 328]. Thus, good alignment of the smectic C*
phase is usually achieved by cooling from the nematic into the layered
smectic 4 phase and then into the smectic C* phase. However, the
structure normally encountered is the chevron structure [328] with
two opposite tilt angles. This structure corresponds to a curved layer
with a kink in the middle. The chevron structure results in zigzag
defects and lower contrast than expected, due to a nonideal and inho-
mogeneous orientation of the director throughout the cell. Further-
more, the two degenerate states are not completely bistable, and a
degree of relaxation is observed at zero field. Moreover, the absence
of intrinsic gray scale (i.e., full color) requires complex addressing
schemes that involve spatial and temporal dither. A combination of
these technical challenges, as well as complex alignment procedures
and shock instability, have restricted the commercial acceptance of
this display technology to niche products such as spatial light modu-
lators or projection televisions.

21. SMECTIC C* MATERIALS

Although most tilted smectic phases fulfill the symmetry require-
ments for ferroelectricity, the smectic C* phase is used in SSF-LCDs,
due to its low rotational viscosity y. The achiral smectic C phase
and the chiral smectic C* phase are tilted versions of the corre-
sponding smectic A phase (see Sects. 1 and 3.5). In the smectic A
phase, the time-averaged orientation of the director is perpendicular
to the layer plane. Therefore, homogeneously aligned domains are
optically uniaxial. In the smectic C* phase, the molecules are tilted
at an azimuthal angle 6 to the layer normal [329-331]. This gives
rise to the observed optical biaxiality, [330] although the angle of tilt
(0) is temperature dependent and normally increases with decreasing
temperature [331]. Many liquid crystals that exhibit the smectic C*
phase, as well as its achiral counterpart, have been synthesized since
the turn of the 20th century during investigations of the relationship
between molecular structure and mesomorphic behavior [332-337].
However, the structure of the smectic C* phase was identified only
in the early 1970s [338]. Theoretical studies had postulated that the
molecular orientation (i.e., the director, in the smectic C* phase)
should spiral around an axis normal to the layer plane, giving rise
to a helical structure [339]. This was indeed found to be the case
(See Sect. 8). There are many theories to explain the formation and
structure of the smectic C and smectic C* phases [340-343]. Theories
on the microscopic aspects of this structure suggested that aromatic
compounds with two long terminal chains in a zigzag conformation
and antiparallel lateral dipoles at the edge of the molecular core
should lead to formation of the smectic C phase, due to a resultant
torque [340]. Most compounds that exhibit a smectic C phase have
such a molecular structure [344, 345], although it has been shown
that such terminal outboard dipoles are not essential for smectic C
formation [346-348].

21.1. Ferroelectric Smectic C* Mixtures of
Optically Active Components

The first prototype SSF-LCD [43] was demonstrated using a
Schiff base 197 [e.g., 4-decyloxybenzylidene-4-amino-2-methylbutyl-
cinnamate (DOBAMBC) [41]]; [See Table XXXII]. This optically
active liquid crystal was first synthesized specifically to test the valid-
ity of the postulate that the smectic C* mesophase would be ferro-
electric. The first eight homologues of this series had been prepared
earlier. Although some homologues were found retrospectively to
exhibit the smectic C* phase, it was not recognized because the time

of their synthesis predated the discovery of ferroelectric properties
in liquid crystals [334]. Consequently, many physical experiments and
measurements were subsequently carried out on DOBAMBC as a
single smectic C* compound.

Practical SSF-LCDs require eutectic mixtures of optically active
chiral smectic C* materials with a low melting point (i.e., as far
below room temperature as possible) and a high smectic C* transition
temperature to allow device operation over the normal temperature
range of LCDs [344, 345]. It was realized quickly that it is essential to
mix smectic C* compounds with the same sign of spontaneous polar-
ization, but opposing signs of pitch, so that the spontaneous polar-
ization values are additive and the pitch values are compensated.
Thus, both parameters are large, which should produce short switch-
ing times [see Eq. (45)] and suppression of the pitch in SSF-LCDs.
Both the spontaneous polarization and the pitch depend on the polar
character of the substituents at the chiral center and the position of
the chiral center in the terminal chain, which permit a large degree
of synthetic freedom and flexibility.

Therefore, in initial attempts to produce smectic C* materials
with a lower melting point than DOBAMBC, analogous compounds
with a lateral substituent in the phenyl ring next to the cinna-
mate group were prepared [41, 349], (e.g., compounds 197-201; see
Table XXXII). Except for the nitrile 200, the presence of lateral sub-
stituents resulted in much lower melting point, smectic C* transition
temperature, and clearing point compared with the transition tem-
peratures of compound 197, as well as in the suppression of ordered
smectic phases. No significant effect on the spontaneous polarization
was observed, although the presence of the lateral substituent should
have had the effect of reducing the degree of rotation at the chiral
center and increasing the lateral dipole moment in the core of the
molecule [349]. This lack of effect is most probably attributable to
the relatively large distance between the substituents and the chiral
center in the (§)-2-methylbutyl moiety. The spontaneous polarization
of these ester derivatives of naturally occurring (S)-2-methylbutanol
is low. Therefore, the (S)-2-butyl ester 202 with an optically active
center closer to the core and a polar carboxy function was prepared
[41]. This combination increased the spontaneous polarization by a
factor of 3 probably due to a higher degree of polar coupling and
hindered rotation at the chiral center.

The presence of a hydroxy group in a lateral position in the
Schiff bases 203-205 next to the central bond results not only in
an improved electrochemical stability, but also in a low melting
point and a wide smectic C* temperature range (See Table XXXIII)
[350-353]. This result is caused by the formation of a pseudo six-
membered ring at the core of the molecule, due to hydrogen bonding
between the hydroxy group and the nitrogen atom of the central link-
age, which causes a higher degree of planarity of the aromatic ring
and, therefore, a higher degree of conjugation, without increasing
the molecular rotation volume to any significant degree. The large
dipole moment (2.58 D) of the hydroxy group in a lateral position
does not lead to a significant increase in the spontaneous polariza-
tion. This observation is consistent with the supposition that a dipole
moment in the core of the molecule, which is decoupled from the
chiral center, should influence the observed value of the spontaneous
polarization much less than a dipole moment of similar magnitude
at the chiral center itself; this is not always the case, as we will see
later. The smectic C* transition temperature is highest for compound
205, which has the longest terminal chain and the chiral center fur-
thest from the molecular core. This is because the steric effect of the
methyl group at the point of branching on the transition tempera-
tures decreases for positions further from the core, due to the greater
number of nonlinear chain conformations possible. The spontaneous
polarization, corrected for tilt angle differences, is also lower, due
to the smaller energy differences between the various conformations
of the dipole moment and the lower degree of coupling with the
dipoles of the molecular core. The low value of the melting point and
the wide smectic C* temperature range of such Schiff bases allowed
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Table XXXII.

Transition Temperatures (°C) and Spontaneous Polarization (nC cm~2) Measured 10 °C

below the Smectic C*—Smectic A Transition of Ferroelectric Compounds 197-202¢

Compound Molecular structure Crystal Smectic C*  Smectic A Isotropic P, Ref.
n
197 cmHﬂo—@—c\\ u e 76 e 9 e 117 . 3 41,349
NO_%—{)W
H O
n
198 cwHﬂo—@—c\\ u o 45 e 68 e 9 . 41,349
N@MV
H,C H O
B
199 cwHﬂo—@fc\\ u e 51 (¢ 45 e 7 . 41,349
N@_g—{)y
cl H O
i
200 C]OHZIOOC\\ - e 92 (¢ 70) e 104 . 41,349
A oy
NC H O
i
201 C]OHZIOQC\ - e 88 o 114 o 145 . 3 41,349
N 0
OH % _>*—/
H O
H
202 CyoH,,0 e 8 e 91 e 106 . 10 351

/
OC\\NO_Q%;
H O

“The parentheses [( )] represent a monotropic transition temperature.

studies of the ferroelectricity in liquid crystals to be carried out at
room temperature, even though the spontaneous polarization is low.

Schiff bases hydrolyze in the presence of moisture, which clearly
imposes restrictions on the handling of these liquid crystals dur-
ing the manufacture of LCDs, because hydrolysis generates ionic
species that result in an unacceptably high value for the conductiv-
ity. Therefore, in attempts to prepare more stable smectic C* lig-
uid crystals with spontaneous polarization comparable to the Schiff
bases, a diverse range of aromatic esters with alkyl-branched and,
particularly, methyl-branched terminal chains were synthesized (See
Table XXXIV) [195, 354-370]. Several series of optically active
esters, which also happen to exhibit a smectic C* phase, as well as
the desired chiral nematic phase, had been reported previously as
the result of research into chiral nematic liquid crystals for ther-
mochromic applications [195]. The chiral part of the molecules was
usually derived from the same commercially available optically active
alcohols [such as (S)-2-methylbutanol, (R)-2-butanol, and (R)-2-
pentanol] used in the preparation of the Schiff bases, shown in the

Tables XXXII and XXXIII. Similar dependencies of the transition
temperatures, spontaneous polarization, and tilt angle on the nature
of the methyl-branched chain were found. The value of spontaneous
polarization increases with the number of carbon atoms in the chain
after the point of branching, due to the dampening effect on the
degree of rotation at the chiral center of the longer chain [344, 345].
Large substituents at the point of branching usually reduce the tran-
sition temperatures substantially due to steric effects.

The relationships between the absolute transition temperatures
and mesomorphism of a wide variety of esters and their molecular
structure, such as the direction of the ester linkage in the molecu-
lar core, the presence and nature of polar groups between the core
and the terminal chain, and the number of rings in the core, have
been established [344, 345]. Liquid crystals with two aromatic rings
and one aliphatic ring in the core, such as trans-1,4-disubstituted
cyclohexane [358-360], 1,4-disubstituted bicyclo(2,2,2)octane [361],
trans-2,5-disubstituted dioxane ring [362], or frans-2,5-disubstituted
dioxaborinane [363], exhibit a smectic C* phase, although at much
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Table XXXIII.  Transition Temperatures (°C), Tilt Angle (degrees), Spontaneous Polarization (nC cm™~2), and Spontaneous
Polarization Divided by Tilt Angle (nC cm ™2 rad ~!) Measured at 25 °C for Ferroelectric Compounds 203—205

Compound Molecular structure Crystal ~ Smectic C* Smectic A Isotropic 0 P, P./6 Ref.

5 s

H
203 C8H17ON\ Q /_<<; e 3 e 50 e 57 . 8 3 220 352,353
\ 3 >
C
/
H

204 CSH”ON\ HO o 207 . 77 — . 40 2 2.9 352,353
/
H
HO
205 CgH 4, N a e 20 U 86 — J 5 0.1 0.2 352,353
N\
C
/
H

“Unknown smectic phase to smectic C* transition.

lower transition temperatures than those of the corresponding fully of the corresponding fully aromatic materials. This situation can
aromatic materials. The corresponding two-ring compounds with be used to advantage in the formulation of mixtures for SSF-
one aliphatic ring and one aromatic rings do not generally exhibit LCDs [364]. Mixtures with lower birefringence and viscosity result
a smectic C* phase. However, the viscosity and birefringence of in shorter switching times or allow thicker cells to be used. It was
cyclohexane-containing smectic C* materials are lower than those also found that the presence of a cis carbon—carbon double bond or

Table XXXIV. Transition Temperatures (°C) for Ferroelectric Compounds 206-212¢

Compound Molecular structure Crystal Smectic C* Smectic A Isotropic P, Ref.

O *
0
0

207 cmHﬂo e 54 (» 300 (s 50 . 360 354,356
2

o)
208 C10H21—</ 0\, e 4 e 50 . 62 . 50 354,356
L
o)
o)
209 cwHﬂo—O—/( /—<; e 4 e 54 .« 67 . 25 354,356
oo

o)
210 cmHﬂo—Q—/( 0\, e 52 (o 35 e 60 . 50 354,356
aUata
o)

48 (e 41) . 66 . 12.0 354, 356

211 CmHz[O‘@_\_</0 /_<; ° 60 e 7 * 95 . 357
*
O :
. 81 . 94 . 103 . 357

212 C,0H,,0 o]
\_¢ 0\,
04 >‘/< )_\
(@]

“The parentheses [( )] represent a monotropic transition temperature.
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Table XXXV.

KELLY & O’NEILL

Comparison of the Transition Temperatures (°C), Dipole Moment (D), Relative and Absolute Spontaneous Polarization (nC cm ~2),

and Tilt Angle (degrees) measured 10 °C below the Smectic C*~Smectic A Transition of Ferroelectric Compounds 213-220

O
O
O
(0]
CN

Compound Molecular structure Crystal  Smectic C* Smectic A Nematic* N Isotropic  u P, P, 6 Ref.

o

213 CSHWO e 78 o 99 — e 122 . 0 45 64 45 367
0] F

214 8H17O—.—.—</ e 65 e 97 — e 100 . 147 78 134 36 367
° >*_/_\_/
O

215 CH17O"—</ e T3 e 95 — e 97 d 1.59 123 191 40 367
(6]
O

216 8H]7O—.—.—</ e 43 o 87 — e 89 . 1.57 131 202 41 367
(0]
O CN

217 C8H17O e 68 o 90 105 — . 4.05 160 386 25 367
NS
0}

218 cuso : 0 . . . . 123 70 195 367
O

(0}

O

219 ch”o 0 . . — e . 199 112 313 389
A4

220 o 102 o 145 155 — . 220 389

a terminal double bond in the alkoxy chains of two-ring and three-
ring esters, in general, leads to lower transition temperatures and
sometimes to a broad smectic C* phase close to room temperature
[365, 366].

The three-ring esters 213220 collated in Table XXXV all exhibit
a chiral smectic C* phase at high temperatures [367, 368]. All
the transition temperatures of compounds 214-217 decrease with
increasing size of the lateral substituent compared with those of the
nonlaterally substituted compound 213 [367]. In contrast, the values
of the spontaneous polarization increase with increasing size of the
lateral substituent, probably due to steric effects, because the energy
difference between the most stable, time-dependent conformations
of the chiral center are larger in the presence of larger substituents.
This results in a higher degree of restriction of rotation of the chiral
center. The higher value of spontaneous polarization for the bromo-
substituted ester 216 appears to be caused by the greater size of the
bromine atom compared to the chlorine atom, because the dipole
moments are almost identical. Consequently, the pitch decreases and
the rotational viscosity increases with the size of the lateral sub-
stituent [367, 368]. The advantage of a high spontaneous polarization
is counterbalanced by the necessity of pitch compensation and high

viscosity. Thus, switching times of laterally substituted materials can
actually be longer than those of analogous nonlaterally substituted
compounds, in spite of the sometimes considerably higher sponta-
neous polarization. The presence of a large dipole moment in the
form of a carbonyl function between the aromatic core and the chi-
ral center to yield a number of alkanoyl-substituted (keto-) esters
(e.g., compound 219) [368], produces higher spontaneous polariza-
tion values than those of the corresponding ethers and esters [367].
The presence of a second optically active group in the second ter-
minal chain can also lead to additive effects and a still higher spon-
taneous polarization, although the viscosity will be high, due to the
presence of two branched chiral centers [367]. A strong dependence
of the observed spontaneous polarization values on the number of
carbon atoms in both terminal chains and the presence and position
of various lateral substituents was also observed.

Large spontaneous polarization values were obtained by increas-
ing the polarization at the chiral center by the introduction of an
electronegative group, such as a cyano group (e.g. compound 220
[369]; see Table XXXV) or a heteroatom, such as an oxygen or halo-
gen atom. Therefore, esters and ethers that are derivatives of natu-
rally occurring alkyl L-(4)-lactates [alkyl ($)-2-hydroxypropanoates]
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[370-375], readily accessible, synthetic alkyl (R)-3-hydroxybutanoates
[372], or compounds with an alkoxy group and a methyl group at
the chiral center in the terminal chain [373] were prepared. Lac-
tate ethers [373] exhibit higher spontaneous polarization and are
more viscous than comparable lactate ester mixtures with similar tilt
angles (6) and smectic C* transition temperatures. This results in
almost equal switching times for similar mixtures that contain one
or the other chiral dopant. The high smectic C* transition temper-
atures for the pure lactate esters [373] do not always induce high
smectic C* transition temperature values for mixtures that incorpo-
rates them. This is indicative of the nonadditive and nonideal behav-
ior often observed in the development of smectic C* mixtures for
SSF-LCDs.

The presence of one or more nitrogen atom in aromatic rings
was found to promote the formation of the smectic C or C* phase.
Therefore, some two- and three-ring 2,5-disubstituted-pyrimidines,
pyrazines, or pyridazines with optically active methyl-branched ter-
minal chains [376-379] were found to exhibit a broad smectic C*
phase, sometimes close to room temperature (e.g., compounds 221
and 222; see Table XXXVI). The absence of a central linkage con-
tributed to the low viscosity found for the smectic C* phase of
many of these nitrogen heterocycles, especially pyrimidine deriva-
tives. Alkenyloxy-substituted phenylpyrimidines with a cis carbon—
carbon double bond or a carbon-carbon double bond in a terminal
position were subsequently found to exhibit low melting points often
close to room temperature [379]. The analogous three-ring com-
pounds exhibit correspondingly higher transition temperatures. How-
ever, the melting point was still found to be relatively low for such
compounds (e.g., compounds 223 and 224). This is advantageous for
mixture formulation.

A carbon—carbon double bond at or beyond position 3 in an
alkenyl chain or position 2 in an alkenyloxy chain attached to an aro-
matic ring is nonconjugated and therefore sufficiently stable for LCD
applications. A carbon-carbon double bond was introduced in a ter-
minal position or in a cis configuration in the middle of an alkoxy
chain of a wide variety of two-ring and three-ring phenyl benzoates
[365, 366] and phenylpyrimidines [379], which exhibit a chiral smec-
tic C phase. In all cases, this often led to a substantial decrease in
the transition temperatures of all the observed mesophases. How-
ever, the melting point was often decreased more than the smectic
C transition temperature, leading to a broadening of the smectic C
temperature range (sometimes at or just above room temperature).

Table XXXVI.

Either or both the ester group and the chain branching at the chi-
ral center led to a high viscosity and relatively long response times
[344, 345].

Most ferroelectric liquid crystals that incorporate halogen atoms
at the optically active center are ester or ether derivatives of either
naturally occurring lactic acid or amino acids as a consequence of
ease of synthesis and cost considerations [380-387]. However, there
is still a considerable degree of freedom of rotation at the chiral cen-
ter, which reduces the observed value for the spontaneous polariza-
tion. To produce a large value of the spontaneous polarization, the
dipole moments near the optically active center should be additive
(e.g., compounds 225 and 227; see Table XXXVII). For example, the
dipole moments at the two chiral centers in the (25, 3R)-2-chloro-3-
methyl-pentanoyloxy-substituted ester 226 are additive and give rise
to high values of spontaneous polarization [382-384]. The value of
the spontaneous polarization measured in the enantiotropic smectic
C* phase of the pure material and the corresponding values extrap-
olated from smectic C* mixtures are not identical, although they are
of a similar magnitude. The extrapolated values are usually some-
what lower. The chiral smectic C* phase of compounds with a flu-
orine atom at the optically active center often exhibit a relatively
high spontaneous polarization, but with a lower viscosity and higher
smectic C* transition temperature than the corresponding chloro- or
bromo-substituted compounds, due to the small van der Waals radius
(1.47 A) and relatively large dipole moment (1.41 D) of the fluorine
atom [385-387].

21.2. Ferroelectric Guest—-Host Chiral
Dopant-Smectic C Host Mixtures

After much development of chiral smectic C* compounds and their
mixtures, it was found that the rotational viscosity for mixtures that
consist completely of optically active smectic C* components was
intrinsically very high, despite the synthesis of a very wide variety
of materials. The high viscosity of the smectic C* phase resulted
in response times that were too long for commercially acceptable
SSF-LCDs [see Eqgs. (43) and (44)]. Therefore, the concept of dop-
ing an achiral smectic C mixture with a low viscosity, high smec-
tic C transition temperature, negative dielectric anisotropy, and
the low melting point with an optically active chiral dopant with
a very high value of spontaneous polarization to produce a mix-
ture with a chiral smectic C* phase with the desired values of the

Transition Temperatures (°C) of Ferroelectric Compounds 221-224

Compound Molecular structure Crystal Smectic C* Smectic A Nematic*  Isotropic Ref.
221 C8H17O—©—<\ ) . « 23 o 34 — e 47 . 376
N
=N
22 C8H17—</>—®—O . e 3 e 48 e 58 — . 376
N \_/_\_(
N=
223 C8H17O—®—<\N:>—®—O *o—\_/ e 88 o 148 — — . 377,378
o ‘
224 e 51 o 69 — e 915 o 371,378

(@)
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Table XXXVII.

Transition Temperatures (°C) of Pure Ferroelectric Compounds 225-227 and Spontaneous Polarization (nC cm~2)

Measured 10 °C below the Smectic C*—Smectic A Transition of Mixtures of 10% of these Materials in 4,4’ Diheptyloxyazoxybenzene
(Cr=SmC = 74 °C; SmC-N = 94 °C; N-I = 124 °C)

Compound Molecular structure Crystal Smectic C*  Smectic A Isotropic P, Ref.
(0) Cl
*
225 C,;H,s0 O O e 72 . 74 o 82 3 140 382,383
(0) Cl
*
226 C;H;50 O O e 55 . 56 . 62 . 160 382,383
(0) Cl
*
227 C;H,5;0 O O o 54 . 57 . 68 . 70 382,383

relevant physical properties was introduced [388-390]. An appropri-
ate amount of the chiral dopant was added to induce the desired
value of spontaneous polarization and a long pitch in the smec-
tic C* mixture. Therefore, suitable chiral dopants were required,
which induced the desired value of the spontaneous polarization,
avoided the necessity for pitch compensation, and did not depress
the smectic C* transition temperature or increase the viscosity or
the birefringence of the mixture too much for practical SSF-LCDs.
Ideally, the tilt angle of the resultant mixture should be 22.5° to pro-
duce good optical contrast. All the mixture components had to be
chemically, thermally, and photo- and electrochemically stable. The
resultant induced spontaneous polarization of the mixture should
also not be too large to avoid space charge effects, which result
in image sticking (“ghost images”). A large intrinsic value of the
spontaneous polarization for the chiral dopant would allow smaller
amounts to be used and would limit the potentially negative impact
on the other physical properties of the mixture caused by the require-
ment of using optically active dopants. By definition, such materials
nearly always incorporate a branched chiral center with four differ-
ent substituents (sp> hybridization) to generate optical activity. Chiral
dopants designed for SSF-LCDs do not necessarily have to exhibit
a smectic C* phase themselves, as long as they do not lower the
smectic C* transition temperature below the desired upper operating
temperature.

However, it was soon found that the addition of a chiral dopant
or, indeed, any other component to a liquid crystalline mixture often
results in complex, nonideal behavior. Depending on the desired
magnitude of the physical property, this may be advantageous. The
spontaneous polarization induced by the addition of chiral dopants
to achiral smectic C host mixtures was found to be concentration, tilt
angle and order parameter dependent, as well as a function of tem-
perature. It often reaches a maximum at a certain concentration and
then remains constant or even decreases as more dopant is added
[388-390]. A higher spontaneous polarization does not always induce
shorter response times if the observed increase of spontaneous polar-
ization is due to an increase in the smectic tilt angle [See Eq. (41)]. If
both the response time and the spontaneous polarization increase (or
decrease) upon changing the side chain within a homologous series
of dopants, then this is probably a change of the tilt angle of the mix-
ture caused by the dopant. If the response time decreases and the
spontaneous polarization increases, this is probably due to a change
of P,, which is a constant characteristic of the dopant. This is usu-
ally valid at low dopant concentrations, where changes of viscosity
are often small [348, 386].

21.2.1. Chiral Dopants

Many of the compounds synthesized for smectic C* mixtures can
be used as chiral dopants as long as the spontaneous polarization
is large [e.g., many of the compounds (213-227) shown in
Tables XXXV-XXXVII]. However, the complexity involved in the
successful development of chiral dopants for SSF-LCDs is illustrated
by the data collated in the Table XXXVIII [386, 387]. The dopants
that incorporate a trans-1,4-disubstituted cyclohexane ring shown in
Table XXXVIII do not exhibit a chiral smectic C* phase. How-
ever, although the substitution of the aliphatic trans-1,4-disubstituted
cyclohexane ring for the aromatic benzene ring of compound 228
to produce the compound 229 leads to a lower electron density at
the chiral center and to a higher degree of conformational mobility
of the dipole moment, the spontaneous polarization is only reduced
by about 40% [386, 387]. The smectic C* transition temperature is
acceptably high. Furthermore, the presence of the cyclohexane ring
gives rise to lower values for An and viscosity vy, and a substantially
longer pitch (p) than those of the fully aromatic material 229.

Several of the optically active three-ring esters shown in
Table XXXVIII (for example, compounds 232 and 233) which
incorporate the aliphatic cyclohexane ring, possess an enantiotropic
smectic C* phase at elevated temperatures [386, 387]. However,
the tendency to form the smectic C* phase is much reduced com-
pared with the corresponding fully aromatic materials and the
corresponding two-ring compounds, (e.g., 229-231) that incorporate
a cyclohexane ring do not exhibit a smectic C* phase. A number
of dipole moments associated with heteroatoms, such as oxygen,
nitrogen, and fluorine, in various parts of the molecular core are
required to induce the formation of a smectic C phase. Therefore,
the ether 230 [386] shown in Table XXXVIII, which differs only in
the presence of a carbonyl group (CO) instead of a methylene unit
(CH,), 231 [387] from diester induces a lower smectic C* transi-
tion temperature in the host mixture. This result is consistent with
the microscopic, dipole-dipole theory of the smectic C phase [20].
The spontaneous polarization is higher for the ester than for the
ether, indicating a greater value for P,, as indicated by the shorter
response time.

The effect of an ester group in a central position of a chiral
dopant can be elucidated by comparing the thermal data collated
in Table XXXVIII for compounds 233 and 234 [387]. The smectic
C* transition temperature for the mixture that contains the a-fluoro-
substituted diester 233 with a second ester group in a central position
is higher than that of the mixture that incorporates an equal amount
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Table XXXVIII.

Comparison of the Transition Temperatures (°C), Spontaneous Polarization (nC cm™~2), and Response Times

(us; 10 — V pp wm™~! square wave time to maximum current) Measured at 25 °C for the Ferroelectric Smectic C*
Mixtures Consisting of 7-wt% Chiral Dopants 228-234 and 93 wt% the Same Achiral Host Smectic C Mixture
(Cr-SmC* < 0 °C; SmC*~SmA = 76 °C; SmA-N* = 81 °C; N*~1 = 103 °C)

Compound Chiral dopant Crystal Smectic C* Smectic A Nematic* Isotropic Py T Ref.
228 C8H17OO . 56" 950 386, 387
Y
O F
229 C8H17O—©—<:> ----- " . 35 700 386,387
/
O F
230 C,UH23O—©—<:>“‘""" )/,_(_L o <0 o 645 e 826 e 978 . 38 460 387
O F
*
231 C9H190—< }/-—(_\— e <0 e 680 e 815 e 971 . 5.7 400 387
o (©) F
F F
232 CoH,,0 Q Q '-w" ; o <0 e 755 e 883 e 1043 o 6.2 415 387
< —
O F
F F
OO
233 CoH 30 /) ° <0 e 767 e 835 e 1039 o 54 650 387
(0] O F
F F
234 CoH ;0 Q Q --mw By . <0 ® 745 e 863 e 1023 . 45 630 387
< —
(o} Cl

“Extrapolated to 100% dopant; no mixture transition temperatures given.

of the a-fluoro-substituted monoester 232. This is not surprising,
because the a-fluoro diester 233 exhibits an enantiotropic smectic
C* phase at elevated temperatures in the pure state. However, the
observed value for the spontaneous polarization, Py, is higher for the
monoester 232 than for the diester 233, probably due to a change
of the absolute value of the spontaneous polarization, P,, as well
as of the viscosity vy, because of the presence of the second car-
boxy (ester) group. Even if P, were constant and the tilt angle (6)
were fully responsible for the increase of the spontaneous polariza-
tion, the viscosity (y) of the monoester would still be substantially
lower.

A comparison of the relative effects of either a fluorine or a chlo-
rine atom attached directly to the optically active center of the chiral
dopant is also shown in Table XXXVIII [387]. The transition tem-
peratures and spontaneous polarization of the mixture that contains
the a-fluoro ester 233 are all higher than those observed for the cor-
responding mixture that contains an equal amount of the otherwise
identical a-chloro ester 234. This may be attributable to the stronger
electronegativity of the fluorine atom. Furthermore, the viscosity of
the a-fluoro ester must also be lower than that of the a-chloro ester
234 as shown by the significantly lower switching time 7, which is only
partially due to the higher value of P, and is probably a consequence
of the smaller size of the fluorine atom and the shorter carbon—
fluorine bond compared to that of chlorine. It has been generally

found that the spontaneous polarization of analogous fluoro-alkyl- or
alkoxy-substituted compounds, is lower than that of the correspond-
ing chloro-substituted compounds due to the lower dipole moment
at the optically active center [391-396]. The presence of the triflu-
oromethyl group at the chiral center in the side chain of three-ring
compounds should lead to high spontaneous polarization values, due
to the additive effects of three fluorine atoms. This is indeed found
to be the case [397, 398]. Unfortunately, the presence of a trifluo-
romethyl group at the chiral center in the central linkage between
two aromatic rings in the core of a similar three-ring phenylpyrimi-
dine was found to give rise to very low transition temperatures and to
the absence of a smectic C* phase for the pure substance [397]. Con-
sequently, mixtures that contain these chiral dopants exhibit a low
smectic C* transition temperature, although the values of the other
physical properties are good [398]. This is probably due to the steric
effect of the trifluoromethyl group, leading to a significant broaden-
ing of the molecular rotation volume.

The dipole moment of a cyano group is much larger than that of
a fluorine atom or other halogen atoms bonded to the same group.
Therefore, the spontaneous polarization should be larger. Further-
more, the steric bulk of a cyano group at the optically active center
should give rise to a larger energy difference between the most prob-
able time-averaged conformations of the chiral center. This should
also contribute to a high spontaneous polarization value, although



54

Table XXXIX.

KELLY & O’NEILL

Transition Temperatures (°C) and Spontaneous Polarization (nC cm~2) of Mixtures of 7.37-wt% Chiral Dopant 235 or

7.58-wt% Chiral Dopant 236 and a Host Chiral Smectic C* Compound (Cr—SmC* = 35 °C; SmC*-SmA = 70.5 °C; SmA-1 = 72 °C);
2.0-mol% Chiral Dopant 237 or Chiral Dopant 238 and a Host Achiral Smectic C Mixture (Cr-SmC* <25 °C; SmC-SmA = 51 °C;
SmA-T = 63 °C; N-I = 69 °C); 2.0-mol% Chiral Dopant 239 or Chiral Dopant 240 and a Host Achiral Smectic C Mixture
(SmCr-SmA = 51 °C; SmA-I = 61 °C; N-I = 68 °C)

Compound Chiral dopant Crystal ~ Smectic C* Smectic A Nematic* Isotropic P Ref.
235 e 53 L 66 . 70 — . +2 403, 404
236 e 25 o 61 . 66 — . -13 403, 404
237 o o 52 o 61 o 68 o <0.5 406
238 o o 52 o 61 ° 68 . +5.3 406
239 . 25 o 53 . 60 . 67 . -2.4 406
240 . 26 o 53 . 59 . 67 ° +4.2 407

low transition temperatures and a high viscosity should also be
observed for the same steric reasons [399-402]. This is indeed found
to be the case. As a consequence, only three-ring compounds possess
enantiotropic liquid crystal phases (e.g., compound 220 shown in
Table XXXV). However, used in small amounts, they are very effec-
tive chiral dopants [402].

If the degree of free rotation at the chiral center can be restricted
(e.g., by incorporating the chiral center in a conformationally rigid
cyclic system, such as in an oxirane), then the conformational aver-
aging out of the dipole moment could be limited [403, 404]. This
should lead to high spontaneous polarization. Whereas the molecular
dipole of an epoxide is oriented normal to the tilt plane, the dipoles
associated with the fluorine atoms and the epoxy moiety in the
two diastereomeric oxiranes (235 and 236) shown in Table XXXIX
[403, 404] point in the same direction and, consequently, a high value
of the spontaneous polarization is observed (e.g., for compound 236).
If the dipole moments are of opposite polarity, they cancel each
other out to some degree, and low spontaneous polarization value
is observed (e.g., for compound 235). Oxiranes can exhibit very dif-
ferent values of spontaneous polarization [403, 404], depending on
the configuration at the second carbon atom of the epoxy group (i.e.,
trans or cis. For the cis-substituted oxirane, there is an enhanced
stereo coupling between the polar chiral group and the lateral molec-
ular dipole, and substantially higher spontaneous polarization values
are observed [403, 404]. The cis configuration at the epoxy moiety
leads automatically to a non-linear (i.e. fully extended) zigzag con-
formation of the terminal chain. Although this also leads to a sub-
stantially higher value for the viscosity, it does not compensate for
the higher spontaneous polarization, and significantly shorter switch-
ing times are observed for the cis-substituted esters than those of the

corresponding trans-substituted esters. Replacing the oxygen atom in
the epoxy moiety with a sulfur atom to produce the analogous thi-
iranes [405] results not only in lower transition temperatures, but also
insignificantly lower values for the spontaneous polarization if the
optically active unit is situated on the periphery of the molecule. The
opposite is observed with respect to the spontaneous polarization if
the chiral entity is situated between two mesogenic units, such as
six-membered rings. A Walden inversion during the reaction results
in an inversion of configuration at both asymmetric carbon atoms,
resulting in an inverse absolute configuration. The thiiranes are sig-
nificantly less thermally stable than the corresponding oxiranes.

In the optically active, five-membered 7y-lactone ring, there are
two asymmetric, chiral carbon atoms and a large dipole moment asso-
ciated with the carboxy function. The dipole moments associated with
the carbonyl and ether components of the ester linkage are in the
same plane and point in the same direction perpendicular to the long
axis of the molecule [406]. The degrees of free rotation of the chi-
ral centers and the dipole moments are greatly reduced, and a large
value for the spontaneous polarization is observed (see compounds
237 and 238 and Table XXXIX). The spontaneous polarization, tilt
angle, and response times, but not the transition temperatures, are
strongly dependent on the cis or trans configuration of the lactone
ring [406]. This is also true for the related six-membered &-lactone
ring, and, therefore, similarly large values for the spontaneous polar-
ization are found [407] (see compounds 239 and 240). Large dif-
ferences in the spontaneous polarization are observed for the cis
and trans configurations, although the value for the trans isomer is
greater than that of the cis isomer. The opposite is the case for the
y-lactones 237 and 238. Whereas the concentration of the dopant is
so low, the transition temperatures of the doped smectic C* mixtures
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are little changed from those of the host smectic C mixtures [407].
Dopants that incorporate a series of optically active rings, such as
1,3-dioxolan-4-one [408], 1,3-dioxolan-2-one [409], 2-oxetanone [410,
411], oxazolidine [388], and proline [388], have also been prepared.
These dopants generally induce lower spontaneous polarization val-
ues and/or higher response times and viscosity values, as well as
lower transition temperatures in host mixtures than do the oxiranes,
y-lactones, and &-lactones already discussed.

21.2.2. Smectic C Hosts

Studies of optically active compounds, that exhibit a smectic C* phase
showed that aromatic compounds with two long terminal alkyl or
alkoxy chains attached to an aromatic molecular core that incorpo-
rates one or two 1,4-disubstituted phenyl rings and a heterocyclic
ring (such as 2,5-disubstituted pyrimidine, 2,5-disubstituted pyrazine,
and 3,6-disubstituted pyridazine), linked by a direct bond give rise
to smectic C* formation. The results of these studies were used as a
starting point to develop new achiral materials with high smectic C
transition temperature, low melting point, and low viscosity to act as
components of host smectic C mixtures for guest chiral dopants.
The dependence of the formation of smectic and nematic phases
and their transition temperatures in the presence of additional lat-
eral dipoles in the form of nitrogen atoms is illustrated [376, 390,
412-418] in Table XL. The almost apolar 4-octyl-4'-octyloxybiphenyl
241 exhibits only an orthogonal smectic E phase, whereas the nitro-
gen heterocycles 242-246 all exhibit at least one tilted phase, espe-
cially the smectic C phase. The pyridine 242, pyridazine 245, and
thiadiazole 246 with a resultant dipole moment across the molecular
long axis are of negative dielectric anisotropy. They exhibit a higher
smectic C phase transition temperature than that of the correspond-
ing pyrimidine 243. This is also true for the pyrazine 244, which may
be expected to a have a small dielectric anisotropy, due to symme-
try considerations. However, the dipole moments associated with the
nitrogen atoms may be expected to exert a torque on the molecule.
The higher transition temperature for the smectic C phase of these
compounds may well be attributable to the torque exerted on these
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molecules, due to the dipole moments [340]. The lateral compo-
nent of the two nitrogen atoms in the pyrimidines should be almost
compensated. The pyridazine 245 exhibits the largest negative value
for the dielectric anisotropy (=~ — 6-—10) and, perhaps as a con-
sequence, the highest smectic C transition temperature. The ethers
242-246 shown in Table XL generally exhibit a greater tendency
than the corresponding esters to form the smectic C phase at higher
temperatures [411].

The effect of introducing one or two oxygen atoms in various
positions of a model system 5-nonyl-2-(4-nonylphenyl)pyrimidine 247
[415, 416, 418-421] on its liquid crystal transition temperatures is
shown in Table XLI. Although the dialkyl material 247 only exhibits
a smectic A phase at a lower temperature, the presence of an oxy-
gen atom between the chain and the pyrimidine ring in compound
248 and the phenyl ring in compound 249 induces a smectic C
phase below the smectic A phase. The dioctyloxy-substituted com-
pound 250 with an oxygen atom between both terminal chains and
the aromatic core exhibits the highest smectic C transition temper-
atures. The high transition temperature for the smectic C phase of
the alkoxy-substituted compounds 248-250 may also be attributable
to the torque exerted on these molecules, due to the dipole moments
associated with the conjugated oxygen atoms (terminal outboard
dipoles). A second, nonconjugated oxygen atom in the terminal chain
of the diether 251 leads to lower smectic C and smectic A transi-
tion temperatures. However, the melting point is much lower, and a
smectic C phase at room temperature is observed. There is a high
degree of conformational freedom for the oxygen atom in the ter-
minal chain, and a similar torque cannot be expected. This indicates
that intermolecular dipole—dipole interactions are indeed responsible
for these effects.

A similar investigation was carried out on the analogous esters
253-257 [418, 422-424] collated in Table XLI. The one nonconju-
gated oxygen atom in the chain of ester 256 leads to the absence
of observable mesomorphism. The highest values for the liquid crys-
talline transition temperatures are observed for ester 257 with two
polarizable carboxy groups attached directly to the molecular core.
The esters 252-257 generally possess higher transition temperatures
than the analogous ethers 248-251.

Table XL.  Transition Temperatures (°C) for Octyloxy-Substituted Ethers 241-246¢
Compound Molecular structure Crystal Smectic E Smectic F Smectic C Smectic A Nematic Isotropic Ref.
241 CSH”OCSH” . 57 e 8 — — — — . 412
=N
242 CSHHWOCSH” . 38 — e 2 e 8 — — . 390, 413, 418
=N
243 CSH”{ />—<j>*OC8H17 o 34 — — e 56 e 64 e 70 D 415, 416
N
=N
244 C8H17—<74/>—©70C8H17 . 65 — — (¢ 6 e 79 — . 376
N
N=N
245 c81{,7—§_)—<i>—0c81{]7 . 95 (¢ 90) — o 117 — — . 376
246 73 — — e 83 — — o 390, 417

-N
N
S

C71‘115

“The parentheses [( )] represent a monotropic transition temperature.
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Table XLI.  Transition Temperatures (°C) for Compounds 247-257
Compound R Crystal Smectic C Smectic A Nematic Isotropic Ref.
N=
247 C9H19—©—<\ }chlg o 49 — e 61 — . 418, 419
N
N=
248 C9H19—®—<\ }OCKH” e 36 e 52 85 — . 418, 420
N
N=
249 c8H17o—©—<\ :>7C(,H19 e 33 e 61 e 75 — . 415,416
N
N—
250 chwo—@—(\ :>—OC8H17 e 51 e 91 e 100 e 101 . 421
N
N=
251 C3H7OCSH10—©—<\ }OCSH” e 8 e 47T e 69 . 418
N
N=
252 c9H19—®—<\ }OZCQHIS . 82 — — — . 418
N
N—
253 C7H15C02—®—<\ :>—ch19 e 53 e 64 e 65 — . 422
N
N=
254 C7H15C02—®—<\ :>—008H17 e T4 e 90 e 93 e 9 . 423
N
N=
255 C8H17O—©—<\ }OZCQHH e 69 o 8 — .« 9% . 423
N
N—
256 C3H7oc5Hm—®—<\ }OZCQH]S .« 70 — — — . 418
N
257 o 81 . 93 — . 97 . 423

N—
C7H15C02‘®_<\ :>702CC7H15
N

More significant changes in the transition temperatures and
other physical properties of relevance for SSF-LCDs were observed
for achiral, alkenyloxy-substituted phenylpyrimidines, and pyridines
[412], where the positions and configurations of the double bond
were varied systematically [412]. This is illustrated by the thermal
data collated in Table XLII for the hexenyloxy-substituted pyridines
259-265 and the reference compound 258 without a double bond in
the chain. The trans carbon-carbon double bond at an even number
of carbon atoms from the molecular core, (e.g., compounds 259 and
263) usually results in higher smectic C and lower smectic A transi-
tion temperatures, an increase in  and P, and a longer 7. A terminal
carbon—carbon double bond or a cis double bond at an odd number
of carbon atoms from the molecular core (e.g., compounds, 262 and
265) tends to suppress the nematic phase, promote the formation of
smectic phases, reduce 6 and P, and shorten 7. The other combi-
nations of position and configuration of the double bond all strongly
reduce the liquid crystal transition temperatures. These observations
are consistent with a requirement for a linear, alternating trans—cis
configuration and conformation of the alkenyloxy chain [412]. How-
ever, the position and number of nitrogen atoms are also crucial in
determining the types of phases observed, their absolute transition
temperatures, and their temperature ranges (See also Table XL).

Very similar results have been found for analogous three-ring fully
aromatic ethers [424].

The thermal data collated in Table XLIII [390, 415-418, 420, 424]
show that the presence of three aromatic rings in molecular core in
compounds 267, 268, 270, 271, and 273 leads to much higher tran-
sition temperatures than those exhibited by the corresponding two-
ring compounds 266, 269, and 272. This is of importance, because
small amounts of three-ring compounds are often added to achiral
smectic C mixtures to increase the smectic C transition temperature
and lower the melting point without unduly increasing the viscos-
ity of the mixture. They can also be used to induce a smectic A or
a nematic phase over a narrow temperature range in the host mix-
ture. This is generally considered essential for obtaining the required
uniform orientation of the smectic C* phase in the chiral dopant
mixture. The transition temperatures and the phases formed by the
isomeric three-ring compounds depend on the order of the phenyl
and pyrimidine rings (e.g., compare the transition temperatures for
compounds 270 and 271). The two-ring and three-ring phenylthiadi-
azoles 272 and 273 exhibit high smectic C transition temperatures,
high birefringence, and low viscosity. However, their photochem-
ical or electrochemical stability may not be sufficient for some
applications.
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Table XLII.

Transition Temperatures (°C) of 2-[4-(Hexyloxy)-phenyl]-5-octylpyridine

258 and 2-[4-(Hexenyloxy)phenyll-5-octylpyridine 259-265 [412]*

Compound Molecular structure Crystal Smectic G~ SmecticI ~ Smectic C  Smectic A Isotropic

—N

258 C8H17—<\;/—©—m e 30 (¢ 23) e 58 e 77 — .
—N

259 CSH17—<\;/—®—O\_/—\_ (E) o 55 o 58 o 70 o 8 — .
—N

260 C8H17—<\;/>—®—0 ) Z) . & — — — — .
=N

261 CSH”W (E) o 33 — — e .
—N

262 C8H17W/=\_ 2) o 47 — ) — .
=N

263 C8H17—<\;/>—®—<)\_/—\_ (E) o 58 — — . 381 — .
—N

264 c8H17—<\;/>—®—<)\_/—> (2) . 30 — — .« 50 — .
—N

265 C8H17—<\;/>—®—()\_/—\_ . 31 — e 54 e 68 — .

“The parentheses [( )] represent a monotropic transition temperature.

The presence of the frans-1,4-disubstituted cyclohexane ring in
a smectic C compound can give rise to low viscosity and low bire-
fringence, as well as relatively high smectic C transition temperature
[425]. The dependence of the mesomorphic behavior and some phys-
ical properties of a series of compounds 274-280 that contain the
cyclohexane ring on the nature of the linkage between this ring and
the aromatic core is shown in Table XLIV. All of the compounds
possess an enantiotropic smectic C phase. The presence of an apo-
lar flexible linkage in compounds 275 and 278 does not seem to
affect the smectic C transition temperature greatly compared with
that of the directly linked material 274. The combination of a flex-
ible linkage and a conjugated oxygen atom in compounds 276, 279,
and 280 gives rise to a higher smectic C transition temperature than
that of compound 274 with a direct carbon—carbon bond as link-
age. These transition temperatures are higher than that of the cor-
responding compound 277 that contains the relatively rigid, polar
carboxy linkage. The melting point of all of the materials is low
for three-ring compounds, although the smectic C transition tem-
perature is also much lower that those of analogous fully aromatic
three-ring compounds. However, they also exhibit a nematic phase
and several exhibit a smectic A phase. This is advantageous for
the development of mixtures with the appropriate order of phases
for good alignment. In mixtures, compounds 276, 277, 279, and
280, with an oxygen atom of the linkage attached to the benzene
ring in the aromatic core, generally possess higher values for vis-
cosity, tilt angle, and spontaneous polarization than those exhibited
by the corresponding materials 274, 275, and 278, with an apolar
linkage.

The presence of ordered smectic phases in components of smectic
C mixtures can limit the lower operating temperature of the mix-
ture by inducing this phase in the mixture or by inducing crystal-
lization. Lateral substituents are known to suppress ordered smectic
phases more than the less ordered smectic C and smectic A phases,
although all the transition temperatures are generally lower in lat-
erally substituted compounds compared with the transition tempera-
tures of the corresponding materials without a lateral substituent. To
study this effect systematically on components of commercial chiral
smectic C* mixtures and also to preferentially suppress the ordered
smectic phases in esters (such as compound 281) [358], a series of
related esters 282-296 [426, 427] with at least one, but up to four,
fluorine atoms were prepared (See Table XLV). Except for the melt-
ing point, which is generally higher, all of the other liquid crystal
transition temperatures of esters 282-296, which incorporate a flu-
orine atom in a lateral position, are lower than those of the non-
laterally substituted ester 281. The extent to which the transition
temperatures are lower generally increases with the number of flu-
orine atoms. Only two monosubstituted esters 282 and 283 exhibit
the ordered smectic phase, although at a much lower transition tem-
perature than that of the standard ester 281. The smectic C tran-
sition temperature is lowered to a much smaller extent for most of
the fluorinated esters. This results in a smectic C phase over a wider
temperature range for several of the difluoro-substituted esters (e.g.,
289 and 290) at lower absolute temperatures. This helps to generate
a low melting point for smectic C mixtures that contain them. The
presence of more than two fluorine atoms in esters 292-296 generally
results in low smectic C transition temperatures, although compound
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Table XLIII.  Transition Temperatures (°C) of Heterocyclic Ethers 266273

Compound Molecular structure Crystal ~ SmecticF  Smectic C Smectic A Nematic  Isotropic Ref.
/ N
266 C5H11—<: @oemn . 34 — e+ 56 e 64 e 70 . 415,416
=N
=N
267 CSHH—©—< }—QOCSH” . 80 — e« 8 e 195 — . 44
N
/ N
268 C5H11—<: OCSH” . 91 — . 114 — . 183 . 424
=N
N=
269 C5H11—©—<\ :>—oc8H17 . 39 — e 58 84 - . 418, 420
N
N=
270 CSHH }OCSH” . 98 — .« 159 — e 187 . 424
N
271 CSHH—Q—(\ }QOCan e 69 o 120 e 172 e 205 — . 424
N
A
272 [
CeHj3 S
o 64 — e 75 — — . 390, 417
OCgH,;
N-N
/- \
S
273 CH,, OC¢H,, . 80 — . 167 — . 1R . 390, 417
Table XLIV. Transition Temperatures (°C) of Phenyl Pyrimidines 274-280 and the Tilt Angle (degrees), Viscosity (mPa s),
and Spontaneous Polarization (nC cm ~2) of Mixtures that Contain Them (13 wt%) [425]
Smectic  Smectic Smectic
Compound Molecular structure Crystal B C A Nematic Isotropic 0 ysin?% P,
N=
274 C5H11—<:>”""-®—<\ :>—C10H21 e 60 e 83 e 93 e 131 e 152 . 187 266  5.64
N
275 C5H11_<:>m..... N} o 84 — e 98 e 118 e 132 . 20.0 30.0 5.66
N\ C10H21
< > <N /
276  CsH,, =\ N= o 87 — e 118 — e 142 . 232 388 644
O e
"/
O
277 CSH“-—<:>H"‘-( N= o 64 e 8 o 104 — e 161 . 258 452 7.05
N/
N=
278 CSHH-—O ------ H\_/—O—<\ / OCyH;y e 66 e 71 e 86 o 102 e 109 . 19.3 31.9 4.97
N
N=
279 C5H11—<:> ------ : o—®—<\ OCoH;y o 69 — o 110 — . 130 . 251 511 631
s N/
N =
280 C;H11—<:>w O—O—Q OCoH;y o 69 — . 110 — . 134 .
L \/
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Table XLV.  Transition Temperatures (°C) of Nonfluoro-Substituted Ester 281 [358] and Fluoro-Substituted Esters 282-296 [426, 427]*
X X,
O X, X,
Cy,Hys0
O
il C5 H 1
Compound X X, X3 Xy Crystal Smectic 3 Smectic C Smectic A Nematic Isotropic
281 H H H H b 58 b 78 b 118 b 132 N 147 b
282 F H H H . 72 (e 56) . 110 . 125 . 135 .
283 H F H H . 52 © 44) . 98 — . 137 .
284 H H F H . 71 — . 79 — . 133 .
285 H H H F . 59 — . 96 . 120 . 133 .
286 F H F H ° 48 — o 80 — ° 119 °
287 H F F H . 44 — . 55 — . 122 .
288 F H H F . 62 — o 102 o 115 o 124 o
289 H F H F . 40 — ] 91 ] 104 . 125 .
290 F F H H . 64 — . 114 — . 138 .
291 H H F F . 60 — . 82 — . 128 .
292 F F F H . 64 — o 83 — . 120 .
293 F F H F . 66 — . 112 — . 127 .
294 F H F F . 58 — . 82 — . 116 .
295 H F F F . 48 — . 69 — . 119 .
296 F F F F o 71 — . 90 — ] 118 U

“The parentheses [( )] represent a monotropic transition temperature.

293 is an exception. Therefore, it is clear from the data collated
in Table XLV that the presence of two fluorine atoms in a lateral
position is the optimal number for suppression of ordered smectic
phases, low melting point and formation of the smectic C phase at
elevated temperatures. Although all of the esters exhibit a smectic
C phase and a nematic phase, a smectic A phase is observed only
for two monofluoro-substituted esters 282 and 285 and two difluoro-
substituted esters 288 and 289. Thus, these esters can be used to
generate a smectic A or a nematic phase over a narrow temperature
range to improve the alignment characteristics of a mixture to which
they are added.

A sophisticated driving scheme for SSF-LCDS [428-430] requires
high smectic C materials with a large degree of biaxiality (i.e., with a
large transverse dipole moment) [431]. Difluoro-substituted materi-
als such as compounds 297-302 in Table XLVI were found [432-435]
to suit these requirements. All of the difluoro-substituted three-ring
materials 297-302 exhibit an enantiotropic smectic C phase, whereas
the corresponding nonfluoro-substituted compound 297 exhibits only
the orthogonal smectic E and smectic A phases over a narrow tem-
perature range at very high temperatures. The presence of the two
fluorine atoms in a peripheral position in compounds 297 and 300,
rather than a central position in compound 299, gives rise to a higher
value for the transition temperature for the smectic C phase. All of
these correlations seem to be consistent with previous findings and
the standard theory of the smectic C phase. The presence of a frans-
2,5-disubstituted dioxane ring [435] or a trans-1,4-disubstituted cyclo-
hexane ring [436] in compounds 301 and 302 leads to a lower smectic
C transition temperature than that of the corresponding compound
300 with a 1,4-disubstituted phenyl ring in place of either of the ali-
cyclic rings.

The axially substituted cyclohexane compound 303 is also suited
to this driving scheme, although it was used originally in commercial
mixtures for prototype SSF-LCDs with standard addressing schemes.

The dipole moment of the cyano group is orthogonal to the molec-
ular long axis. This gives rise to a large negative value (= — 10)
of the dielectric anisotropy. Unfortunately, the viscosity is also high.
However, the combination of an axially cyano-substituted cyclohex-
ane ring appears to correspond to a difluorophenyl ring in terms of
the tendency for smectic C formation.

The combination of a fluorine atom in a lateral position and a
heterocyclic ring should give rise to a large lateral dipole moment
across the molecular long axis and promote smectic C formation.
This is indeed the case as illustrated by the thermal data collated in
Table XLVII for the compounds 304-309 [434, 437, 438]. The posi-
tion of the nitrogen atom next to the oxygen atom in compound 304
gives rise to an ordered smectic phase. The additional presence of a
fluorine atom next to the nitrogen atom in compound 305 leads to a
smectic A phase at a low transition temperature. A smectic C phase is
not observed for either compound. In contrast, the isomers 306-307
exhibit a very high value for the smectic C transition temperature.
The presence of a fluorine atom in a lateral position in monofluoro-
substituted pyrimidine 307 leads to a lower transition temperature
for the smectic C phase than that of the corresponding nonfluoro-
substituted material 306. However, the ordered smectic phase found
for the former compound 306 is missing from the latter compound
307. The monofluoro-substituted pyrimidine 308 possesses a lower
transition temperature for the smectic C phase than that of the cor-
responding difluoro-substituted pyrimidine 309.

22. CONCLUSIONS

Liquid crystal displays are well set to overtake the Cathode ray
tube in the overall displays market in terms of total value, units
shipped, and market share. Despite the emergence of competing
technologies in flat panel displays, such as light-emitting polymers,
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Table XLVI.  Transition Temperatures (°C) of Compounds 297-303

Compound Molecular structure Crystal ~ Smectic X Smectic C Smectic A Nematic  Isotropic Ref.
297 CSHUOCSH” o 195 o 211 — 222 — 432-434
F F
298 CSH”och17 o 89 — 155 165 166 432-434
F F
299 CSH“och17 .« 49 — 95 — 142 432-434
F F
F F
301 C5H1]-—<:>-""OC8H17 o 53 — 58 127 142 434
F F
O
302 C5H11—<: > O OCgH,, =+ 62 — 86 134 — 435
O
NC
303 OC8H17 e 81 (¢ 52 118 150 151 436
CsgHyy
“The parentheses [( )] represent a monotropic transition temperature.
Table XLVII.  Transition Temperatures (°C) of Compounds 304-309 [434]*
Compound Molecular structure Crystal Smectic X Smectic C ~ Smectic A Nematic Isotropic
M\
304 C8H17O@—®—OC8HI7 e 50 e 6 — — — .
F
M
305 CgH,, 0 OCgH,;, ¢ 48 — — (s 40) — .
/ N
306 C4H,,0 ) OC{H,, o 76 (s 75 110 — — .
F
Vi N
307 C4H,,0 ) OCgH,; « 81 — 89 — — .
F
/ N
308 C8H17O—<:\ OCH,, o 42 — 52 — e 77 .
=N
F F
/ N
309 C8H17O—<:\ OCygH,; » 48 — 76 — e 77 .
=N

“The parentheses [( )] represent a monotropic transition temperature.
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LCDs will remain the dominant display device in the flat panel
part of the displays market, at least for the near future and espe-
cially for handheld devices. New technologies will probably com-
plement LCD technology and serve to expand the overall displays
market (e.g., plasma-addressed LCDs and LCDs with light-emitting
polymer backlighting). LCDs can be expected to dominate in the
portable instrument segment of the market (e.g., notebook comput-
ers, personal organizers, and cellular telephones). However, the mar-
ket position of LCDs will be maintained and, indeed, expanded only
if significant progress in research and development across a range of
technologies and scientific disciplines is maintained. A crucial contri-
bution to this progress will be the design and synthesis of new liquid
crystals with a physical property spectrum to match the continually
changing requirements of new types of LCDs and optimized versions
of standard LCDs.
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