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Soft matter results from relatively weak interparticle interactions. Liquid crystals exhibit the largest variety of soft
matter, and have fascinating physical properties and technological applications. de Gennes showed that the
seemingly complex properties are often amenable to phenomenological descriptions, based on the underlying
macroscopic symmetry of the medium. The latter ultimately depends on subtle intermolecular interactions, as
exemplified by the discoveries of new types of liquid crystals made of banana-shaped (or bent-core (BC)) molecules.
In this article, we review some aspects of these liquid crystals, with an emphasis on our own contributions. These
include a simplified theoretical description of the most frequently observed Bs—B;—B, sequence of phases in
homologous series of compounds with BC molecules, experimental studies on induced phases in mixtures of
compounds with BC and rod-like molecules and on some novel properties exhibited in the nematic phase of such

mixtures.
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1. Introduction

In his Nobel lecture de Gennes defined ‘soft matter’ as
forms of matter that combine flexibility with complex-
ity (/). Both of these properties ultimately arise
because of relatively weak interparticle interactions.
Of the various types of soft matter, liquid crystals
exhibit the largest number of different types of orga-
nisations, which are characterised by different symme-
tries. The reason for this variety is that they combine
the orientational order of anisotropically shaped
molecules and spatial periodicity, usually in one or
two dimensions (2, 3). Compounds with rod-shaped
molecules are the most widely studied, and exhibit
basically two types of liquid crystalline phases,
namely, nematics with a pure orientational order and
smectics with additional one-dimensional periodicity.
If the molecules are chiral, many new structures
and properties emerge (4). If the compounds are
disc shaped, columnar liquid crystals with a two-
dimensional periodicity result. The nematic phase is
mainly stabilised for entropic reasons, although the
Maier-Saupe mean field theory, which is based on
anisotropic attractive intermolecular interactions,
captures most of the essential features of the
nematic-to-isotropic transition (2, 3). In most of the
compounds studied, the smectic phase is exhibited by
higher members of a homologous series. McMillan
developed a molecular model of the layering order in
the smectic A (SmA) phase by assuming a nano-seg-
regation of the aliphatic and aromatic parts, which is

favoured by the internal energy of the medium, arising
from dispersion interactions between the molecules
(5). A similar argument is applicable for stabilising
the columnar phase when the molecules are disc-like
(6, 7). If the molecules are chiral, the director would
like to have a spontaneous twist deformation. This can
occur along two independent directions orthogonal to
the director, and the resulting geometrical frustration
leads to the blue phases close to the transition to the
isotropic phase. The incompatibility between the
layering order of smectics and a twist deformation in
the layer plane leads to the formation of Abrikosov
lattices in type II materials, (8, 9), which are arranged
in the form of twist grain boundaries (/0). In materials
with extreme type Il character, a three-dimensional
modulation of the structure is found (/1, 12).

Most of the compounds forming liquid crystals are
polar in nature, but weak molecular dipoles do not
have any notable influence on the structures. Strong
longitudinal dipoles in rod-like molecules are very
useful in lowering the operating voltages of various
types of liquid crystal displays. In such materials, the
dipolar contribution to the intermolecular energy can
become comparable to the thermal energy, and the
former favours an antiparallel orientation between
neighbouring molecules (/3). This means that even
though the molecules are highly polar, the director
retains its apolar character. The strongly polar cyano
or nitro group is attached at one end of the aromatic
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core, and the aliphatic chain is attached at the other
end. This leads to the generation of a new length,
which is longer than the molecular length (/4). Many
compounds with such highly polar molecules exhibit
unusual phenomena such as reentrant nematic and
smectic phases and polymorphism of the smectic
A phase (2).

The Landau theory of phase transitions is phe-
nomenological in nature, and the only relevant physi-
cal input needed to describe a transition is the change
in the symmetry between the two phases. One of the
seminal contributions of de Gennes was to bring all of
the phase transitions in liquid crystals known in the
early 1970s under the fold of the Landau theory. In
particular, by using the Landau theory he pointed out
that the first-order nature of the nematic-isotropic
transition arises from the second rank tensor order of
the nematic, and that there is a close analogy between
the smectic-nematic and superconductor-normal
metal transitions (/5). The unusual phenomena exhib-
ited by compounds with highly polar molecules were
in turn described by Prost (2) using two coupled smec-
tic order parameters corresponding to the two lengths
mentioned earlier.

2. Liquid crystals made of compounds with bent-core
molecules

Bent-core (BC) or banana-shaped molecules are con-
structed by attaching aliphatic chains to the two ends
of a bent aromatic core. Although they were first
synthesised by Vorlander and Apel in the 1930s (/6),
the liquid crystalline phases exhibited by the com-
pounds were not characterised (/7). Similar com-
pounds were made more recently by Matsunaga and
Miyamoto (/8), and subsequently their liquid crystal-
line phases were investigated (/9). The BC molecules
have shape polarity and deviate strongly from cylind-
rical symmetry (Figure 1).

Although many compounds with BC molecules are
now known to form the uniaxial nematic phase, it is
clear that polar packing of the BC molecules can lead
to a layering order in which the molecules cannot
rotate about their long (or bow) axes. The molecules

R

usually have moderate to large transverse dipole
moments, and the polar packing results in polarised
layers. If the molecules have a modest or zero tilt
angle, the molecules can more easily fluctuate from
one layer to a neighbouring layer if the two layers have
antiferroelectric (AF) order (20). The AF structure is
thus stabilised entropically, and is most frequently
observed in compounds with BC molecules (27). On
the other hand, attractive interactions between the end
groups of molecules of neighbouring layers favour
anticlinic correlations between the end groups, which
can result in ferroelectric order at low temperatures
(20). There can be intervening ferrielectric phases, in
which the angle between the polarisation vectors
of neighbouring layers can have a temperature-
dependent azimuthal angle between 0° and 180°. The
phenomenological axial next-nearest-neighbour xy
model which predicts this sequence is similar to its
chiral version which leads to exactly the opposite
sequence found in smectic C* liquid crystals made of
chiral rod-like molecules (22, 23). The opposite
sequences are simply a consequence of the very differ-
ent geometrical shapes of the two types of molecules.
There are just a few examples of the predicted
sequence in compounds with BC molecules (24).
Recently, chiral domains have been observed in a
compound which exhibits the SmA, P, phase (25),
which can signify the ferriphase described above.

One of the most original characteristic features of
the liquid crystal layers in compounds with BC mole-
cules is the spontaneous breaking of chiral symmetry as
the molecules are tilted about the arrow axes (Figure 2).
This removes all of the mirror planes of the layers,
although the molecules themselves are achiral (26). As
the breaking of the symmetry is spontaneous, both
signs of chirality occur with equal probability. Thus,
polarity leads to chirality in these layers with tilted BC
molecules, although there are several examples in which
the molecules are upright, in which the polarity does
not lead to layer chirality. On the other hand, as Meyer
realised in 1975 (see (27)), in compounds with rod-like
molecules, molecular chirality is necessary for the smec-
tic C (SmC) phase with tilted molecules to acquire layer
polarisation. The mutual orientations between the tilt

0 /@\ 0
o] o) O 0
AR
O CHs CHs O
R

Figure 1. Structural formula of the bent core molecule 1,3 phenylene bis [4-(3-methylbenzoyloxy)] 4’-n-alkylbiphenyl

4’-carboxylate.
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Figure 2. Schematic diagram showing the arrangement of
tilted BC molecules in a pair of adjacent layers in the B,
phase. Each layer has no mirror plane and is thus chiral.

and polarisation vectors of adjacent layers of BC mole-
cules can have four different combinations (26), all of
which have been found, and are indicated by the com-
mon symbol B,.

In general, the arrow axis need not be confined to
the plane of the layer, but can tilt away from the plane.
This is the most general possible tilt of the polar axis of
the molecule. de Gennes had foreseen this possibility
and named it smectic Cs (SmCg), where G stands for
‘general’. As noted earlier, in liquid crystals made of
BC molecules, tilt and polarisation are independent
order parameters, and there is no linear coupling
term between the two in the Landau free-energy den-
sity, unlike in ferroelectric liquid crystals made of rod-
like molecules. An analysis of the relevant free energy
(28, 29) shows that, apart from the tilted B, and non-
tilted structures mentioned earlier, SmCg phases with
both longitudinal ferroelectric and antiferroelectric
order can be expected in suitable compounds. Some
examples of the SmCg phase have been reported (30).

The above liquid crystals with a layered arrange-
ment in which the BC molecules are usually tilted are
found in compounds with relatively long end chains,
as in the case of the SmA and SmC phases exhibited by
rod-like molecules. A large number of homologous
series of compounds with BC molecules have been
synthesised during the last decade. The most often
observed sequence of liquid crystalline phases in a
homologous series of compounds made of BC mole-
cules is different from that in either rod-like or disc-
like molecules. Usually the nematic phase is not found,
except in some compounds in which the molecules
have a relatively large opening angle between the two
arms of the BC (27). Many of these nematogens also
exhibit the calamitic SmA and SmC phases in which
the layers do not have polar order (27). In the more
typical compounds made of BC molecules with an
opening angle of around 120°, the sequence of the
phases is B—B;—B, (Figure 3). The B¢ phase exhibited
by the lower homologues also has a layered structure,
but with intercalated molecules. The tilt angle is
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Figure 3. The phase diagram of the homologous series of
compounds whose molecules have the general structural
formula shown in Figure 1. The number of carbon atoms
in each end chain is indicated by n. The figure is drawn using
data from (62).

usually small or even zero. In the latter case the layer
spacing corresponds to half the length of the BC mole-
cule along the bow axis. The packing of the BC mole-
cules in successive layers is antiferroelectric (Figure 4).
There is a considerable overlap of the aromatic cores
of molecules in one layer with the aliphatic chains of
the molecules of neighbouring layers. As the chain
length is increased further, in a few homologues with
intermediate chain lengths, the B phase is observed.
This has a two-dimensionally periodic structure, as in
the columnar liquid crystal phases found in com-
pounds with disc-like molecules. Each column is a
ribbon in whose cross section a few BC molecules are
packed in a strip with polar order.

The orientation of the polarisation vector was ori-
ginally thought to be orthogonal to the column axis
(Figure 4). More recent investigations appear to show

< K,
000 <<>>> %(}(}2

Figure 4. Schematic diagram showing the molecular
arrangements in (a) Bg, (b) B; and (c) SmAP, liquid
crystals. The layer spacings in the lamellar structures are
indicated by d. Reproduced with permission from (34);
copyright © 2005 European Physical Journal.

X
000

a



14:21 25 January 2011

Downl oaded At:

1176 N.V. Madhusudana

that in most cases, the polarisation is oriented along
the column axis, with an antiferroelectric arrangement
of neighbouring columns. Further, the polarisation
has a splay distortion (37). The latter structure is
sometimes described as the By, phase. As mentioned
earlier, as the chain length is increased further, the B,
phase with monomolecular layers with tilted mole-
cules is found. Some compounds with special chemical
groups exhibit variants such as the B; phase, which has
an exotic structure (32).

The B, phase has a monolayer structure arising
from a nano-segregation between the aromatic moi-
eties and the long aliphatic chains, as in the case of the
smectic phases made of rod-like molecules. The tilt of
the molecules mainly arises because of the permanent
dipoles attached to the aromatic cores. Assuming a
symmetric structure of the two arms of the BC mole-
cule, a dipole along the arrow axis results in a repulsive
interaction between two neighbouring molecules
which lie side by side (Figure 5). On the other hand,
the interaction is attractive for molecules lying one
behind the other. The repulsive interaction of the side-
ways-lying molecules can be reduced by a tilt about the
arrow axes, as in the case of SmC liquid crystals (33).
When the chains are short, the entropy of mixing of
the chains and cores lowers the free energy more effi-
ciently than the enthalpy gain from a nano-segrega-
tion between the two types of moieties. The bent shape
of the molecules in turn favours the intercalated struc-
ture of the B¢ phase, which ensures a better packing.
For intermediate chain lengths, there is competition
between the two types of layer structures. The result is
the two-dimensionally modulated structure of the B,
phase, in which the overlap between the cores and

a b C d

Figure 5. Schematic diagram showing the dipolar
interactions in layers made of BC molecules. In a
monolayer structure the dipoles have (a) an unfavourable
sideways interaction leading to a tilting of the BC molecules
about the arrow axes, and (b) a favourable interaction for a
lining up of the molecules one behind the other in a polar
cluster. In the intercalated layers (c) and (d), the dipolar
interactions are usually favourable. Reproduced with
permission from (34); copyright © 2005 European Physical
Journal.

chains of neighbouring molecules is confined to the
peripheral molecules of the ribbons. The physical ori-
gin of the B; phase is thus reminiscent of that of the
SmA phase in some compounds made of rod-like
molecules with strongly polar end groups (2).

The additional feature in the case of the BC mole-
cules is the polar packings within layers of both types.
A full description of the phase sequence requires
several order parameters corresponding to the follow-
ing: (a) the orientational order, which has a biaxial
character and thus requires two parameters; (b) two
translational order parameters corresponding to the
two layer spacings mentioned above; (c) the polar
order in each layer due to the packing constraint;
and (d) the tilt order. As all of these order parameters
are coupled, the resulting Landau free energy will have
far too many terms, and the analysis becomes quite
unwieldy. In order to keep the description simple and
to bring out the basic mechanism giving rise to the
observed sequence, the following assumptions have
been made (34): (a) the tilt is ignored, as it is not
essential for the packing model; (b) the medium is
assumed to have perfect orientational order. The sec-
ond assumption means that the highest temperature
phase is nematic rather than the isotropic phase seen in
most compounds. The frustrated packing model now
has only three order parameters, and becomes tract-
able. The resulting phase diagram is shown in Figure 6
in the reduced temperature-reduced chain length
plane (34). The structures of the three banana liquid
crystals are as shown in Figure 4, the SmAP 4 phase
being the non-tilted version of the B, phase with an
antiferroelectric order of neighbouring layers. Note
the overall similarity with the experimental phase dia-
gram (Figure 3). As mentioned earlier, recent studies
have shown that many compounds exhibit a variant of

0.02 —1—— T —

001 |

-0.01 -

—~0.02 | | | | |
-0.04 -0.02 0 0.02 0.04

Figure 6. Theoretical phase diagram showing various phase
transitions involving Bg , B; , SmAP 4 and nematic phases in
the reduced temperature-reduced chain length plane.
Reproduced with permission from (34); copyright © 2005
European Physical Journal.
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the B; phase in which the polar order is along the
columnar axis rather than perpendicular to that as in
Figure 4. This mutual orientation of the polar vectors
with respect to the column axis means that the term
(6 in (34, Equation (4))) coupling the polar order and
the transverse gradient of the order parameter char-
acterising the SmAP 4 structure takes a negative sign.
In most series, a given homologue exhibits only one
type of the banana liquid crystal (Figure 3). Some
examples are now known that exhibit B;—Bg as well
as B|—B, transitions, in the temperature sequence pre-
dicted by the model (35).

Thus, the two-dimensionally periodic structures
exhibited by the B; phase or its variants can be thought
of as arising from the competition between two differ-
ent mechanisms generating two different types of layer-
ing order with polar packings: (i) the nanophase
segregation between the aromatic cores and aliphatic
chains, favoured for enthalpic reasons in higher
members of the series, and (ii) the entropically favoured
mixing of cores and chains which prevails in lower
homologues. In the By phase the energetically unfa-
vourable overlap between the cores and chains occurs
only at the edges of the ribbons. Can we generate the B
structure by manipulating the interactions near the
edges? The answer is in the affirmative, as the following
experimental results demonstrate.

3. Induced banana phases in mixtures of compounds
with BC and rod-like molecules

Studies on binary mixtures are helpful in identifying
the liquid crystal phases exhibited by newly synthe-
sised compounds (2). If the two compounds of the
mixture exhibit different types of liquid crystals, start-
ing from one of the pure components, the transition
point to the higher temperature phase is depressed as
the concentration of the other component is increased,
and a miscibility gap results (36). However, in some
cases, specific interactions between the two types of
molecules can lead to the induction of a new type of
liquid crystal, which is not found in either component.
A well-known example is the induction of SmA phase
in mixtures of compounds whose molecules have the
highly polar cyano or nitro end groups with those
without such groups. Charge transfer complex forma-
tion between the two types of molecules leads to the
induced SmA phase in such mixtures (37). Another
type of binary mixture, which has attracted a large
number of theoretical studies, is made of nematogens
with rod-like and disc-like molecules. In this case,
purely for geometric (and, hence, entropic) reasons
the directors of the two types of molecule can be
expected to be orthogonal to each other in the mix-
tures, thus leading to a biaxial nematic (N;) phase (38).
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Experimental studies however show a phase separa-
tion between rod-rich and disc-rich nematic phases
(39), as was indeed predicted by a detailed molecular
model (40). Recent simulations indicate that a fine-
tuning of the attractive interactions between the two
types of molecules can give rise to the induced N,
phase (41).

BC molecules have the shape of bent rods, and
nematogens made of BC and rod-like molecules can
be expected to mix without any phase separation. The
novel banana liquid crystals arise because of polar
packings in layers or ribbons, as described above. If
the compound with rod-like molecules exhibits the
smectic C phase with synclinic tilt of neighbouring
layers, addition of an appropriate compound with
BC molecules even at a small concentration results in
an anticlinic structure, which indicates that the BC
molecules span a pair of neighbouring layers, reorient-
ing the rods to be parallel to the arms of the BC
molecules in the two layers (42).

After trying out several binary mixtures of the two
types of compounds, we found interesting phase dia-
grams in some cases. We describe briefly the results on
two systems (I and II). In both systems, the compound
with BC molecules is the 12th homologue of the series
whose phase diagram is shown in Figure 3. The com-
pound denoted by the symbol BC12 exhibits the B,
phase, which as we described earlier, has a layered
structure with tilted molecules. The structural formula
of the compound 4-biphenylyl 4”-n-undecyloxybenzo-
ate (BO11) with rod-like molecules is shown in Figure 7.
The alkyl chain is attached to only one end of this
molecule. The compound exhibits bilayer SmA
(SmA,) phase because of the nanosegregation between
the aromatic and the aliphatic moieties, with a layer
spacing equal to twice the molecular length. It also
exhibits the nematic phase at higher temperatures.
Thus, both components of the mixture have lamellar
phases. The phase diagram of the mixture (Figure 8)
shows that several liquid crystalline phases are induced,
depending on the composition (43). The addition of
BO11 leads to a sharp reduction of the B, —Iso transi-
tion temperature, but interestingly, as the concentra-
tion exceeds 15 mol % of BO11, the B, phase is induced.
The two-dimensionally periodic structure is stable all
the way up to approximately 63 mol % of BOI11.
Beyond this composition the B¢ phase is induced,

Q
Y )0CutHa
O~

Figure 7. Structural formula of 4-biphenylyl 4”-n-unde-
cyloxybenzoate (BO11), used in the binary mixture system I.
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Figure 8. Phase diagram of the mixtures made of BC12
(indicated by 1i) and BOI11 (system I). Reproduced with
permission from (43); copyright © 2000 AAAS.

which is stable up to 87 mol% of BO11. Thus, increas-
ing the concentration of the rod-like molecules has the
same effect as decreasing the chain lengths of the BC
molecules (Figure 3). In the highly rod-rich composi-
tions above 87 mol % of BO11, another new type of
calamitic phase is induced, which we describe later.

What is the origin of the stability of the induced
phases? When the concentration of BO11 molecules
is low, the rods are just distributed in the mono-
layers of the B, phase. As the concentration of the
rods is increased, they can lead to a break up of the
layers into ribbons, which form the two-dimension-
ally periodic B; phase, the rods acting like glue
between adjacent ribbons (Figure 9). As the concen-
tration of BOI11 is increased further, the B; phase is
sustained all of the way up to approximately 63%,
beyond which there are too many rods in the mix-
ture, and the entropy of mixing of the two types of
molecules favours the formation of the Bg phase
(Figure 10). We may recall that the long dodecyl
chains at the two ends of the BC molecules do not
allow the latter to pack themselves in the interca-
lated layer structure of this phase, as the overlap
between the aromatic and aliphatic moieties of
molecules from neighbouring layers is highly unfa-
vourable energetically. The BOI11 molecules can
position themselves between the BC molecules such
that there is a partial overlap between the aromatic
parts of the two types of molecules, thus reducing
the unfavourable intermolecular energy mentioned
earlier. The presence of an alkyl chain only at one
end of the aromatic core of the BOIl1 molecule
facilitates the formation of the intercalated structure
of the Bg phase when the concentration of BOI1
molecules is relatively high.

e

—
S
——

Figure 9. Schematic diagram showing the arrangement of
molecules in the induced B, phase in some mixtures of BC12
and BOI11. The symmetry operations relevant to the
structure are also indicated. Reproduced with permission
from (45); copyright © 2005 the American Physical Society.

4. Induced biaxial SmA phase at low concentrations of
BC molecules

As the concentration of BO11 molecules is increased
above 87 mol %, there are too few BC molecules to
sustain the intercalated layer structure of the Bg phase.
The layer structure now changes over to that of the
smectic A, phase characteristic of the BO11 molecules.
How will the BC molecules arrange themselves in the
layers? The nanosegregation of the aromatic and ali-
phatic moieties leads to the formation of the bilayer
smectic phase of BO11. The BC molecules have aro-
matic bent cores and long alkyl chains, and can be
expected to be accommodated in the bilayers. Indeed
starting from pure BO11, the SmA,—N transition point
increases as the concentration of the BC molecules is
increased (Figure 8). More interestingly, when the con-
centration of the BC molecules exceeds approximately
4.5 mol %, the SmA, undergoes a transition to a new
induced phase as the temperature is lowered. Using
various physical studies, the latter was shown to be a
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Figure 10. Schematic diagram showing the arrangement of
molecules in the induced B6 phase in some mixtures of BC12
and BO11.

biaxial SmA, (SmA,;) phase. The SmA,-SmA.,, trasi-
tion point rapidly increases with the concentration of
BC molecules. The BC molecules undergo an orienta-
tional transition across the phase transition point (43).
As described earlier, above about 13 mol% of BC mole-
cules, the Bg phase dominated by the packing
constraints of the BC molecules replaces the SmA,
phase. Our physical studies pointed to an organisation
of the BC molecules with their bow axes lying in the
smectic layer planes (Figure 11) in the SmA, and SmA,,

Figure 11. Schematic diagram showing the arrangement of
molecules in the induced biaxial SmA phase in some
mixtures of BC12 and BO11.

Liquid Crystals 1179

phases. This structure also leads to a nanosegregation
between the aromatic cores and aliphatic chains of the
BC molecules in the appropriate parts of the SmA,
layers made of BO11 molecules. Indeed the enthalpic
gain due to the nanosegregation appears to be essential
for the stability of the proposed structure. Computer
simulations on mixtures of hard BC molecules with
hard rods do not support the occurrence of the above
structure (44). The hard rods by themselves exhibit the
SmA phase, and even approximately 3% of BC mole-
cules with the same length to diameter ratio as the rods
induces the anticlinic SmC 4 phase in which the rods are
tilted in opposite directions in neighbouring layers.
Experimentally, a ferroelectric SmC* liquid crystal
made of rod-like molecules has been shown to exhibit
an antiferroelectric phase on doping with a compound
with BC molecules (42).

In order to investigate further the influence of the
nanosegregation on the molecular arrangements in
mixtures of rod-like and BC molecules, we investi-
gated a second system consisting of mixtures of the
BC12 compound with 4-n-octyloxy 4’-cyanobiphenyl
(80CB, Figure 12), a well-studied compound with
highly polar rod-like molecules (45).

8OCB exhibits nematic and partially bilayer SmA,
phases, the layer spacing in the smectic phase being
about 1.4 times larger than the molecular length. The
latter is a consequence of the antiparallel orientation
of near-neighbour molecules, which is favoured by the
electrostatic interactions between the polar groups,
and an overlap of the aromatic moieties, which results
from the nanosegregation described earlier. The phase
diagram is somewhat different from the first system.
The B phase is induced between 35 and 60 mol % of
the BC molecules. The 8OCB pairs appear to remain
intact in the mixtures, and act as the glue between the
ribbons of BC molecules (45). However, as the pairs
have chains at both ends, the intercalated B4 phase is
not found at higher concentrations of 8OCB mole-
cules. Instead, the 8OCB molecules form the partial
bilayers, and the BC molecules are confined with their
arrow axes normal to the layers, as in the biaxial
smectic phase of the system 1. However, for concen-
trations lying between approximately 24 and 35 mol %
of BC molecules, the latter organise themselves in a
periodic arrangement within the smectic layers as
shown in Figure 13. The resulting two-dimensionally
periodic structure has c2mm symmetry. We denote this

Figure 12. Structural formula of 4-n-octyloxy 4’-cyano-
biphenyl (8OCB), used in the binary mixture system II.
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Figure 13. Schematic diagram showing the arrangement of
molecules in the induced B; * phase in some mixtures of
BC12 and 80CB. The symmetry operations relevant to the
structure are also indicated. Reproduced with permission
from (45); copyright © 2005 the American Physical Society.

phase by the symbol B,, to distinguish it from the B,
phase stabilised between 35 and 60 mol % of BC
molecules. For concentrations lying below approxi-
mately 24 mol % of BC molecules, the periodicity of
BC molecules within the layers is lost and the biaxial
SmA 4, phase is obtained. For concentrations below
about 15 mol % of BC molecules, the SmA 4, goes over
to the uniaxial SmA, phase as the temperature is
increased. As in the system I, the SmA ,-SmA, or
SmA ,—N transition temperature increases rapidly
with the concentration of the BC molecules, which
simply reflects the fact that the relevant low-tempera-
ture phase owes its origin entirely to the BC molecules.
However, unlike in the system I, the SmA N transi-
tion temperature decreases, while the N-I transition
point increases as the concentration of the BC mole-
cules is increased, starting from zero (45). This clearly
indicates that the BC molecules do not fit snugly in the
partial bilayers of 8OCB molecules. The spacing cor-
responding to the 8OCB layers of the B'1 phase is
approximately 28 A, which is somewhat smaller than
that in pure 8OCB. The BC molecules have ester link-
age groups while the 8OCB molecules have cyano
groups. This has been exploited to confirm the pro-
posed mutual alignment (Figure 11) of the two types of
molecules in the smectic phases (45) by conducting
polarised infrared spectroscopic measurements on an
aligned sample of the mixture.

Another binary system, made of mixtures of rod-
like and BC molecules, has been studied by Zhu et al.
(46). The system consists of rod-like chiral molecules
indicated by the symbol TFMHPOBC with an enantio-
meric excess of 0.2, and exhibits a higher-temperature
phase with synclinic layers with tilted molecules, which
goes over to a phase in which neighbouring layers have
anticlinic tilt, as the temperature is lowered. Studies on
various mixtures of this compound with 1,3-pheylene
bis[4-(4-heptylphenyliminomethyl)benzoate], a com-
pound made of BC molecules, show that the latter
tend to suppress the phase with synclinic layers. At
very low concentrations, the BC molecules are arranged
with their two arms lying in two neighbouring layers
such that their arrow axes are also parallel to the layer
plane, and the bow axes are oriented along the layer
normal. Curiously, for compositions with more than
3 wt% of the BC molecules, a reorientation of the BC
molecules takes place as the temperature is lowered to a
specific transition point. Below this temperature, the
BC molecules lie in only one monolayer, with their
arrow axes tilted appropriately, and now the bow axes
lie in the layer plane (46). This mutual orientation of the
two types of molecules is reminiscent of that in the
SmA, phase described above.

Returning to the mixtures of SOCB and BC12, the
schlieren texture of the biaxial smectic phase is seen in
cells made of uncoated glass plates, or in free-standing
films (47). Further, the focal conic domains in the
SmA 4, phase are found to be associated with topologi-
cally non-trivial configurations of the banana director
field (n,) in the surrounding matrix. The composition is
essentially uniform in these samples. We recently found
that a strikingly new texture is obtained if the sample is
taken between unidirectionally rubbed glass plates (48).
The sample now exhibits a stripe pattern, in which
alternate domains are in the uniaxial SmA, and biaxial
SmA, phases. Between appropriately placed crossed
polarisers, the sample exhibits alternate dark and bright
bands corresponding to the domains in the two phases
(Figure 14). The banana director n, orients along the
rubbing direction, while the director corresponding to
the long axes of the 8OCB molecules n, orients normal
to the glass plates. In most samples, the stripes are
straight, and the corresponding wave vector ¢, makes
an angle wy of about 30° to 50° with n,. Other fluids
exhibiting stripes are Langmuir monolayers, and ferro-
fluids subjected to an external magnetic field. In these
systems, the stripe patterns arise from competition
between short-range attractive and long-range dipolar
interactions which are repulsive in nature (49). A nota-
ble difference between these systems and the liquid
crystals is in the nature of the defects: edge dislocations
occur in the former, while lattice disclinations are found
in the latter (48).
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Figure 14. Photograph of the stripe texture exhibited by a
mixture of BC12 and 80OCB, taken between rubbed glass
plates. Reproduced with permission from (48); copyright
© 2007 Europhysics Letters.

The stripes in the liquid crystal system are only
seen between rubbed glass plates. The rubbing action
generates a positive charge density o on the glass
plates. The liquid crystal usually has ionic impurities,
and the ion distribution should obey the Poisson—
Boltzmann distribution, modified by the periodic
potential due to the smectic layering (50). Theoretical
studies have shown that a periodic modulation of the
surface charge density o lowers the electrostatic energy
of an electrolytic cell (5/). The stripe formation
appears to be a visual manifestation of this underlying
periodic charge distribution (48).

5. Physical properties of nematic liquid crystals made
of mixtures of rod-like and BC molecules

The rod-rich compositions of system II also exhibit the
uniaxial nematic phase over fairly wide ranges of tem-
perature. This allows for studies on the influence of the
BC molecules on various physical properties in the
nematic phase. The optical birefringence decreases
with the concentration of the BC molecules (xgc), as
the latter have a lower anisotropy of polarisability
than the rod-like molecules (52). The dielectric aniso-
tropy decreases rapidly with xgc. As the net dipole
moment is orthogonal to the bow axis of the BC
molecule, the rapid fall implies that the bow axes of
the BC molecules align along the nematic director
defined by the long axes of the 8OCB molecules,
unlike in the SmA phases.

The former mutual orientation in the nematic is
favoured entropically. The splay elastic constant also
decreases as xpc is increased (Figure 15(a)), mainly
because the BC molecules have a bent structure, and
do not pack well in the nematic phase. In the mixture
with 17 mol % of BC molecules, K;; decreases by about
35% compared with that in pure 80OCB. The more
interesting result is that unlike in pure 8OCB, in all of
the mixtures studied, the splay constant falls sharply as
the N-SmA, transition point is approached. This
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Figure 15. Dependences of (a) splay and (b) bend elastic
constants of pure 8OCB and three mixtures of 8OCB and
BCI12 on the relative temperatures. The symbol xM stands
for x mol% of BC molecules. Reproduced with permission
from (52); copyright © 2007 the American Physical Society.

clearly shows that the BC molecules align with their
arrow axes along the layer normal of the smectic-like
short-range ordered groups which build up as the tran-
sition point is approached. The bent shape of the BC
molecule now facilitates a splay distortion of the direc-
tor field of the rod-rich nematic (Figure 16(b)). This in
turn leads to the sharp fall in K;;. The more dramatic
effect of the BC molecules is naturally found in the bend
elastic constant. Dodge et al. (53) had earlier found that
K33 can reduce by a factor of two by adding just
approximately 3 mol % of BC molecules to a nematic
made of rod-like molecules. In the mixtures studied by
us, we can have much higher concentrations of the BC
molecules. The results are shown in Figure 15(b). The
bend constant decreases by a factor of four in the
mixture with 11 mol % of BC molecules. As the con-
centration of BC molecules is increased further, inter-
estingly K33 increases initially as the temperature is
lowered from the N-I transition point, attains a max-
imum value, and shows an anomalous decrease as the
temperature is lowered further. It increases again only
close to the N-SmA, transition point, owing to the
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Figure 16. (a) Mutual alignment of SOCB dimers and BC12
molecules in the nematic phase. (b) When the smectic-like
short-range order builds up, the BC molecules reorient and
facilitate a splay distortion of the director. (c) In the nematic
phase, the BC molecules facilitate a bend distortion of the
director. Reproduced with permission from (52); copyright
© 2007 the American Physical Society.

build up of smectic-like short-range order. The drastic
lowering of K33 and its anomalous temperature depen-
dence confirm that the BC molecules are oriented with
their bow axes along the nematic director (Figure
16(a)), except close to the N-SmA,, transition point.
The bent shape of the BC molecule facilitates a bend
distortion of the director field (Figure 16(c)), lowering
K33. Indeed the molecular shape couples better to the
director distortion if the orientational order is better
developed. In the mean field approximation, we can
write K; = KjpS?. Adding the BC molecules reduces
both the splay and bend constants and we can write
Ko = (K] — aixpc) where K] corresponds to pure
80OCB. In the case of the bend distortion, as we argued
above, the coupling between the molecular shape and the
director distortion becomes stronger with the order para-
meter, and we can write oz = 35. This immediately
shows that Ks; exhibits a maximum as a function of
the order parameter, at the value S,, = 2K/ /(383xpc)-
As the concentration xgc is increased, the maximum of
K33 occurs at a lower value of the order parameter, i.c. at
a higher temperature (52).

In the usual nematics made of rod-like molecules
such as 8OCB, the bend constant is larger than the splay
constant. On the other hand, in the mixtures with BC
molecules, the elastic anisotropy has a reversed sign,
and has a large magnitude for the mixture with 17
mol% of BC molecules. This causes the electro-optic
response in the mixtures to have a much sharper varia-
tion with voltage above the threshold than in the
nematics made of rods only (Figure 17). The sharp
response may be useful in device applications.
Mixtures in which the concentration of BC molecules
is increased to approximately 20 mol % exhibit another
interesting feature. Using a homeotropically aligned

T T T T
o 80CB (T=70°C)
% 17M (T=68°C)

ez

Figure 17. The voltage dependences of the normalised
optical phase difference 6®/6®,, for pure 8OCB and for
the mixture 17M, above the threshold voltage.

sample with a thickness of approximately 9 pum to
measure €| directly, the latter is found to increase by
about 2% in the nematic phase if the measuring voltage
is increased from 10 to 30 V (54). In the case of pure
80OCB, the increase is far smaller, less than 0.2% for a
similar applied field (55). In 8OCB, the enhancement of
¢| reflects that of the order parameter, and mainly arises
from a quenching of the director fluctuations, as was
pointed out by de Gennes (2). In the mean field model
the enhancement in the order parameter is proportional
to (Ae/K3)l/ 2 where K is an average elastic constant.
The mixture has an extremely low value of the bend
elastic constant K33. The elastic anisotropy can be taken
into account to derive a formula for the quenching of
the director fluctuations by an electric field applied
parallel to the director. The calculated enhancement
in S is approximately 0.5%, which is still considerably
smaller than the experimental value. The molecular
weights of BC12 and 80CB are 1142 and 307 respec-
tively, which means that at 20 mol%, the BC molecules
occupy more than half the volume. The minimum
energy conformation of BC12 shows that the molecule
has a dipole moment of approximately 4 Debye
oriented along the arrow axis. The electrostatic interac-
tion between the BC molecules as well as their compact
packing favour a clustering with two or more molecules
lining up one behind the other (see Figure 5). These
clusters have a proportionately higher net dipole
moment depending on the size, compared with that of
a single BC12 molecule. This is in contrast to the dipo-
lar effect in the rod-like 80OCB molecules, which leads
to the formation of antiparallel pairs as noted earlier
(13). The polar axis of the cluster can in turn reorient
under a large electric field to enhance €.
Flexoelectricity is another property of the nematic,
which can be strongly influenced by the bent shape of
the BC molecules. Meyer originally proposed that
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flexoelectric properties arise in nematics made of pear-
shaped molecules with longitudinal dipoles or
banana-shaped molecules with transverse dipoles
(56). It became clear later (57) that due to the con-
tribution from the quadrupolar densities resulting
from the quadrupolar order, flexoelectricity is a uni-
versal property of all nematics. Nevertheless, as the
BC12 molecules have the characteristics envisaged by
Meyer, they can be expected to make a strong dipolar
contribution to flexoelectricity. Molecular models
(58) predict that the dipolar contribution to es3, the
flexoelectric coefficient associated with the bend dis-
tortion of the director field, is proportional to the kink
angle ©, which is zero for a rod and approximately 60°
in BC12. We can expect that BC12 can contribute
significantly to the es3 value of the mixtures. The
action of a transverse DC electric field on the flexo-
electric polarisation of the distorted director field in a
hybrid aligned nematic (HAN) cell can be used to
measure (ej; — e33), which arises entirely from the
dipolar effect (59). Measurements show that
(e11 — e33)/K, where K is an average elastic constant,
doubles in magnitude by adding just 5 mol % of BC12
molecules to 8OCB. Assuming a simple additivity
rule, the result implies that (e;; — e33)/K of BC12 is
about 20 times larger than that of 80OCB (54).
Interestingly, a mixture with approximately
10 mol % of BCI2 yielded only a homeotropically
aligned director, even though one of the plates of the
HAN cell was coated with SiO at a grazing angle of
approximately 30° which would favour a planar align-
ment. The flexoelectric polarisation P generates an
electric field, and if the field is not screened out by
dissolved ionic charges, the self-energy due to P,
which depends quadratically on the product of a rele-
vant flexocoefficient and curvature, effectively
increases the elastic constants, as was noted by de
Gennes (2). As the concentration of BC molecules is
increased to 10 mol %, the flexoelectric coefficient es;
of the mixture becomes large enough for the cell to
become uniformly aligned: the enhanced effective
elastic energy of a distorted director overcomes the
relatively weak anchoring of the SiO coated plate.
Indeed a pure BC nematogen, namely, 4-chloro-1,3-
phenylene bis 4-[4’-(9-decenyloxy) benzoyloxy] benzo-
ate (CI-BB for short) showed only a planar alignment
in a cell treated for HAN configuration (60). In this
case, ez3 which was measured using a mechanical
technique, was found to be rather large, about 1000
times that of a typical calamitic nematogen. This huge
value probably means that in the pure BC compound
the BC molecules form fairly large polar clusters men-
tioned earlier. Curiously, the bend elastic constant K33
of this compound is found to be comparable to that in
a calamitic nematogen (6/), and not negligibly small
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as might have been expected from our measurements
on mixtures. Further, it is only slightly larger than
K. The probable reason for this result is the effective
enhancement of K33 due to the large value of e33.

In conclusion, the lowered symmetry of BC mole-
cules introduces many new aspects to the complexity
of the liquid crystalline phases, compared with those
formed by rod-like and disc-like molecules. While the
latter two types of molecules do not mix in the liquid
crystalline phases, rod-like molecules have been
shown to mix with the BC molecules to induce new
phases not found in either. Some properties of the
uniaxial nematic phase are strongly influenced by the
bent shape of the molecules. We have summarised
only some aspects of the fascinating field, in which
we have made contributions. It is clear that many
ideas introduced by de Gennes for describing physical
properties of liquid crystals made by rod-like mole-
cules are applicable to the new systems as well.
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