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In this article we investigate the complexity of the molecular architectures of liquid crystals based on rod-like
mesogens. Starting from simple monomeric systems founded on fluoroterphenyls, we first examine the effects of
aromatic core structure on mesophase formation from the viewpoint of allowable polar interactions, and then we
model these interactions as a function of terminal aliphatic chain length. By incorporating a functional group at the
end of one, or both, of the aliphatic chains we study the effects caused by intermolecular interfacial interactions in
lamellar phases, and in particular the formation of synclinic or anticlinic modifications. We then develop these
ideas with respect to dimers, trimers, tetramers, etc. We show, for dendritic systems, that at a certain level of
molecular complexity the local mesogenic interactions become irrelevant, and it is gross molecular shape that
determines mesophase stability. The outcome of these studies is to link the complexity of the molecular interactions
at the nanoscale level, which lead to the creation of the various liquid-crystalline polymorphs, with the formation of
mesophases that are dependent on complex shape dependencies for mesoscopic supermolecular architectures.

Keywords: liquid crystal polymorphs; liquid crystal modelling; ferroelectric and antiferroelectric liquid crystals;
dimers; trimers and tetramers; polymer liquid crystals; dendrimers; supermolecular liquid crystals

1. Introduction

Up until the last decade, the basic design of the mole-
cular structures of thermotropic liquid crystals had
changed very little. Materials that exhibit liquid crys-
tal mesophases typically have molecular structures
that can be classed as spherical, rod-like or disc-like,
with combinations of the two producing phasmidic
liquid crystals. The discovery that materials with
bent molecular structures exhibited whole new
families of mesophases has led the charge towards
investigating the liquid crystal properties of materials
with widely varying molecular topologies: from
pyramids to crosses to dendrites. For materials with
rod-like molecular shapes the prototypical molecular
design involves the incorporation of a central aro-
matic, heterocyclic or alicyclic core unit, to which are
attached terminal aliphatic chains (/-3), thereby
engendering dichotomous structures with rigid or
semi-rigid sections surrounded, or segregated, by flex-
ible fatty chains, see structures 1 and 2 in Figure 1.
When molecules with this type of architecture
self-organise, they generally do so with their rigid,
aromatic parts tending to pack together and their
flexible/dynamic aliphatic chains orienting together.
Thereby the overall system becomes so-called ‘locally

microphase segregated . Consequently, the main target
of material design has been, by default, the variation in
the structure of the central core region of the molecules
in the belief that the core is more important in influen-
cing mesophase incidence, mesophase temperature
range, isotropisation point, melting point, mesophase
sequence, dielectric and optical anisotropy, elastic
coefficients and the reorientational viscosity asso-
ciated with the mesophase (4-8).

One of the more important applications of liquid
crystals is in display devices. The bedrock of the liquid
crystal display (LCD) industry has been built on the
twisted nematic liquid crystal display (TNLCD)
device, which was developed in the early 1970s.
Nematic liquid crystals designed for applications in
TNLCD technologies typically have strongly polar
groups situated at one terminus of the molecular struc-
ture to engender large positive dielectric anisotropies
(9-13). The structural design for nematogens with
such anisotropies are exemplified by the cyanobiphe-
nyls shown in structure 3 in Figure 1. Similarly, mod-
ern LCD TVs utilising in-plane switching (IPS) modes
(14—-16) with wide viewing angles also employ nemato-
gens with positive dielectric anisotropies. Conversely,
competitive LCD TV technologies based on vertically
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Figure 1. Typical material design for rod-like liquid crystals (9, 20, 27, 28). Materials 3 and 4 show the design of liquid crystals

found in display devices.

aligned nematics (VAN) modes utilise materials with
negative dielectric anisotropies (/5-79). Such materi-
als are designed to have polar groups situated in a
lateral position relative to the long axes of the mole-
cules as exemplified by the difluoroterphenyls, 4,
shown in Figure 1 (see also (20)). In addition to the
design and development of materials for applications
in VAN LCDs, materials such as 4, with negative
dielectric anisotropies, are of practical use in smectic
devices, for example those based on the surface-stabi-
lised ferroelectric liquid crystal display (SSFLCD)
geometries (21) or 7V, ferroelectric displays based
on dielectric biaxiality (22-24). Ferroelectric devices
offer fast response times and bistable operation, and
are of practical use in the eyepieces of digital cameras
(25, 26). Owing to the relevance of fluoro-substituted
terphenyls to both nematic and smectic displays, we
use this moiety as the primary, prototypical central
core structure in the systematic comparisons made in
this concept article.

If we consider the common ‘materials design’ com-
prising a central core unit with two attached periph-
eral groups, usually aliphatic chains, as depicted by
structures 2 and 4 in Figure 1 (see (9, 20, 27, 28)), then
it is easy to understand how the differences in interac-
tions between the aliphatic flexible chains and the
aromatic rigid cores can lead to so-called ‘microphase
segregation’ where the similar parts of the molecules
pack together and repel the dissimilar parts. However,
the design of the molecular construction can be com-
prehended at a deeper level. If the construction is
thought to be made up of three units, one being the
aromatic core and the other two by different flexible

chains, then for a simple design there are eight possible
arrangements of the sub-units depending on their
orientation of attachment, as shown in Figure 2.
Thus, the complexity of a simple molecular architec-
tural design is increased eightfold, which is reflected in
the melting behaviours, mesophase sequences, transi-
tion temperatures and physical properties of the meso-
gens so-created. As a consequence the development of
property—structure correlations has involved the
synthesis of many families of materials where the cen-
tral core has been kept constant and the peripheral
flexible units have been varied (usually in length), or
the flexible units have been arranged to be constant
and the central core has been varied (7).

2. Complexity associated with the central core
2.1 Mono-substitution in the core

The first approach we take into the investigation of
intermolecular interactions in mesomorphic systems is
where the peripheral flexible units are maintained/
retained, but the central rigid core is varied. When
we examine the complexity associated with the design
of chemical structure, we find that the simple issue
associated with the position of fluoro-substitution in
a given core unit can have very marked effects on
transition temperatures, melting and clearing points,
and mesophase formation. Fluorine substitution does
not particularly change the overall shape of the core as
a fluoro-substituent is not very different in size to the
hydrogen it replaces, however, the fluoro-substituent
imparts polarity to the system, so this study involves
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Figure 2. Possible constructions for a simple mesogen possessing a rigid aromatic core and two different peripheral flexible

chains.

little change to the molecular shape, but large changes
to polarity and location of dipole moments.

Thus, consider the family of materials shown in
Figure 3 (20, 29-33). The terminal chains are the same
in each material and all of the materials are para-
terphenyls. Without any fluoro-substituents the ‘low
polarity’ parent material exhibits smectic A and B
phases where the molecules are arranged in layers
with their long axes on average perpendicular to the
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layer planes. The incorporation of one fluoro-substi-
tuent in the central aromatic ring results in the addi-
tion of G, smectic C and nematic phases with the
melting point falling in comparison by 135°C.
Moreover, unlike the parent material, most of these
phases possess structures where the molecules are
tilted with respect to the layer planes. For the three
mono-fluoroterphenyl isomers shown in Figure 3, it
can also be seen that the phase sequences vary greatly
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Figure 3. Mesophase type and transition temperatures (°C) as a function of fluoro-substitution in 4”-hexyloxy-4-

pentylterphenyls (20, 29-33).
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with the location of the site of substitution. This figure
also shows that as the fluoro-substituents increase in
number there is a greater tendency for the materials to
exhibit nematic phases, i.e. disordering increases with
increasing polar substitution. Melting points are often
found to fall with increasing degree and the location of
fluoro-substitution. Thus, the unsubstituted terphenyl
has the highest melting point and is of no practical use
in electrooptic devices, whereas the fluoro-substituted
materials, which exhibit nematic and/or smectic C
phases are of particular interest in VAN LCDs and
SSFLCDs, respectively.

Apart from these general observations, the litera-
ture materials in Figure 3 (20, 29-33) show no sys-
tematic pattern of melting behaviour. This is possibly
due to the fact that the full set of isomers is not avail-
able, however, some smaller subsets have been
reported (37). For example, information on the mono-
fluoro-substituted terphenyls is available. For the
monofluoro-substituted 4”-hexyloxy-4-pentylterphe-
nyls there are six possible isomers which can poten-
tially increase the complexity of the system, as shown
in Figure 4. Where the fluoro-substituent is located in
an inner position nematic phases are favoured, but
when the substituent is located in the terminal rings
pointing away from the core (outer), no nematic
phases are observed and smectic phases predominate.
This is similar to results obtained for the parent system

which also does not exhibit a nematic phase.
Interestingly, when the fluoro-substituent is located
at the centre ring tilted hexatic phases, in the form of
the smectic I phase (34), are found. The structural
changes observed on cooling from the isotropic liquid
are shown in the diagram in Figure 5 for a material
with a central fluoro-substituent.

Although the results obtained for the phase
sequences and accompanying transition temperatures
might seem at first glance to be uncorrelated, it is
possible to group the isomers into three sets as shown
in Figure 4. The outer position for fluoro-substitution
favours orthogonal mesophases; substitution at the
central ring favours hexatic phase structuring; and,
finally, inner substitution in the outer rings favours
the formation of tilted mesophases. If it is presumed
for the terphenyls that the core dominates mesophase
formation, then it is the nature of the interactions and
the packing of the terphenyl cores together that deter-
mines mesophase structure (orthogonality and tilt) and
hence stability. The steric shape and average conforma-
tional structure, together with the associated molecular
dynamics, consequently affect the packing of the core
units together. Conversely, it is the dipolar and quad-
rupolar couplings that determine the most stable pack-
ing arrangements of the terphenyl cores. Thus, the
steric bulk allows for certain polar interactions to be

<

Parent material

CeH130 O O Q CsHi1

Iso Lig 229 SmA 216 SmB

Six potential mono-substituted Isomers

SHeNe
IO O
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Iso Liq 162.5 N 113.5 SmC 50 Sm| 77.5 J
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CgH130 O O O CsHy1 and tilted

Iso Lig 166.5 N 155 SmA 118 SmC 93 SmI92B 78 G

No nematic phases
orthogonal and tilted
smectic phases

Nematic phases

smectic phases

Nematic phases
orthogonal and tilted
smectic phases and

hexatic phases

Figure 4. Possible isomers, and the effect of position of substitution on transition temperatures (°C) for the monofluoro-

substituted terphenyls.
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Figure 5. The change in the structures of the liquid crystal
phases formed when the laterally fluoro-substituted
terphenyl is cooled from the isotropic liquid or heated from
the anisotropic plastic crystal G phase.

favoured over others as a function of intermolecular
separation.

Ideally, modelling of the system would involve the
passing of one molecule across the surface of another
and measuring the strength of the dipolar and quad-
rupolar couplings as a function of the intermolecular
separation, which itself will vary as a function of the
degree of overlap of the terphenyl cores. Each stable
orientation will have an associated Lennard—Jones
potential energy well. The orientations with the lowest
energy levels might then be expected to provide the
basic molecular orientations, and hence building
blocks for mesophase formation and stability. In par-
ticular, the most stable orientations will determine
whether a material will exhibit a tilted or orthogonal
lamellar phase. In the early investigations of smectic C
phases, a number of theories were developed to
explain why the molecules tilt at the smectic A to
smectic C transition, but none were found to ade-
quately describe and predict this process. However,
our proposed model steers a neat course between the
‘out-board lateral dipolar’ model introduced by
McMillan (35), and the ‘stacking of chairs’ steric
model of Wulf (36) for smectic C phase formation,
and moreover its simplicity makes it comprehensible
in comparison to other theories (37). In addition, the
concept is able to explain phase changes other than the
smectic A to smectic C transition, for example the B to
E phase transition (38).

Furthermore, the model can be used to investigate
the packing arrangements for the monofluoro-
substituted terphenyls shown in Figure 4. In order to

Liquid Crystals 571

investigate the packing arrangements of the core units,
the monofluoro-substituted 4”-methoxy-4-methylter-
phenyl can be used as representative examples of
the terphenyl core system. It can be seen from these
studies that the packing arrangements of two antiparallel
core units for each isomer (for the director of the phase,
n = —n) can be stabilised through quadrupolar interac-
tions, the lowest energy and most stable orientations for
which are shown in Figure 6. In some cases, direct over-
lap of the core units is favoured (e.g. Figure 6(c) and (d)),
which would result in orthogonal phases being formed,
whereas for the other cases the cores are staggered
favouring tilted phases (e.g. Figure 6(a) and (e)).
The lateral interaction for Figure 6(c) and (d) would
also be relatively strong, resulting in smectic phases
being preferred over nematic phases, conversely the
intermolecular repulsions for the other arrangements
are probably strong enough to prevent the formation
of lamellar phases and hence nematic phases persist.
Arrangements depicted in Figure 6(b) and (e) are also
interesting because the overlap is much less pronounced
for Figure 6(e) than Figure 6(b); this is because the
fluoro-substituent is further away from the methoxy
group in Figure 6(b) than Figure 6(e). This results in
better overlap of the core units and orthogonal phases
such as smectics A and B being more stable in the case of
the equivalent monofluoro-substituted 4”-methoxy-4-
methylterphenyls. However, in both cases hexatic phases
also become stabilised, suggesting that there are reason-
ably strong lateral repulsive forces present.

2.2 Multiple substitution in the core

If the number of substituents in the terphenyl core is
increased from one to two, then the possible structural
isomers increases from 6 to 24, as shown in Figure 7.
This increases the complexity fourfold, which is bene-
ficial for the development of multicomponent mix-
tures for applications in display and photonic
devices. Of the 24 isomers, half have their substituents
in locations where their positions/orientations are
fixed and cannot be varied via molecular dynamics to
give a variety of conformers (the top 12 structures in
Figure 7), whereas the other 12 can have conforma-
tional variations created through inter-annular bond
rotation (bottom 12). Thus, the latter 12 have a higher
degree of complexity than the first 12 isomers.
Typically, it is the first 12 that have fixed positional
relationships between the substituents that are of more
practical use in VAN and SSFLCD displays.

For some of the first 12 isomers, the two substitu-
ents occupy the 2 and 3 positions on one side of the
aromatic rings. In this arrangement, the two substitu-
ents can act as one. If the substituents are methyl,
together the two create a large bulky lateral group,
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Figure 6. The six isomers of monofluoro-substituted 4”-methoxy-4-methylterphenyl showing the mesophases exhibited for the
equivalent monofluoro-substituted 4”-hexyloxy—4-penty1ter£henyls. Minimised structures of the isomers were determined in the
gas phase. The models are depicted using ChemDraw 3D™,

Complexity in di-substituted terphenyls - 24 isomers
24 sets of materials with differing interactions and properties
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Figure 7. The twenty-four isomers of the di-substituted 4”-alkoxy-4-alkylterphenyls.
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but for two lateral fluoro-substituents, acting together
they generate a large dipole perpendicular to the long
axis of the molecule. Thus, for these isomers the com-
plexity is effectively reduced, and this is mirrored in
their phase behaviour, transition temperatures and
physical properties. Figure 8 shows a family of three
difluoro-4”-octyloxy-4-pentylterphenyls, which all
exhibit nematic and smectic C phases, and in addition
the two isomers (Figure 8(a) and (c¢)) with the difluoro-
substituents in an outer ring of the terphenyl unit
exhibit smectic A phases. Thus, the phase behaviour
of the family maps on to that exhibited by the
mono-fluoroterphenyls as discussed earlier. The tran-
sition temperatures for the two isomers with fluoro-
substituents in the outer rings (Figure 8(a) and (c)) are
also very similar, however, the dielectric anisotropy of
the left-hand isomer (Figure 8(a)) is twice the value of
that found for the other isomer (Figure 8(c)). This is
because the oxygen associated with the octyloxy chain
is conjugated to the fluoro-substituent, hence the com-
bined lateral dipole is larger. The larger dipole at one
end of the molecule (Figure 8(a)) has the effect of redu-
cing the transition temperatures by approximately

F F

F
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10°C, whereas the more symmetric isomer in terms of
its polarity (Figure 8(c)) has a stronger quadrupolar
coupling leading to higher transition temperatures.

The reduced complexity provided by 2,3-di-substi-
tution of the core has been utilised in the development
of host smectic C mixtures for applications in ferro-
electric liquid crystal devices, in particular those using
T Vmin SWitching modes. Doping of a host that exhibits
a nematic, smectic A, smectic C phase sequence with a
structurally matched chiral material can provide a
ferroelectric blend that has desirable properties for
display applications. Figure 9 shows the constituents
of a host mixture marketed by Kingston Chemicals
Ltd, which when doped with a chiral difluorobiphenyl,
gives a ferroelectric blend that exhibits a very fast
response to applied electric fields.

When three substituents are introduced into the
terphenyl core, the complexity increases still further,
until six substituents are reached whereupon it sym-
metrically falls again. However, there are possibilities
for a reduction in the architectural complexity via
interactions between the substituents on adjacent
aromatic rings which reduce the number of

F F F

CaHir0—- ) ) )~ CsHin chﬁoc_:,H11 CaHir0—- ) ) )-CsHin

Cryst 93 SmC 144 SmA 148 N 159 °C Iso Liq
Ae=-50

(a)

Cryst 48 SmC 95 N 142 °C Iso Liq
Ag=-25

(b)

Cryst 89 SmC 156 SmA 165 N 166 °C Iso Lic
Ag=-25

(c)

Figure 8. Comparison of transition temperatures (°C) and dielectric anisotropies for a family of difluoro-4”-octyloxy-4-

pentylterphenyls.
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Sy e ST

Cryst 65.5 Sml 74.5 SmC 118.5 SmA 135 N 137 Iso Liqg

Mixture of host liquid crystals

Cryst ~11 SmC 87.2 SmA 97.7 N 122.5 Iso Lig

Chiral dopant
> F F O CgHq3

i<

Ferroelectric mixture liquid crystals

Cryst ~4.5 SmC 72 SmA 81 N 111 Iso Liq

Figure 9. Host smectic C mixture marketed by Kingston Chemicals Ltd for doping with a chiral material to produce a

ferroelectric blend that responds quickly to applied electric fields.
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FE F
C5H11O(CH2)3CH=CH2

Cryst48 (SmC 36) N 117 IsoLiq Ac =—-4.7

F FE F
C5H11O(CH2)3CH=CH2

Cryst57 N 109 Iso Lig Ae=-7.7

Figure 10. Comparison of dielectric anisotropies of tri- and tetra-fluoro-substituted terphenyls (top), and their minimised
structures in the gas phase (bottom). The models are depicted using ChemDraw 3D™.

conformations. For example, compare the dielectric
anisotropies determined for the trifluoro- and tetra-
fluoro-substituted terphenyls shown in Figure 10 (top)
(see also (39)). The materials exhibit nematic phases
and have similar clearing points, however, the tetra-
fluoro-substituted material has a negative dielectric
anisotropy that is over 60% larger than the value of
the trifluoro-substituted material.

The larger negative dielectric anisotropy for
the tetrafluoro-substituted compound can be rationa-
lised as follows. The inter-annular twisting about the
1-1’-carbon-carbon bond of the terphenyl core
unit suggests that the dipole associated with fluoro-
substituents (one or two) located on the centre ring can
oppose the dipole associated with the adjacent outer
ring that carries two fluoro-substituents, thereby mini-
mising the overall lateral dipole. As a consequence, the
opposed dipoles would reduce the negative value of
the perpendicular permittivity. The fact that the per-
pendicular permittivity has a larger negative value for
the tetrafluoro-substituted terphenyl indicates that
dipolar effects of the fluoro-substituents are additive
rather than subtractive. Modelling of each compound,
in the gas phase using energy minimisation techniques,
suggests that the fluoro-substituents lie on the same

side of the molecule, see Figure 10 (bottom). Thus,
there appears to be through-space coupling between
the fluoro-substituents located on adjacent rings,
which may be reinforced in electrical field experi-
ments, even though the molecules are in dynamic
motion about their long axes in the liquid crystal state.

The coupling through an inter-annular twist in an
‘atropisomeric-like’ effect means that the trifluoro-
and tetrafluoro-substituted systems are acting as
though the three or four fluoro-substituents are
enlarged single polar entities, and thus the complexity
is relatively reduced.

So far the discussion has focused on systems where
multiple substituents have the same chemical identity.
However, it is also possible to have substituents with
different identities. For example, Figure 11 shows
three examples of terphenyls where the core has two
substituents with different identities (40). Although
three examples have been reported, six isomers are
required in order to begin developing property—struc-
ture correlations. The remaining three have either not
been prepared or are not reported in the literature.
Even though there appears to be a trend of increasing
orthogonal lamellar phase stability from left to right
across the three materials in the figure, it is not

CN

F CN NC F F

Cryst 89 N 100 Iso Liq

Cryst 90 SmA 99 N 101 Iso Liq
Ag =-6.0 Ae =-5.0

Cryst 100 SmA 164 Iso Liq
Ag =-9.5

Figure 11. Terphenyls with two substituents of differing chemical identities.



14: 35 25 January 2011

Downl oaded At:

possible to make this conclusion with certainty with-
out knowing the phase behaviour of the other three
isomers.

3. Complexity in the peripheral tails

The central cores tend to give the packing of the
molecules in calamitic mesophases rigidity with
respect to the mesophase structure, whereas the per-
ipheral tails provide softness and properties of ‘micro-
phase segregation’. Nevertheless, the dimensionality
of the tails can affect mesophase formation and poly-
morphism particularly in layered smectic phases. In
order to appreciate their full effectiveness in meso-
phase formation and stability, it is best first to con-
struct dynamic models of the molecules in their
mesophase environment. This first involves modelling
of the motion of the molecules about their long axes:
this gives an appreciation of the rotational volumes
occupied by the molecules. The second part is to exam-
ine how the molecules pack together in parallel and
antiparallel arrangements, and finally to map onto
those packing organisations the dipolar and quadru-
polar interactions. In this section, the n-alkyl 4’-n-
alkoxybiphenyl-4-carboxlates (nmOBCs) (28, 41) will
be used as the examples because a considerable
amount of data is available on their transition tem-
peratures and mesophase structures, e.g. 650BC and
450BC were the first materials to be shown to exhibit
hexatic phases (42, 43).

3.1 Determination of the molecular rotational
cross-sectional area

In its simplest form the calculation of the shape of a
molecule as it rotates about its long axis can be made
by projecting the molecular structure of the mesogen
onto a flat surface (38). Typically, this involves draw-
ing out the molecular structure in its all-zrans confor-
mation (other conformations can be used if required)
by use of known bond lengths and bond angles; this
requires that bonds sticking out of the plane must be
projected back into it as though the molecule were flat.
This provides the simple ‘o’ bond framework of the
‘molecular skeleton’. The molecule can then be given its
‘body’ by the addition of van der Waals radii associated
with the electrons of each atomic centre, as shown in
Figure 12(a) for butyl 4’-n-octyloxybiphenyl-4-carbox-
ylate (480BC). The flat molecular projection can now
be placed on Cartesian axes of arbitrary location. The
positions of all of the atomic centres can be related
directly to these axes, and the position of the long axis
can now be made via determining the minimum mass
inertia axis through the atomic centres. Once the
equation of the line has been determined it can be
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Figure 12. (a) Determination of the minimum inertia axis
for butyl 4’-n-octyloxybiphenyl-4-carboxylate (480BC); (b)
cross-sectional area of the material as it rotates about its
long axis.

drawn on the graphical description of the mesogen,
see Figure 12(a). This line depicts the molecular long
axis of the molecule in a desired conformational struc-
ture, which is all trans in this case.

If the molecule is allowed to rotate about this long
axis then a representation of the volume ascribed in
space by this motion can be derived by using the axis
as a plane of reflection. Thus, by reflecting mass cen-
tres across this line it is possible to project the shape of
the molecule rotated through an angle of 180° about
the long axis on top of the original molecular projec-
tion, as shown in Figure 12(b). This composite shape
then represents the cross-sectional area of the volume
of space occupied by the molecule as it rotates about
its long axis. Thus, the swept out volume of rotation
has a radius of rotation that is a minimum (that is, if
the rotational volume of the molecule is contained
within a cylinder, so that the molecule just touches
the sides of the cylinder, then the diameter of the
cylinder will be a minimum). When such cylinders
are closely packed together in layers side by side the
effective volume occupied by the molecules, with com-
plete freedom of rotation, will also be a minimum.
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3.2 Packing of mesogens together

Having determined the shape of the cross-sectional
area of the molecule as it rotates about a known long
axis, the shape can be used to investigate the packing
requirements of the mesogen under consideration. For
example, if two cross-sectional shapes are taken
together they can be arranged to pack together in
parallel (see Figure 13(a)) or antiparallel orientations
(see Figure 13(b) and (c)). In the parallel orientation
the nearest dipolar interactions occur through the
ester and ether oxygens, depicted by the (green) circles
in the figure. Although the molecules have polarisable
core regions, the lateral dipoles repel in this orienta-
tion, and the longitudinal dipoles, shown as (red)
arrows, are parallel thereby making it difficult for the
structure to be stabilised by the formation of a quad-
rupole, see Figure 14(a). The antiparallel arrange-
ments, however, have lateral interactions that are
constructive, and longitudinal polarisabilities that

nig

Tilt Angle 17

(a) (b) (c)

Figure 13. Packing of the shapes of the cross-sectional areas
of butyl 4’-n-octyloxybiphenyl-4-carboxylate. (a) Parallel,
(b) antiparallel with the ends of the molecules located
together, and (c) a staggered antiparallel arrangement. The
(green) circles are the locations of the ether and ester groups,
the (red and blue) arrows show the direction of the
polarisation of the 7 electrons and the longitudinal dipoles.
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reinforce, thereby creating a quadrupolar system as
shown in Figure 14(b) which stabilises the molecular
packing. Thus, the antiparallel arrangements are more
stable than the parallel arrangements.

If the antiparallel arrangements are examined more
carefully it can be seen that the position where the ends
of the molecules are located together, as shown in
Figure 13(b), has its polar groups further apart than if
the molecules are staggered with respect to one another,
as shown in Figure 13(c). This is the most stable orien-
tation, and it induces a tilted arrangement of the meso-
gens when the peripheral chains are taken into account.
The tilt can be estimated from this figure to be approxi-
mately 17°, which is close to the determined value.

If the liquid crystal properties of the homologous
series of the alkyl 4’-n-octyloxybiphenyl-4-carboxy-
lates (for alkyl equal to methyl to alkyl equal to
decyl) are examined, it is found that the early homo-
logues in the series exhibit orthogonal smectic A, hexa-
tic B and crystal E phases, whereas the homologues of
intermediary chain length exhibit smectic A and smec-
tic C phases, and the longer chain length homologues
just smectic A phases. Thus, as the ester chain length is
increased the liquid crystal phases change from being
orthogonal with polymorphism leading to phases with
organised structures, then to phases being predomi-
nantly tilted, and finally to mesophases having disor-
ganised layered structures. The central core structure
is constant, and so the change in mesophase type is
being driven to some degree by the peripheral chains,
and in particular their relative lengths.

Figure 15 (centre) shows the experimental data for
the changes in mesophase type as the homologous
series is ascended. It can be seen that the hexatic B
and crystal E phases fall away sharply once the ester
chain length is increased beyond three carbon atoms
(28, 41), at which point it becomes more flexible. The
tilted smectic phase is injected at the butyl
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Figure 14. Polarisabilities of the core sections of butyl 4-n-octyloxybiphenyl-4-carboxylate: (a) the parallel arrangement; and
(b) the antiparallel arrangement showing the formation of a quadrupole.
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Figure 15. The phase transitions alkyl 4’-n-alkoxybiphenyl-4-carboxylates (centre). The minimised rotational structures of the
methyl, butyl and octyl esters and the mesophases that they form.

homologues, quickly maximises and falls away again.
Above seven carbon atoms in the ester chain the smec-
tic A phase is the only liquid crystal phase observed.
Using the same modelling methods described above in
the evaluation of the architecture of octyl 4’-n-octy-
loxybiphenyl-4-carboxylate (See Figure 15, right)
shows that the molecule has a rolling-pin three-dimen-
sional shape. There is no advantage for this material to
form tilted phases because in the orthogonal smectic A
arrangement the quadrupolar interactions between
the ether and ester functions are closer and therefore
stronger than for the tilted arrangement. The rolling-
pin shape, however, is not conducive to sharing space
and so ordered smectic phases are disfavoured.

The shape of the volume of revolution for the first
homologue of the series, methyl 4’-n-octyloxybiphenyl-
4-carboxylate, is of a tumble-boy type (see Figure 15,
left). Most of the compounds studied so far which have
strong smectic B characteristics have rotational mole-
cular shapes of the tumble-boy variety (38). If a mole-
cule that has a tumble-boy rotational shape comes into
close proximity with another similar molecule, then at a
transition to a smectic B phase these molecules must be
able pack closely together. It is known that the separa-
tion of the molecular centres in the B phase is extremely

small (3-4 A), therefore the intermolecular separation is
of a magnitude whereby the space occupied by one of
the molecules is partly shared by its nearest neighbour,
i.e. the rotational molecular volumes are interpene-
trable. In this close-packed situation, however, molecu-
lar rotation is still permitted provided it is of a
coordinated nature. Therefore, even though the rota-
tional volumes are interpenetrated, as the molecules
move closer together in order to coordinate their rota-
tional motions and form this close-packed arrangement
they must pass through a situation where for some
molecules the volumes themselves are closely packed.
Consider the packing arrangements of the tumble-boy
shapes as shown in Figure 15 (left). It can be seen that
the head-to-tail orthogonal packing arrangement shows
very close packing of the molecules so that they even
interpenetrate each other’s cylindrical volume of space
without interfering with each other’s rotational motion.

Having described the situation for two molecules
close-packed together these ideas can be extended to
groups of molecules. Consider the addition of one
molecule to a closely packed pair. The next molecule
can pack closely either up or down. The packing
arrangement of a trio of molecules forms the basis
for packing in the hexagonal matrix. Remembering
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that the molecular motion in the B phase is coordi-
nated and thus the swept out volumes are interpene-
trable; the molecules can be packed together in a
‘stylised’ way in order to alleviate some of the coordi-
nated motion in certain directions. The optimum
packing arrangement for the tumble-boy shapes is in
rows (see Figure 15, left; smectic B phase). Rotation
can then occur in a well-coordinated way into the
layers, but in a less well-defined fashion in the perpen-
dicular direction along the layers, as shown in the
centre left part of Figure 15. This is due to the sharing
of space by the tumble-boy shapes occurring across
the rows in head-to-tail arrangements. When the
heads are the same way up, i.e. along the rows, there
has to be a greater interpenetration of each other’s
space and hence the rotational motion is well coordi-
nated. This type of packing may occur in small
domains but it will become random over large areas.
The subsequent transition to the crystal E phase can
occur via a contraction across the rows in which the
molecules have head-to-tail arrangements. Thus, the
utilisation of the remaining space available, i.e. that
between the head-to-tail arrangements of the volumes,
aids the drive to form an orthorhombically close-
packed matrix. In this case the molecules will no longer
be able to rotate freely or coordinately but will only
oscillate as the remaining free space is occupied

So far we can appreciate from this modelling that
the early homologues exhibit orthogonal A, B and E
phases, which give way to the introduction of tilted C
phases, and then for the longer homologues no poly-
morphism is found and the A phase predominates.
However, it is also possible to understand from the
‘steric shape-quadrupole’ model how the balance of
dipolar forces, induced polarisability, shape constric-
tion and rotational volume interpenetration can
favour the formation of hexatic B, I and F phases
over the stabilisation of crystal B, J, G, H, K and E
phases. For example, in the series of compounds
described above, the smectic B phase is a hexatic B
modification and not a crystal B phase. For the mole-
cular orientation shown in Figure 14, the Lennard-
Jones potential energy well associated with the perma-
nent dipolar effects coupled with the short-range
repulsive interactions prevent the mesophase collap-
sing into a crystal-like structure with long-range
translational order, hence, 4-n-hexyl 4’-n-pentyloxy-
biphenyl-4-carboxylate (650BC) (see (42)) exhibits
A, hexatic B and crystal E phases.

The polarisability of the molecular structure is
another important factor to be considered in the phase
formation. Removal of the source of the mesomeric
relay (in this case the alkoxy oxygen atom) or the inser-
tion of a group or atom which prevents this relay thus
producing isolated dipoles will depress the liquid crystal

properties of the system in some cases. Even the simple
exchange of oxygen for sulphur in the ester function to
give the thioester, hexyl 4’-pentyloxybiphenyl-4-thiocar-
boxylate (650BTC) (see (44)) results in a material that
exhibits a crystal B rather than a hexatic B in its phase
sequence. The thioester is not as strongly polar as the
ester, and hence the repulsive interactions are weaker.

4. Transmission of structural information

Up until now we have discussed complexity in terms of
molecular architecture with respect to the molecular
core and the peripheral chains, and the local lateral
interactions between the molecules. We now turn to
the issues of complexity created via the interactions
between the layers in lamellar systems, where the infor-
mation on the local molecular organisation within a
layer is transmitted and amplified between layers.
Although the effects of lateral molecular interac-
tions on mesophase formation have been investigated
extensively through the development of property—
structure correlations, terminal interactions, conver-
sely, have not been investigated in depth because they
have generally been thought not to influence meso-
phase stability to a great extent. As a consequence, few
systematic studies have been reported where the term-
inal positions of the aliphatic chains have been
manipulated and redesigned; however, through these
limited, and unsystematic, studies there has been a rea-
lisation that small changes to the termini of the mole-
cular structure can have a very marked effect on layered,
smectic phase formation and related physical properties,
particularly for synclinic and anticlinic (and related fer-
roelectric, ferrielectric and antiferroelectric) phases.
Moreover, the understanding of the interactions at,
and between, the interfaces of the layers in lamellar
smectic phases is of practical importance in the devel-
opment of ferroelectric devices and displays (45—47).
There are a number of interactions to consider in
respect of devices which include the liquid crystal
surface interactions, the penetration of the surface
interactions into the bulk of the liquid crystal phase,
the strength of the lateral interactions between the
molecules and the strength of the interactions between
the layers, as shown in Figure 16. The strength of the
surface interactions control the surface anchoring
energies and hence the bistability of the device opera-
tion. The strength of the interactions between the
layers controls the shape of the hysteresis loop for
the ferroelectric phase. Weak interlayer (out-of-
plane) interactions can lead to a collapse of the hyster-
esis loop, and hence these can markedly affect device
configuration, construction and performance (48).
For example, weak interlayer interactions leading to
the collapse of the hysteresis loop results in a linear
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Figure 16. A typical device arrangement for smectic liquid crystals, with the layer planes perpendicular to the cell surface. The
important intermolecular and surface interactions are shown by the block arrows.

electrooptic response to an applied electric field
(V-haped switching), thereby enabling the device to
exhibit a greyscale response suitable for video-frame
rate applications (49).

The interactions between the layers in smectic
liquid crystals can be affected by including a substitu-
ent in the terminal position of one or both of the
flexible chains. The substituent can be either sterically
encumbering or polar or a combination of both. If we
consider first the inclusion of one terminal group to
give the molecular design shown in Figure 17, then the

End Flexible Rigid Flexible
wunit; unit , core . unit

Figure 17. Molecular design of a mesogen possessing one
sterically encumbering or polar terminal group.
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number of possible isomers is 16, twice the number for
a mesogen without a terminal group.

Although the incorporation of one terminal group
can lead to a number of isomers being possible, it can
of course also lead to a variety of novel mesophases
being formed. For example, the diagrams in Figure 18
show a comparison between how a normal smectic
layer might appear (Figure 18(a)), and how the inter-
layer organisation might appear with the incorpora-
tion of bulky or chemically dissimilar groups, shown
as discs, at the terminal positions of the structures in
the molecules. For Figure 18(b) we have drawn the
structure of the mesophase with as many molecules
pointing up as there are down and homogeneously
distributed within the layer. Structural variations
could exist at one extreme with clusters of up
and down molecular species forming an inhomogen-
eously ordered system e.g. rafts (Figure 18(c)), right
through to fully two-dimensional modulated struc-
tures (Figure 18(d)). All of these arrangements
would, of course, have profound effects on mesophase
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Figure 18. (a) The disorganised layer structure of a typical smectic A liquid crystal with the molecules shown as rods. (b) The
disorganised layered structure of a smectic A liquid crystal where the molecules have bulky encumbering or polar end groups. (c)
Clustering of tails and head groups (rafts) to give an inhomogeneous layer structure (highlighted in grey). (d) In-plane ordering
of the molecules caused by the induced curvature of the packing of the end groups together; the modulation may be one-

dimensional or two dimensional within the layer.
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Figure 19. Potential structures for mesophases where the molecules have structures that possess a polar or sterically
encumbering terminal group (shown as (blue and yellow) spheres) and are tilted with respect to the layer planes.

formation, the arrangements of the molecules in their
layers, and the ensuing physical properties.

When mesophases based on layered structures are
formed, where the molecules are tilted with respect to
the layer planes, a greater number of variations
become possible (50). The varicties can be based on
synclinic, where the tilt direction from layer to layer is
maintained, or anticlinic, where the tilt direction
alternates from layer to layer orientations, as shown
in Figure 19. Mixed synclinic and anticlinic layer
structures form the basis of ferrielectric ordering in
chiral systems. In Figure 19 the terminal groups
attached to the flexible aliphatic chains are shown
as spheres and the rest of the molecules are shown
as rods thereby over-emphasising the role of the
terminal groups in the packing arrangements of the
molecules. Monolayer smectic C; synclinic and anti-
clinic mesophases and bilayer C, synclinic and anti-
clinic modifications are possible. In-plane modulated
structures and ferrielectric phases are also shown as
possibilities.
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4.1 Polar versus non-polar interlayer interactions

We now turn to examples of synthesised materials pos-
sessing polar or sterically encumbering end groups and
compare the mesophase formation with examples of
materials, shown in Section 2, that do not possess
such an end group. In this case the examples are based
on mesogens having difluoro-substituted terphenyl
cores. Figure 20 (right) shows a systematic study for
polar (halogeno) terminal group structure/property cor-
relation in difluoroterphenyls. All of the molecular struc-
tures, except for the terminal groups, are kept the same.
The figure lists a number of compounds where a halogen
atom has been located at the terminal position. In com-
parison to the materials with straight aliphatic chains,
which exhibit nematic, smectic A and synclinic smectic C
phases, the terminal halogeno compounds exhibit only
smectic A phases. So in other words the substitution with
a halogen has the effect of suppressing nematic phase
formation and inducing the molecules to stand up in the
smectic layers rather than allowing them to tilt over. This
may be due to strong polar interactions at the layer
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Figure 20. Mesophase phase behaviour of difluoro-substituted terphenyls which carry a polar terminal halogen.
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Figure 21. Effect on mesophase formation and transition
temperatures (°C) of the incorporation of a fluorocarbon
chain at the terminal position in difluoro-substituted
terphenyls.

interfaces caused by the terminal halogens. So in the first
instance it appears that we can control molecular tilt via
the fine-tuning induced by changing one atom (halogen
for H) at the layer interface.

Conversely, however, when the terminal substituent
is a short fluorocarbon chain, the tilted smectic C phase
returns, but again nematic phases remain suppressed.
Figure 21 shows the transition temperatures for three
homologues where the only difference between the
three is the location of the fluoro-substituents
associated with the aromatic core. If these results are
compared with the transition temperatures determined
for similar difluoro-substituted alkyl-alkoxy terphe-
nyls, shown in Figure 8, and the dialkyl difluoroterphe-
nyls, shown in Figure 9, it can be seen that for the alkyl
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terminated homologues with the two fluorine substitu-
ents located on the middle ring, both nematic and
smectic C phases are found, whereas the equivalent
material with a terminal fluorocarbon chain exhibits
smectic A and smectic C phases. Thus, although the
materials possessing terminal carbofluoro-chains exhi-
bit smectic C phases, they also have strong tendencies
towards the formation of orthogonal phases and not to
disorganised phases such as the nematic phase.
Consequently, similarly to the terminal halogeno-mate-
rials shown in Figure 20, the terminal fluorocarbon
substituted homologues favour orthogonal phases,
indicating that strong polar interactions at the inter-
layer interfaces have a marked effect on mesophase
formation irrespective of the lateral interactions of the
terphenyl core units.

Polarity can also be introduced into the terminal
chains via the incorporation of ether linkages in the
form of ethyleneoxy units. Figure 22 shows a family of
materials where the number of ethyleneoxy units has
been sequentially increased in number (left-hand
column) (47). This family of materials all exhibit
nematic, smectic A and smectic C phases. Interestingly,
the transition temperatures fall as the number of ethyle-
neoxy groups rises, indicating that even though the
polarity along the aliphatic chain is being increased,
which might be expected to increase the strength of the
lateral interactions, the increased strength of the hard
core polar repulsions suppresses liquid crystal phase
formation. The right-hand column shows that introdu-
cing a lateral methyl group into the ethyleneoxy unit has
the surprising effect of suppressing the formation of the
smectic A phase. The lateral methyl groups possibly
weaken the polar interactions because of steric repulsion.
Similarly, extending the number of methylene units
between the oxygen atoms, thereby reducing the degree
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Figure 22. Effect on mesophase formation and transition temperatures (°C) of the incorporation of an ethyleneoxy chain in

difluoro-substituted terphenyls.
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Figure 23. Effect on mesophase formation and transition temperatures (°C) of the incorporation of silyl, siloxane and ether

units at the terminal position in difluoro-substituted terphenyls.

of polarity, has the same effect of lowering the polarity.
Thus, these studies demonstrate that the stronger the
polarity in the terminal chain, the more likely it is that
a material will exhibit an orthogonal smectic A phase.

The polarity at the terminal position can also be
varied by incorporation of a terminal silane unit for
comparison with a terminal ether. Figure 23 shows a
comparison between terminal silanes, siloxanes, ethers,
and cyclic ethers [47]. All of the materials were found to
exhibit synclinic smectic C phases. However, for one
compound, the tertiary butyl ether, an anticlinic phase
as well as a synclinic phase was found. Conversely, all of
the materials with terminal silicon based groups sup-
press the formation of anticlinic phases, and a number
of compounds exhibit N, smectic A and smectic C
sequences. It is remarkable that these materials exhibit
nematic phases, as it is unusual for compounds with
terminal silicon containing groups to do so. Typically
materials with siloxane terminal groups do not exhibit
nematic phases, and usually have properties more in
keeping with direct smectic C to liquid transitions. If
the materials with polar terminal ethers are compared, it
can be seen that the end groups with higher polarity
induce the formation of nematic phases and often with
the exclusion of smectic A phases. Overall, most of the
materials that have terminal groups possessing exposed
heteroatoms, i.e. not crowded with aliphatic chains tend
to exhibit nematic phases.

The use of siloxane and silane terminal end groups
provides a route to novel materials which are not com-
posed solely of carbon, hydrogen, oxygen and nitrogen.
Typically for nearly all of the materials we have

investigated, those bearing terminal siloxane groups
exhibit smectic C phases with very few possessing smec-
tic polymorphism. For nearly all of the materials, the
tilt angle in the smectic C phase was found to be rela-
tively high, usually in excess of 30°. In the design of such
materials it is often common to vary the methylene
spacer chain length linking the siloxane unit to the
aromatic core of the material. Although it is possible
to have multiple SiO units in the terminal group, com-
monly units possessing either two or three silicon atoms
are the norm. Figure 24 shows the variation of the
transition temperatures for a family of disiloxane-sub-
stituted difluoroterphenyls [S51]. All of the materials
exhibit smectic C phases with clearing points near to
130°C and melting points in the range of 55 to 80°C. In
addition, there appeared to be little influence on the
clearing points of the change in methylene spacer chain
length; however, as expected, the melting points varied
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Figure 24. Effect on mesophase formation and transition
temperatures (°C) of the methylene spacer chain length ()
on silyloxy-substituted difluoro terphenyls.
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Figure 25. Comparison of the mesophase phase sequences and transition temperatures (°C) with respect to the positions of the
fluoro-substituents in difluoroterphenyls relative to the types of terminal chains/functional groups.

greatly. Nevertheless, the materials are of practical
interest as host systems in ferroelectric mixtures.

If we compare transition temperatures and phase
sequences with respect to the positions of the fluoro-
substituents in terphenyls relative to the natures of
the terminal chains, i.e. dialkyl, alkyl-alkoxy, alkoxy-
fluoroalkyl and alkoxy-silyloxy, as shown in Figure 25,
some fascinating structure—property correlations are
revealed. First, only the dialkyl materials exhibit
any of the more ordered smectic phases; the silyloxy-
terminated materials strongly favour smectic C phases;
the materials with the fluoro-substituents in the centre
ring strongly favour nematic phases; and the materials
with fluorocarbon end groups disfavour nematic
phases but strongly favour smectic A phases and have
the highest mesophase thermal stability. In addition,
the more complicated the molecular structure is (e.g.
the silyloxy materials), the less complex the mesophase
behaviour.

If the results on the melting behaviours of the
silyloxy terminated difluoroterphenyls are compared
with analogous materials but with terminal silane
units, the melting and clearing points are similar,
with the materials again favouring the formation of
smectic C phases, see Figure 26 (see also (57)). Smectic
A phases, this time, only appear for fairly long alipha-
tic terminal chains and methylene spacer units. Thus,
in this case the smectic A phase does not appear due to
polarity in the terminal chain, as in the fluorocarbon
terminated systems, but because the aliphatic chains
are starting to dominate the interactions over those of
the aromatic core.

So far we have only discussed the use of conven-
tional terminal groups in molecular design. However,
mesogenic moieties that are to be grafted onto a poly-
mer backbone or tethered to a dendritic scaffold or a

F F CHs
Crtami—_P—4 )4 2 O(CHo)~Si=(CHa)CHy
CHs
m n Cr SmC SmA Iso Lig
5 5 o« 61 - 129 - .
5 7 -+ 60 - 130 - s
7 5 + 60 - 123 - .
7 7 - 65 - {22 - 125 .

Figure 26. Effect on mesophase formation and transition
temperatures (°C) of the methylene spacer chain length ()
on silyl-substituted difluoro terphenyls.

nanoparticle often provide a rich source of novel low
molar mass liquid crystals with unusual end units. For
example, Figure 27 shows three difluoroterphenyls
with terminal groups that possess a phosphorus atom
and which are designed to be attached to a magnetic
nanoparticle. As with the other materials described in
this section, smectic C phases appear to predominate
irrespective of the locations of the two fluoro-
substituents. However, the transition temperatures
for the phosphates are relatively high, particularly in
comparison with the silicon-containing materials
described previously. This is probably due to hydro-
gen bonding occurring at, and possibly across, the
interfaces of the layers. When the possibility of hydro-
gen bonding is suppressed, as for the diethyl substi-
tuted material shown in the bottom of Figure 27, the
transition temperatures are lowered and a nematic
phase is introduced. Thus, terminal interactions
between the molecules raises transition temperatures,
stabilises layered structures (particularly the smectic C
phase) and suppresses nematic phases, whereas redu-
cing the terminal interactions lowers the stability of



14: 35 25 January 2011

Downl oaded At:

584 J.W. Goodby et al.

FF OH E F 7 (l)H
e ) )0 CHaop-oH Ot ) )0 (CHao—p-OH
0

l

P

I

o)
Cryst 172.8 SmC 270.7 Iso Liq

F F o
utte-0-0 ) romcrnetd
O

Cryst 159.5 SmX 191 SmC 231 Iso Liq

—

Cryst 81.03 SmC 114.75 N 115.52 Iso Liq

Figure 27. Effect on mesophase stability and transition temperatures (°C) on three terminally substituted difluoro terphenyls.

layered phases and introduces the disordered nematic
phase; however, the smectic C phase is still favoured.

Overall, these studies, along with all of the others
on terminal group variation favour tilted lamellar
phases over nematic and orthogonal lamellar
phases.

4.2  Synclinic versus anticlinic ordering and terminal
chain angle dependency

When a material forming a synclinic (tilted) phase, i.e.
where the tilt direction of the molecules propagates
from layer to layer, is chiral, then the mesophase
becomes ferroelectric (Py is finite), and when it forms
an anticlinic structure the phase becomes antiferro-
electric (P; = 0). Controlling the molecular tilt direc-
tions between layers thus becomes particularly
important for the development of fast switching
devices. It has been found that the local director can
be controlled from layer to layer through judicious
design of the terminal end groups. Most notably, the
orientation of the terminal group, i.e. its presentation
to adjacent layers, and its ability to interact with the
neighbouring layer are the important factors in deter-
mining the tilt orientation on passing from one layer to
the next in a bulk sample of the material (50, 52-56).
Furthermore, Bartolino et al. (57) demonstrated that
the molecules in lamellar phases, which generally have
zig-zag shapes, are oriented within the layers so that
the cores are more tilted than the tails with respect to
the layer planes. In this way the terminal groups of the
flexible end chains are presented so that they are
almost perpendicular to the layer interfaces, and thus
are able interact with, and even interpenetrate, the
adjacent layers. Therefore, the angle of the presenta-
tion of the termini of the flexible units is potentially an
important factor in determining mesophase forma-
tion. Indeed, there have been many representations
of terminal chains being spread out along the inter-
faces between layers in anticlinic phases as a rationale
for the formation of antiferroelectric mesophases (58),
as shown in Figure 28. This postulation, however, is
erroneous because it does not take into account the

packing volume and associated constraints with
respect to the dynamic motions of the molecules.

However, consider the terphenyls shown in
Figure 29. All of the materials have the same structure
except for the right-hand terminal chain (59). The left-
hand column has attachments of the right-hand group
via an ether linkage (a and b), whereas for the right-
hand column the attachment is through an ester unit
(cand d). As a consequence the terminal groups of the
ethers are set at a smaller angle with respect to the rigid
core than for the esters. This means that for zig-zag
shaped molecules, the angles by which the terminal
groups are presented to the layer interfaces are differ-
ent, with the terminal groups of the esters being pre-
sented almost perpendicularly with respect to the layer
planes, whereas those for the ethers being presented at
an angle. As shown for a and ¢ in Figure 30. The
consequence of this is that the interfacial interactions
are weakened in the case of the ethers relative to esters,
which results in greater stabilisation of the nematic
phase relative to lamellar phases, and subsequent
lowering of the stabilities of orthogonal phases, and
an increased stability of synclinic over anticlinic order-
ing. In essence, the ethers tend to be more disruptive
to layer formation than the esters, which tend to
promote it (60).

The relationship between terminal ethers and esters
in their abilities to form synclinic versus anticlinic phases
has been known for many years; however, this work was
mostly confined to the study of the properties of biphe-
nyl-4-yl-carbonyloxy benzoates (6/-63), which are not
stable for practical devices such as projection displays.
Difluoroterphenyls, on the other hand, are very stable
materials with suitably desirable physical properties for
use in ferroelectric applications. However, without the
use of terminal controlling groups it is very difficult to
induce the formation of anticlinic phases in these mate-
rials. Through the judicious choice of various terminal
groups it has become apparent that a wide variety of
mesophase types and sequences can be controlled by
this methodology, and indeed under certain circum-
stances novel phases and phase behaviour have been
observed, such as re-entrancy (64).
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Figure 29. Comparison of transition temperatures (°C) and mesophase sequences of difluoro-substituted terphenyl ethers

versus the analogous esters.

A zig-zag molecular shape implies that mirror sym-
metry exists down the long axis of the structure; how-
ever, as soon as a stereogenic centre is introduced into
the structure, typically in the terminal chain, the sym-
metry is broken. Thus, if the stereogenic centre is
located adjacent to the central core the orientation of
the terminal chain relative to the core and opposing
terminal chain is somewhat fixed, as shown in Figure
31. The side-on orientation suggests a zig-zag shaped
gross structure; however, the end-on orientation
demonstrates that the molecular structure is not rod-

like, or zig-zag shaped as shown in the right-hand
structure in the figure, or even banana-like (as utilised
in many theories), but ‘twisted’ as depicted in the
diagram in the left-hand part of the figure.

The molecular twist, thus, is essentially caused by
the stereochemistry about the chiral centre. The degree
of the internal ‘molecular twist’ will be proportional to
(1) the molecular length, (ii) the angles that the chains
make with the core, (iii) the rotational distribution
functions of the terminal chains, the core and the over-
all molecular structure and (iv) the stereochemistry
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Figure 30. Presentation of the terminal groups at the layer
interfaces in tilted smectic phases.

and location of the chiral centre relative to the core
and the length of the terminal chain. If we assume that
the molecules are fixed, i.e. are not in dynamic motion,
then a simple or crude way of describing the molecular
twist is through the displacement, «, of the end of the
molecular structure relative to the racemate, as shown
in Figure 31. The displacement will increase if the
molecular length is increased or if the distribution
functions for the various molecular rotations are rota-
tionally damped. The displacement in some senses is
therefore a measure of the degree of breaking of the
mirror symmetry of the system.

Now consider how molecules with twisted struc-
tures pack together in the tilted smectic C* phase. The
molecules will be packed in a random head-to-tail
arrangement within the layer, and there will be sub-
stantial interlayer mixing of the molecules at the inter-
faces between the layers. Thus, the molecular twist will
be passed from one layer to the next as described by
Yoshizawa et al. and Bartolino et al. (55-57). As a
result the tilt directors of the molecules will be rotated
on passing from one layer to the next, thereby forming
a helix.

The pitch of the helix will be determined by the tilt
angle 0, the molecular length / and the displacement «.

End-on-view

Core
unit

Chiral
centre

Long
terminal
end
chain

Displacement
o

Side-on-view

Layer __,|
7 normal
Non-chiral
end-chain «— Director
(bend up)

Tilt angle
0

Racemate

Mirror
displacement is zero

Figure 31. The twisted structure of a chiral mesogen where the asymmetric centre is located near to the central core thereby

preventing rotation disordering.
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The helical structure could, therefore, be envisaged as
being a result of a three-dimensional molecular twist
being superimposed upon the periodic two-dimen-
sional interfaces of the layers. The helix direction will
be determined by the molecular twist which itself is
related to the stereochemistry about the chiral centre,
the location of the chiral centre within the molecular
structure and the zig-zag orientation of the molecule,
i.e. it will be related to the empirical property—struc-
ture correlations developed in earlier studies (6.5).

Thus, by reducing the freedom of motion by judi-
cious choice of the location of the stereochemical cen-
tre, the distribution of conformers will also reduced
which has the effect of fixing the shapes of the mole-
cules. One could almost imagine that when the motion
about the stereogenic centre is relatively free the mole-
cule will appear as a blur, but when it is reduced the
molecule will come into sharper focus. As a conse-
quence of the reduced rotational freedom the degree
of broken symmetry and the molecular twist are
enhanced. This means that for molecules that have
better-defined shapes, the molecular twist will be
transmitted between layers more efficiently.

For materials with large values of / and «, and
which exhibit tilted phases, the system will twist up
tightly to give short pitch phases. However, there will
come a point where the twist induced by the twisted
molecular structure cannot be sustained because the
ends of the terminal chains will meet the layer inter-
faces at a shallow angle, thereby causing the layers to
bend with respect to one another. Thus, for small
molecular twists the ensuing helical arrangement of
the molecules is a low-energy escape mechanism,
whereas for large molecular twists the resulting helical
structure is high energy, and therefore in this situation
a compromise becomes possible. The system would
prefer to have a helical structure but with a longer
pitch. This can be achieved by having alternating tilt-
ing of the molecules on passing from one layer to the
next, as in the proposed structure of an antiferroelec-
tric phase. Figure 32 shows this structure for twisted
molecules. Immediately it becomes apparent that by
having back-to-back layer tilts the pitch of the helical
structure is lengthened, and the pressure to form a
twisted structure is greatly reduced. This structural
transformation provides an escape from the system
producing a high-energy helical state. Thus, a frustra-
tion is produced between the desire to twist and at the
same time to maintain the layered ordering of the
phase.

Not surprisingly, therefore, materials that exhibit
antiferroelectric phases tend to have chiral centres that
are adjacent to the central core region of the molecule,
have long aliphatic chains attached to the chiral cen-
tre, and have long central core regions. Molecules with
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Figure 32. Anticlinic arrangement of chiral molecules with
twisted molecular structures that self-organise to form an
antiferroelectric phase.

these structural attributes will have high populations
of certain preferred conformations, have better-
defined zig-zag bent shapes, high molecular twists
and as a result will be candidates for frustration to
occur between helical twist and layer rotation. In addi-
tion, it is known that antiferroelectric phase can be
exhibited by materials where the chiral centre is not
adjacent to the central aromatic core; for such materi-
als, however, it is common that the second aliphatic
chain possesses a terminal end group and a spacer
chain length (odd in number overall) that is conducive
to anticlinic ordering (66).

Furthermore, the effect that the peripheral alipha-
tic chain length has on the phase behaviour of materi-
als that have molecules with twisted structures can be
described in the following way. For short chains there
will be little effective twist and weak interlayer per-
meations and so antiferroelectric phases will be unli-
kely to occur. For very long peripheral chains, the
chain ends (maybe the last few carbon atoms in the
chain) will have a high degree of mobility and freedom
of rotation. Therefore, effective interlayer permeation
will be reduced by the end chains bending, flexing and
even doubling back on themselves. Therefore, antifer-
roelectric phases would not be expected to be found
for such long chain lengths (i.e. C;g+). Consequently,
antiferroelectric phases are most likely to occur at
intermediary chain lengths where the aliphatic chains
are long enough and inflexible enough to convey the
molecular twist between layers.
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In the modelling of antiferroelectric phases, it is
interesting to compare the effects of extending the
length of the lateral aliphatic chain at the chiral centre
(methyl to ethyl to propyl). It has been shown that the
antiferroelectric phase becomes stabilised as the lateral
chain length is increased (52). We could extend this
chain to a point where the two terminal chains at one
end of the molecule have the same length, and the
system is no longer chiral and therefore does not
form a helical macrostructure, as described earlier.
A swallow-tailed material will show an alternating
tilted arrangement of the layers, but this is expected
as now there are two equally matched interlayer per-
meations to consider for each of the terminal chains of
the swallow end of the molecule. Thus, chiral materials
can be anticlinic and antiferroelectric, and achiral
materials can be anticlinic even though they are not
antiferroelectric, and consequently it can be assumed
that minimisation of the spontaneous polarisations
associated with the alternation of the tilts is not the
primary force driving the formation of antiferroelec-
tric mesophases as suggested (58). There is further
circumstantial evidence for this postulation which
comes from the fact that achiral systems do not exhibit
ferrielectric phases, because these phases are stabilised
by twist and not polarity.

4.3 Conformational structures, clustering and
inversions of chiral properties

The complexity in layered systems can be further com-
plicated by the introduction of conformational var-
iants. In systems with large molecular structures,
conformational changes may be relatively slow in com-
parison to those experienced by systems with somewhat
smaller molecular architectures. For large systems, var-
iations in mesophase transition temperatures and phase
type may be experienced where kinetic processes com-
pete with those of thermodynamic processes.
However, for relatively simple systems competition
between conformers and rotational species has been
shown to occur through inversions of the spontaneous
polarisation or their associated pyroelectric properties.
For example, S-2-methylbutyl 4’-alkanoyloxybiphenyl-
4-carboxylates and S-2-methylbutyl 4’-alkenoyloxybi-
phenyl-4-carboxylates exhibit an inversion in the
polarisation direction in their ferroelectric phases as a
function of temperature, see Figure 33 (see also
(67, 68)). At the crossover point the polarisation will
become zero and the helical unwinding voltage
increases sharply as it becomes dependent solely on
the dielectric anisotropy. In addition, the measured tilt
angle also falls to zero, see Figure 34 for selected homo-
logues of the S-2-methylbutyl 4’-alkanoyloxybiphenyl-
4-carboxylates. These phenomena have been ascribed
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Figure 33. The spontaneous polarisation (nC cm™)
measured as a function of temperature (°C) for S-2-
methylbutyl 4’-decanoyloxybiphenyl-4-carboxylate (m) and
S-2-methylbutyl — 4’-w-octenoyloxybiphenyl-4-carboxylate
(o). The data points show experimental results, whereas the
lines and dotted lines are the theory fitted to the data.
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Figure 34. The tilt angle (°) determined from electrical field
studies for the S-2-methylbutyl 4’-alkanoyloxybiphenyl-4-
carboxylates as a function of the reduced temperature from
the Curie point.

to changes in the distribution function of rotational
species and conformers in the condensed ferroelectric
phase. Thus, for a single homogeneous species

Py(T) = Py(Ty_c — T)".

However, if we now consider the contributions from
different competing species, collectively identified as A
and B, which have opposing properties, so that
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Py(A) # Py(B)

for a fluctuating system there will be a dynamic equili-
brium when

X(A)Ps(A) = x(B)P;(B),

which will occur at defined temperature T for the
crossover of the P, direction and thus

P, =0.

However, the polarisation is a function of the dipole
density, therefore

P x ¥; < o > N;

for two interconverting species i and j, with an activa-
tion energy between the two species of Ej;

qu = E:j exXp (——ZSISUV/ZCYH) / VZEJiEJjCE(I)(——Z&l?g//kjp).

Assuming that a temperature dependence takes the
form of

Py o« (T.—T)"

then, generally as the polarisation for one species (e.g. i)
is given as

Py = [Si< p; >|(T. — T)"

for the two species A and B the total polarisation is
found to be

Py = [Pae “EFT 1 Pp(1 — e 2 (T, — T)”.

The above analysis makes no attempt to identify the
nature of the competing species, other than to say
there could be a collection of species with a particular
polarisation direction in competition with another
species of opposite sign and where the two species
interconvert as a function of temperature. In terms of
real systems it is possible that the interconversions are
related to conformational flipping about the chiral
centre, where the polarity associated with the stereo-
genic unit is coupled to that of the molecular dipole
and hence the polarisation direction. Figure 35 shows
two possible conformations, 4 and B, associated with

A
Y

(B)

Figure 35. Trans and gauche structures which have opposing
polarisation directions.

Liquid Crystals 589

the S-2-methylbutyl chiral end chain of (S)-2-methyl-
butyl 4’-octylanoyloxybiphenyl-4-carboxylate, where
the donor methyl group at the chiral centre affects the
direction of the polarity along the C, axis.

An ensemble of conformational species 4 and B
is displayed in the diagram shown in Figure 36.
Simulations of similar systems have since been reported
by a number of groups on chiral nematic and smectic C*
inversions, coming to similar conclusions that there are
competing species which ultimately determine pitch
length/polarisation direction in chiral liquid crystals (69).

The early theories of liquid crystallinity assumed
that the molecules would ‘swarm’ together to form a
mesophase (70); however, this picture was subse-
quently superseded by the continuum elastic theory.
The inversions of chirality in nematic and ferroelectric
phases resurrected the idea that molecular clustering
may be important in certain phase behaviours of
liquid crystal phases as described recently in relation
to the swarm theory by Goodby et al. (60). The extent
of the clustering, i.e. the numbers of molecules consti-
tuting a cluster, was investigated by Glass et al. (71)
who studied the pyroelectric behaviours of the S-2-
methylbutyl 4’-alkanoyloxybiphenyl-4-carboxylates.
They demonstrated that the model developed for com-
peting species could be used to determine cluster sizes,
which were found to be of the order of a few hundred
molecules, values that appear to be reasonable.

Inversions have also been found in chiral nematic
phases, but this time with respect to the helical twist
direction as a function of temperature, see the mate-
rials shown in Figure 37. At high temperature both of
these compounds exhibit left-hand helical structures,
but as the temperature is lowered they pass through a
point where the local symmetry is still broken, but the
value of the pitch reaches infinity. At this point the
twist direction inverts and the helical structures
become right-handed. Watson et al. (69) used a simi-
lar model to that proposed for spontaneous polarisa-
tion inversions to describe the inversion phenomena.
However, in this case they resorted to solely using
fluctuating conformers, rather than conformers and
rotational species, to describe the inversion beha-
viour. Conformational modelling and molecular
simulations have been used in recent years by Neal
and co-workers (72-75) to describe inversions, and
although not explicit there is an indication that local
molecular architecture could be important in inver-
sion phenomena.

5. Terminal functional groups in both flexible chains:
reactive mesogens

There are many, many examples of mesogenic materi-
als possessing functional groups at the terminal
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Figure 37. Materials that exhibit helix inversion as a function of temperature in the chiral nematic phase.

positions of their aliphatic chains. For calamitic sys-
tems, this class of materials is overly represented by
reactive mesogens where the two terminal groups are
photopolymerisable units such as acrylates, methacry-
lates, oxetanes, dienes, etc. (76, 77).

Three examples of reactive mesogens are shown in
Figure 38. In keeping with the previous discussions,
these are derivatives of difluoroterphenyls that can be
compared with similar materials possessing straight
aliphatic chains. The first two compounds, which are
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Figure 38. Reactive mesogens that carry two terminal
functional groups designed to undergo photopolymerisation.

derivatives of diallylamine (78) exhibit similar phase
sequences to the parent systems, with nematic and
smectic C phases being found. It is important to note
in these cases that the melting points are very low.
Conversely, the acrylate derivative has a high melting
point and was only found to exhibit a smectic A
phase, with no nematic or smectic C phase being
present (24, 79). Consequently, even for reactive
mesogens, the nature, size, shape and polarity of the
terminal functional group affects the mesophase type
and properties. For photopolymerisations in the
liquid-crystalline state the structure of the mesophase
may be controlled by the terminal photopolymerising
group, and hence this can be used to determine the
properties of the ensuing polymerisation product (78).
Thus, for the diallylamine derivatives shown in
Figure 38, polymerisation can take place in the nematic,
smectic A and smectic C phases, whereas the polymer-
isation for the acrylate can only take place in the
smectic A phase.

By the very nature of their synthesis, reactive
mesogens typically possess symmetrical structures
with respect to their terminal functional groups, and
there are very few materials that possess differing end
groups. However, for systems with differing end
groups the complexity increases quite considerably.
For materials having methylene spacers attaching the
terminal groups to an asymmetric core, there are eight
possible configurations for a potential molecular
architecture, as shown in Figure 39. The number of
possibilities can be even larger if the linking unit
between the terminal moiety and the core has direc-
tionality, i.e. one end of the linking unit (C and D in
Figure 39) is different from the other. A similar con-
clusion can be drawn from having terminal groups
that also have directionality and so too can be
inverted.

Liquid Crystals 591

Figure 39. Variations for potential structures of materials
possessing two terminal functional groups in the flexible
chains.

6. Supermolecular strings: bimesogens, dimesogens,
trimesogens and tetramesogens

The first step in creating linear supermolecular mate-
rials, or molecular strings, is to extend molecular
design to the creation of superstructures possessing
more than one mesogen. The simplest architecture is
a system possessing two identical mesogens, described
here as being bimesogens. The next step up in com-
plexity is to have two non-identical mesogens, termed
dimesogens. Beyond two mesogenic units being tied to
one another, liner systems possessing three units or
more must have some different mesogenic units. For
example a trimer could have two identical mesogenic
units at the ends of the linear structure, i.e. in positions
1 and 3, but the centre mesogen will necessarily have a
different structure simply because it is tied to two
mesogens whereas the terminal mesogens are only
tied to one. Thus, the dynamics of the centre mesogen
will be different to the exterior mesogens in the linear
chain.

Generally for all linear architectures where the
aromatic mesogenic cores are linked by aliphatic
chains, the homologues that have connecting spacer
chains with an even number of methylene units have
much higher clearing points in comparison with the
systems with an odd number of methylene units. This
is because the odd members tend to have bent confor-
mational structures which induce disordering into the
mesophase structure, whereas the even members tend
to have linear trans structures which support meso-
phase formation (80, 81).

6.1 Bimesogens

Following on from the work that described mono-
meric terphenyls, Figure 40 shows some examples of
difluoroterphenyl bimesogens where the liquid crystal
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Figure 40. Bimesogenic supermolecular liquid crystals with silyloxy bridging units (84).

units are identical (82). In each example, the meso-
genic moieties are joined together via methylene
chains and a linking siloxane bridging unit. The incor-
poration of such bridging groups can affect the overall
packing of the molecules leading to reductions in melt-
ing points and the stabilisation of lamellar smectic
phases over nematic phases. In the three examples
shown, the combination of the two linking methylene
chains and the siloxy bridging group is of such a length
so as to favour the formation of lamellar phases at the
expense of the nematic phase. As the mesogenic units
are chiral in these materials, the lamellar phases too
are chiral. Orthogonal phases are also suppressed and,
as is the case for many bimesogens, no higher ordered
smectic phases are observed. Thus, although the mole-
cular architecture has increased in complexity, the
complexity associated with the liquid crystallinity has
decreased. The length and nature of the combined
spacer unit is noted to have the effect of favouring
synclinic over anticlinic structures, or vice versa. For
the materials shown in Figure 40 synclinic properties
give way to anticlinic properties as the length of the
bridging unit is increased in length along with the
methylene spacer. Thus, too, the materials change
over from being ferroelectric to antiferroelectric.

6.2 Linear dimesogens, trimesogens and
tetramesogens and non-mesogenic systems

Moving to dimesogens, as opposed to bimesogens, the
complexity of the molecular architecture increases
eightfold, as shown in Figure 41. Now it matters
which way round the mesogens are attached to the
spacer unit, and indeed if the spacer unit itself is asym-
metric; as such, the way round it is incorporated into
the architecture also matters.

Dimesogens, trimesogens and tetramesogens, etc.,
can have very subtle differences in structure. For
example, the dimesogen shown in Figure 42 has two

@ <A s

Family of
dimesogens
of discrete
structure

e
e

Figure 41. Complex architectures for dimesogens in
comparison with bimesogens.

different mesogenic units, i.e. a steroidal moiety and a
Schiff’s base unit, where one is chiral and the other is
not (83). The properties of this material are roughly
averaged between the two mesogenic groups.

The trimesogen shown conversely has similar
mesogenic units all based on the biphenylyl motif,
thus there is a central biphenylyl unit with two external
cyanobiphenyl units attached to it (84). Although the
aromatic mesogenic moieties are structurally similar,
the polar, and thereby strongly polarised, cyanobiphe-
nyl units will impart very different properties in com-
parison to the central biphenylyl entity.

The tetramesogen (85) in Figure 42 has four identi-
cal aromatic units based on the phenyl benzoate motif.
However, the external two units possess exterior flexible
aliphatic chains, whereas the interior two units have
linking aliphatic chains that are tethered to aromatic
systems, and therefore these two mesogenic units will
have different mobilities and, hence, properties in com-
parison with the exterior aromatic mesogenic groups.
Moreover, the differences in mobility and, hence, mole-
cular dynamics associated with the rigid aromatic units
of the dimesogenic, trimesogenic and tetramesogenic
systems means that these systems will also have differ-
ent interactions and, hence, properties relative to simple
mesogenic systems with architectures composed of two
aliphatic chains and one inflexible core unit.
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Figure 42. Examples of typical dimesogenic, trimesogenic and tetramesogenic liquid crystals.

This general picture, and its consequences, is exem-
plified through a number of systematic studies by
Nishiyama et al. into dimeric and trimeric liquid crys-
tals (86-97). Investigations were made first on deploy-
ing the same mesogens in dimeric systems but with
accompanying variation of the linking group, and
secondly on incorporating non-mesogenic units into
supermolecular architectures, but with the result that
mesomorphic materials were still obtained.

The first set of four materials, shown in Figure 43,
all possessed the benzoyloxy-biphenylyl unit commonly

deployed to support the formation of antiferroelectric
properties in liquid crystal systems. All of the materials
were designed to be chiral via the incorporation of
2-octyl moieties with both RR and SS variants being
available for the resulting bimesogens. With a simple
alkyl-linking unit between the mesogens, a phase
sequence of ferroelectric—ferrielectric—antiferroelectric
as a function of temperature was found (88, §9).
When the linking group was changed to a di-thioether
(95) unit, ferroelectric and ferrielectric properties were
suppressed in favour of antiferroelectric phase
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Figure 43. A systematic study of the change in linking groups in dimeric and trimeric liquid crystals.
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formation, see the second structure. It is known from
other investigations that the incorporation of sulphur
in place of oxygen in aliphatic chains tends to favour
the formation of more ordered phases such as the crys-
tal B phase over the hexatic smectic B phase (98, 99).

Through the incorporation of a biphenylyl unit in
the bridging chain in order to create a trimesogen,
higher-ordered antiferroelectric phases, such as the
smectic [*, phase, were found, see the third com-
pound in Figure 43 (see also (97)). Lastly for this
family of materials, the linking group was substituted
with a siloxy unit (93). Siloxy substitution has the
effect of lowering melting point and, for an odd num-
ber of atoms substituted into an even number of atoms
in the methylene chain, antiferroelectric phases are
stabilised. For the last compound, this is the case
with a melting point of only 34.1°C and the other
supermolecular materials having melting points
above 101.5°C. As the number of atoms located in
the chain between the two mesogenic units is odd,
the overall structure is bent, and therefore antiferro-
electric phases are stabilised.

Interestingly, additional studies by Nishiyama
et al. (86-97) demonstrated that when, taken in isola-
tion, only one of the aromatic units within a super-
molecular system has a propensity to exhibit liquid
crystal phases, then the supermolecular material itself
could be mesomorphic, see Figure 44. For example,
for the top molecular structure (97) only the biphenyl
unit at the centre of the structure supports mesophase
formation, whereas the benzoate units are too isolated
from the biphenyl moiety in order to affect meso-
morphic behaviour. The second material (97) has
terminal phenyl units, which are only connected by
aliphatic chains to the benzoate units. Thus, in this
case the material has four aromatic units out of six
which are not in positions that can enhance mesophase

formation. However, the second material has similar
transition temperatures and phase sequences to the
first, i.e. both materials exhibit an unidentified smectic
phase and a synclinic ferroelectric smectic C* phase. If
the third material is examined, it can be seen that the
mesogenic unit at the centre of the supermolecule is an
azobenzene unit which is typically more strongly sup-
portive of mesophase behaviour than the simple
biphenyl moiety (90). The attachment of the terminal
phenyl unit is by a methylene spacer of odd parity, and
as a consequence the smectic C phase has an anticlinic
structure rather than synclinic. It is interesting,
however, that the three materials surprisingly have
similar melting and clearing points considering that
they have quite different structures. It is as if the over-
all supermolecular structure, consisting of three meso-
genic sub-units, should be considered as an extended
rod-like architecture where the local interactions
along the rod are less important than the overall
shape. Thus, the complexity is effectively being
reduced.

These studies demonstrate that for supermolecular
materials it is not necessary to have all of the aromatic/
rigid units being supportive of mesophase formation
for a supermolecular material to be mesomorphic.
Odd parity spacer units tend to support anticlinic
properties, whereas even parity spacers support syn-
clinic properties.

6.3 Supermolecular strings: multiple mesogenic units

If we take this architectural description further for
liquid crystals with multiple mesogenic units, i.e. meso-
genic strings, where the mesogenic units are of clearly
different structures, then the complexity increases
almost exponentially. For example, if we take just a
simple mesogen with two flexible asymmetric but
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Figure 44. Supermolecular liquid-crystalline materials consisting of only one unit that has mesogenic tendencies.
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different peripheral chains and an asymmetric inflexible
central unit the combinations for the structural arrange-
ments of these three segments is 8 (see Figure 2). For a
bimesogen this number increases to 16, but for a dime-
sogen it is even greater at 128. Thus, for multiply seg-
mented mesogens with n segments arranged in any
order in a linear supermolecular architecture of 7 meso-
gens in any order, the number of structural components
is 4nlm!.

The complexity found in linear supermolecular
liquid crystals is exemplified by the general structure
for the tetramesogen shown in Figure 45. Assuming
that the mesogens possess three segments with a non-
flexible unit at their centres, the number of possible
structural variations for this architecture is in excess of
1.5 million. Moreover, when linked together it is also
not apparent where one mesogen ends and another
starts. Thus, the mesomorphic properties become
smeared out because of the lack of definition in the
structure and, hence, the molecular interactions
become ill-defined. As a consequence, ordered meso-
phases, anisotropic plastic crystal phases, etc., are less
likely to occur.

6.4 Supermolecular knots: trimesogens,
tetramesogens and octamesogens with a focal point

Trimesogens are the first supermolecular systems that
can be designed not to have a linear structure, instead
they can have a structure that has a focal point: a
molecular knot rather than a string. Following on
from the examples of monomeric and dimeric difluor-
oterphenyls, trimeric systems for which comparisons
can be made may only be achieved by having all three
difluoroterphenyl mesomeric units in the same envir-
onments, i.e. by tying them together at one focal point,
unlike a linear system which as noted earlier must
invariably have at least one mesogenic unit different
to the other two.

Figure 46 shows an example of a trimesogen where
the difluoroterphenyl units are bound to a central
siloxane scaffold (82). In addition, the results for the
trimer are compared with the linear dimer in the same
figure. Both the trimer and dimer exhibit the same
liquid crystal phase, which is anticlinic and because

Mesogen A Mesogen B

Liquid Crystals 595

the materials are chiral the phase is also antiferroelec-
tric. Both dimer and trimer have bent architectures
owing to the odd number of atoms in the linking
chains between the mesogenic core units. The bent
supermolecules can pack together in an alternating
intercalated way so as to create a layered anticlinic
mesophase. Interestingly, the melting points are within
10°C of one another, and the clearing points within
20°C. In terms of the mesomorphic behaviour of these
two materials, the transition temperatures and phase
sequences indicate there is little difference between the
two. Thus, although the bimesogen can be considered
to have a linear structure, whereas the trimesogen is a
molecular knot, they essentially have very similar mole-
cular architectures, i.e. the bimesogen has a bent struc-
ture because of the odd number of atoms in the linking
and bridging chain uniting the terphenyl cores, the
trimer, similarly has a bent structure as shown by the
diagram in the centre of Figure 46. The interesting
result is that the anticlinic liquid crystal mesophase
can support both of these molecular architectures in
an intercalated organisation (shown by the different
coloured mesogens in the figure) such that the number
of mesogenic units in the supermolecular structure does
not matter.

If we now consider a tetramer, see Figure 47, of
similar structure to the dimer and trimer (82), the
addition of the extra mesogenic unit should have the
effect of producing an overall molecular shape that is
tubular. Thus, it should be more unlikely that this
material will exhibit a synclinic mesophase over an
anticlinic organisation. Interestingly, the melting
point is lower than either the dimer or trimer; how-
ever, the clearing point is very similar. The similarity
of the clearing points suggests that the number of
mesogenic units in the supermolecular structure,
and hence the associated dispersion, is almost irrele-
vant with respect to mesophase stability. Thus, the
local intermolecular interactions are less important
than they are for simple monomeric systems, and
therefore molecular shape is starting to become the
dominant factor in phase formation. This is further
exemplified by the potential separation and packing
of the siloxy units together to give a multi-stacked
organisation as shown in Figure 48.

Mesogen C Mesogen D

MLV -

Figure 45. A diagram representing one structure out of over 1.5 million possible structures for a linear tetramesogen.
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Figure 46. Comparison of a dimeric and trimeric difluoroterphenyl based supermolecular liquid crystals. Both materials exhibit
anticlinic and antiferroelectric liquid crystal phases, as shown by the diagram in the centre of the figure for the trimesogen. In
this cartoon, the mesogens are coloured differently to clarify the structuring to show that the layers can be intercalated.
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Figure 47. A supermolecular tetramer.

Examination of the mesophase structure exhibited
by the tetramer shows that it forms a tilted phase, with
the tilt angle growing as a function of the reduced
temperature. The results were consistent with the
phase being smectic C and therefore synclinic.

Electrical field studies, on the other hand, showed that
the tetramer may exhibit antiferroelectric behaviour,
and therefore the tilted phase is anticlinic. Modelling
shows that both structures are possible, and there is
little advantage of one organisation over the other, as
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Figure 48. Comparison of the synclinic and anticlinic structures of the supermolecular tetramer.

shown in Figure 48. Thus, the tetramer is probably
sitting at the point where there is a change from
anticlinic to synclinic behaviour. Consequently, in
Figure 48 the mesophase formed is stated as smectic
C, but its clinicity is not defined.

With the supermolecular architectures described in
this section it is difficult to continue adding more meso-
gens to the central scaffold in order to examine how the
overall molecular shape changes, and thereby affects
mesophase structure. However, by adding more

F
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mesogens to the structure it is expected that the mole-
cular shape would become cylindrical, and therefore the
smectic A phase would start to dominate. This is similar
to the behaviour exhibited by monomeric materials, as
shown in Figure 15, where cylindrical structures are
depicted to disfavour ordered and/or tilted mesophases.

These predictions can be explored in part by
examining the properties of the difluoroterphenyl
octamer based on the octasilsesquioxane scaffold, as
shown in Figure 49 (see also (82)). This material
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Figure 49. An octamer of difluoroterphenyls based on an octasilsesquioxane scaffold.
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exhibits smectic C* and smectic A* phases, and its
clearing point is only 139.3°C, which is only margin-
ally higher than the trimer. The transition to the
smectic C* phase is 131.4 °C, which is approximately
7°C higher than the trimer, conversely the melting
point in comparison is high at 130.2°C which reflects
the symmetrical nature of the molecular architecture.
The formation of the smectic A* phase is due to the
fact that the molecular shape is tubular rather than
bent, and as a consequence a synclic phase occurs at a
lower temperature rather than an anticlinic phase. As
with the tetramer described previously, the organisa-
tion of the layers of the octamer will be in slabs of
aliphatic chains, aromatic cores and octasilsesquiox-
ane scaffolds as shown for the local structure of the
synclinic smectic C* phase in Figure 50.

Thus the results for the dimer, trimer, tetramer and
octamer reflect a mass/molar dependency with respect
to the physical properties. The interactions between
the mesogenic groups may be additive, but they also
will be a function of the number of mesogens in the
supermolecular structure, hence the upper transition
temperatures for the four supermolecules are roughly
the same. Moreover, this result also indicates that the
mesogens dominate the self-organisation process, and
the slight variations in transition temperatures are due

to differences in the scaffold structure. Furthermore,
the nature of the smectic C phase, synclinic or anticli-
nic, is dominated by molecular shape rather than by
the mesogenic interactions, unlike the situation for
simple monomeric species.

So here we are at the point where the local interac-
tions, shape, polarity, stereochemistry, conformation
and ‘microphase segregation’ that determine meso-
phase formation on the nanoscale give way to meso-
phase formation being dominated by shape in the
mesoscale regime. As a consequence, it should be
expected that smectic polymorphism associated with
nanostructuring will be suppressed and that shape-
dependent mesophases, lamellar, hexagonal and
cubic will dominate the mesoscale structures. As such
the shape dependency will be linked to the number/
density of mesogens attached to the scaffold, as shown
in Figure 51. Thus, as the molecular structures of
supermolecules become greater, and the outward
structure becomes more complex, the mesophase
properties actually become simpler.

At this level of complexity, as shape appears to
be the predominant factor in determining the self-
organising process, the structures of the supermolecu-
lar systems could be simplified. For example, the
mesogenic groups could be omitted leaving the

Figure 50. The synclinic structure of the supermolecular octasilsesquioxane octamer showing segregation between the aromatic

mesogens and the silsesquioxane scaffolds.
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Figure 51. As the number of mesogenic units attached to a central scaffold is increased, the overall shape of the resulting
supermolecule changes from being rod-like to being spherical. The shape change results in a progressive change in associated

phase type from lamellar to cubic via columnar.

scaffold coated with just aliphatic chains, as shown in
Figure 52 (see also (100, 101)). Again the density of the
chains attached to the scaffold is all-important in
determining shape, thus bifurcation of the chains can
be a useful design feature for creating such systems.
Often bifurcation has been achieved using a 1,3,5- or
1,3,4-trisubstituted phenyl ring as the bifurcation
point (100, 102-104). This construction leads to a
better two-dimensional spacing of the chains through
the flat aromatic ring. The result is a simple molecular
architecture of a fatty rod, a fatty disc or a fatty
sphere, that would not be recognised as any structure

Rod-like

Aliphatic chains

Bifurcation
of chains

that would support conventional liquid crystal
mesophases.

6.5 Chiral nano- and meso-objects

If shape is the determinant for the self-organisation of
supermolecular systems, then obviously surface topo-
graphy is an important issue to consider for rods, discs
and spheres, and combinations thereof. For example,
we could have a situation for rod-like supermolecular
architecture where the surface of a scaffold that is rod-
like is coated through lateral attachments with rod-

Disc-like Spherical

Figure 52. The shapes of supermolecular systems can determine mesophase formation even if the supermolecular system
possesses no mesogenic groups. In this figure the density of aliphatic chains on the surface of a central scaffold is used to produce
rod-like, disc-like and spherical supermolecules which can support lamellar, columnar and cubic mesophase formation,
respectively. Bifurcation in the exterior chains can induce curvature in the shapes of the supermolecules at a lower density of
attachments to the scaffold, as shown in the lower part of the figure.
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like mesogenic constructions. When the lengths of the
mesogenic rods are slightly longer than the compar-
able width of the scaffold, but the density of mesogens
on the surface is relatively low, the mesogens will form
roughly parallel arrangements, such as a nematic
phase; however, the scaffold may pack in a different
arrangement, for example hexagonal. Thus, it is pos-
sible that new ‘combination’ mesophases will occur
based on lattices created by the competition between
the packing of the scaffolds and the attached meso-
gens. Thus, for rod-like mesogens attached to a rod-
like scaffold the result may be a ‘tubular-nematic’
columnar phase, as shown in Figure 53.

If the number density of the mesogens is relatively
high and their lengths substantially longer than the
dimensions of the scaffold, then chiral structures can
be formed due to the inability of the mesogenic rods to
pack flatly on the surface of the scaffold. The rods will
organise themselves to be parallel but because they are
too long they will twist away from the long axis of the
scaffold, which can result in their spiralling about the
scaffold, see Figure 54. Similar results have already
been found for rod-like mesogens attached to a cubic
scaffold (/05). In this situation both left- and right-
hand spiralling structures associated with a helical
director field about the rod-like scaffold may be
obtained. Where the rod-like mesogenic units are
themselves chiral one helical structure will dominate,
which will lead to a molecular line defect down the
centre of the cylindrical scaffold, almost like the twist
cylinders associated with Blue Phase defect lines.

For a combination of a spherical/cubic scaffold,
such as octasilsesquioxane and rod-like mesogens lat-
erally attached to the surface of the scaffold by alipha-
tic spacers, a spiralling director field about the sphere
similarly could be obtained. However, in this case,
because of the spherical scaffold, the director field

Rod-like supermolecule
With a rod-like scaffold
and rod-like mesogens

Hexagonal packing of the scaffolds
and nematic ordering of the mesogens

Figure 53. Combination ‘tubular-nematic’ hexagonal
columnar mesophase formed by the packing of rod-like
mesogens on the surface of a rod-like scaffold.

Figure 54. Spiralling nematic director fields shown in silver
for a gold-coloured surfaces of central scaffolds of
supermolecular liquid crystals. The spherical scaffold
possesses defects centred at the poles, whereas for the
cylinders there is a line defect down the centre of the
cylindrical scaffold.

would create defects at poles on the surface of the
sphere, i.e. a ‘molecular boojum’ could be created as
shown in Figure 54 (see also (1/06)). Thus, the nano-
structured supermolecular material would have a
chiral surface which would affect in turn its abilities
as a ‘chiral object’ to self-organise.

An example of a supermolecule possessing a sphe-
rical scaffold with chiral mesogenic units laterally
linked to the scaffold is shown in Figure 55 (106). The
lengths of the rod-like mesogens are of a similar size to
the diameter of the scaffold which is composed of a [Cg)
fullerene with short aliphatic linking units. The meso-
genic units are chiral by virtue of having asymmetric
terminal aliphatic chains derived from (S)-2-butanol.
The linking units are bifurcated, thereby allowing 12
mesogenic units to surround the spherical core of the
scaffold. Modelling demonstrates that the mesogens can-
not pack together around the fullero-scaffold without
twisting. As they are chiral the twist will be in one pre-
ferred direction, hence a ‘molecular boojum’ is potentially
formed with defects at the poles. The material itself,
because the mesogens are laterally attached, exhibits a
chiral nematic phase from the glass at 47°C to the clear-
ing point at 103°C.

Figure 56 shows a schematic representation of the
fullerodendrimer with the mesogenic units spiralling
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Figure 55. A chiral fullerodendrimer which exhibits a chiral nematic phase.

around the spherical scaffold. Such spherical nanos-
tructures that possess a helical surface topological
relief can pack together through their defects so that
the twist might propagate, and/or by packing twisted
structures together to create cubic phases with similar
structures to those of Blue Phases. Although this is a
relatively small-scale system, if the scaffolds are
increased in size, this may be via the use of a nanopar-
ticle at the centre, such as gold, the surface decoration
by laterally appended chiral mesogens can also create
spheres with topological reliefs. Thus, extremely large-
scale lattices may be possible with quasi-bonding
between the particles.

Other possible defect structures associated with
nematic director fields confined in spherical

Pu
b

Figure 56. Schematic representations of the chiral
nanoparticle.

geometries have been envisaged by Nelson and co-
workers (107-109) and Bates (110, 111). For example,
nanoparticles with laterally appended mesogens could
have surface defect structures, with four singularities
being a preferred option, see Figure 57. Packing of
such nano-structured supermolecular systems may be
through lattices of defects, and in the case of the sphere
shown in the figure this would create a tetrahedral
arrangement of defects and hence a tetrahedral lattice
of the spheres. Thus, we have reached the point of
large molecular systems, by virtue of their shapes,
topography and locations of their defects, where they
can potentially form large-scale lattices giving quasi-
crystalline order as shown in the right-hand part of
Figure 57 which depicts a diamond lattice.

Figure 57. An example of a nematic director field confined
in a spherical geometry where there are four defects arranged
in a tetrahedral configuration, and an organised structure
created through packing along the defect lines.
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7. Functional and multipedal supermolecules

For the dendritic materials described above the meso-
genic entities attached to the central scaffold have all
been the same. The results show that the higher the
density of mesogens coating the surface of the scaffold,
the less relevant the dispersity of the system. Thus, such
materials are architecturally of low complexity.
However, in Section 6.3 linear supermolecules made
up of chains of mesogens were discussed. In ending
this study it is interesting to revisit this concept, but
this time with differing mesogenic (or non-mesogenic)
moieties attached to the central scaffold thereby creat-
ing a multipedal system, see Figure 58. In the earlier
analysis, the number of architectural variations for a
tetramer was shown to be in excess of one million;
however, for a tetramer with a tetrahedral scaffold the
number of variations is 2 x 8* which is considerably
less. Thus, molecular knots are much less complex than
molecular strings.

Typically, however, the tendency is to have, say for
example, three units the same, with one being differ-
ent, or two pairs the same and different to the other
pair (112, 113). Obviously for larger systems the pos-
sibilities are greater, and have led to examples of
supermolecular materials composed of two different
halves or faces, the so-called ‘Janus liquid crystals’
(114, 115).

One example of a functional supermolecule posses-
sing difluoroterphenyl mesogenic groups has been
reported as exhibiting the much sought after biaxial
nematic phase (//6-118). This material, shown in
Figure 59, comprises three rod-like units and one
disc-like moiety. The rod-like mesogens impose a posi-
tive birefringence, whereas the disc-like moiety pro-
vides a negative birefringence, with the material
exhibiting properties of both resulting in it supposedly
being biaxial. The higher degree of complexity in rela-
tion to the molecular architecture results in such sys-
tems exhibiting smectic polymorphism, in this case
nematic, smectic A and smectic C.

When this material is cooled from the isotropic
liquid it first forms a nematic phase. The disc-like
moieties favour the nematic phase over columnar
phases, whereas the difluoroterphenyl units classically

support nematic, smectic A and smectic C phases.
Thus, it is interesting that this phase sequence is
obtained on cooling. The nematic phase, however, is
relatively thermodynamically stable, possibly because
the disc-like units suppress layer formation. It is pos-
sible that the packing of the supermolecules together
prevents the rotational disordering of the discs by the
rods, as shown in Figure 60. Locally, therefore, the
mesophase is biaxial, but over longer distances it
might indeed approximate to being uniaxial.

8. Summary

In summary, we have used this conceptual article to
describe how the availability of intermolecular inter-
actions influence mesophase formation and stability at
the nanoscale length regime. We describe how the
whole of the molecular architecture and its interac-
tions have to be considered and as a consequence the
longitudinal interactions are equally as important as
the lateral interactions that are usually manipulated in
the process of the molecular design of materials of
commercial interest. Thus, taking a ‘holistic’
approach, we conclude that it is the strength of the
allowable dipolar and quadrupolar interactions which
are dependent on the dynamic and static steric shapes
of the molecules that determine mesophase stability.

Upscaling of molecular structure to the meso-length
scale appears to result in the smearing out of the inter-
molecular interactions, and as a consequence molecular
shape becomes the important determinant of meso-
phase formation. At such length scales, therefore, it is
less likely that polymorphism will be observed, and thus
the mesophases will fall into the three classes of lamel-
lar, columnar and cubic. Moreover, it appears that
molecular topology and surface relief in nano-objects
can result in molecular defects which may affect the
organisation of supermolecular structures over reason-
ably long length scales.
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