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Chirality and Frustration in Ordered Fluids

J. W. GOODBY,t A. J. SLANEY, C. J. BOOTH, I. NISHIYAMA, J. D. VUIJK,
P. STYRING, and K. J. TOYNE

School of Chemistry, The University of Hull, Hull, HU6 7RX, England

(Received February 12, 1993)

Chirality in liquid crystal systems is a complex and sometimes difficult concept to understand and
appreciate. In this article we review some of the reduced symmetry aspects of calamitic liquid crystal
phases with reference to point symmetry, space symmetry, and helicity. We utilize these concepts in
the discussion of new results obtained on Twist Grain Boundary phases, inversions in chiral dependent
properties such as the helicity in cholesteric and smectic C* phases and the spontaneous polarization
in ferroelectric liquid crystals, and antiferroelectric behaviour in low molar mass systems. Our obser-
vations suggest that many novel effects found in chiral liquid crystals are a result of conflicts between
the effects of reduced symmetry and the desire to form normal liquid-crystalline structures, i.e., a form
of frustration exists.

Keywords: liquid crystals, chirality, twist grain boundary phases, inversions, ferroelectrics
and antiferroelectrics

1. INTRODUCTION

Chirality in chemical systems has reached a pinnacle of importance in recent years,
particularly with the development of new asymmetric reactions which allow chem-
ists to design and create chiral materials almost at will.! Nowhere is this success
more apparent than in the synthesis of biologically active substances; life, after all,
is said to be “handed.” However, the ability to synthesize chiral compounds, with
high enantiomeric purities, has also impacted on the development of ‘“‘advanced
materials” through the preparation of novel polymers, liquid crystals, non-linear
materials, and compounds used in molecular recognition processes.

In liquid crystal systems the availability of chiral substances of high optical purity
has led directly to the discovery of novel phase structures and related phase be-
haviour. Furthermore, many of the physical properties of chiral liquid-crystalline
materials are dependent on the ‘“‘degree of chirality” exhibited by the material,
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which in turn is directly related to enantiomeric excess.? For example, liquid crystal
phases such as Blue Phases (BPs)® and Twist Grain Boundary Phases (TGBPs)*
have frustrated structures which exist only through the competition between chiral
forces and the desire for molecules to pack in ways such that they fill space uni-
formly. The degree to which these chiral forces/properties are effective is directly
related to optical purity.

Chirality in liquid crystal systems, however, encompasses a much wider subject
area than just classically defined frustrated phases (e.g. Blue Phases and TGB
phases). Topics such as ferroelectric, ferrielectric, and antiferroelectric phases®;
pyroelectric® and piezoelectric properties; non-linear optoelectronic processes; and
thermochromism and electrochromism must also be included in the catalogue of
chiral effects in ordered fluids. Figure 1 shows a schematic representation of how
relationships between chiral liquid crystal phases and symmetry, physical proper-
ties, applications and phases structures can be developed and interwoven.

1.1. Symmetry in Calamitic Liquid Crystals

In principle, we can define chirality in a number of relatively simple ways?; first it
can be described by the point symmetry of molecular structure, second through
the space symmetry of the structure of the mesophase, and third through the form
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FIGURE 1
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chirality of the helical macrostructures of many phases. Point symmetry is itself
described by the spatial configuration rules of Cahn, Ingold and Prelog,” space
symmetry by group theory, and form chirality by helicity or ‘“handedness.” Two
other important factors that are also coupled to the asymmetry in such systems are
the molecular biaxiality and the conformational structure(s) of the molecules.

1.2. Molecular Symmetry in Smectic Liquid Crystals

Symmetry operations at the molecular level are well-understood and have been
carefully defined in recent years. Cahn, Ingold and Prelog’ have produced an
invaluable and universally accepted method of labelling chirality in molecular struc-
tures, thereby creating a way of defining the absolute spatial configuration of a
molecule. In essence an asymmetric atom can be considered as a point in the
molecular structure of a compound that has no mirror symmetry operations as-
sociated with it.8 Thus the (R) and (S) absolute spatial configuration system defines
the local molecular structure about a chiral atom in terms of the atomic numbers
of the substituents attached to the asymmetric atom. However, it is important to
remember in the case of liquid crystals that this method only defines the spatial
configuration conventionally by atomic number and not by any intrinsic molecular
property such as polarity or steric shape and size.

Typically there are three ways, as shown in Figure 2, of introducing chiral centres
or atoms into, calamitic, rod-like liquid crystals that have two flexible aliphatic
chains attached to a rigid aromatic or quasi-rigid alicyclic core.

Template structure I (see Figures 2 and 3) is the molecular architecture found
in most chiral liquid crystals. The chiral atom is included in the peripheral aliphatic
chain, generally because of the ease of synthesis and the availability of suitable
chiral substrates, such as alcohols or carboxylic acids.

Type II systems have also been prepared where the chiral centre is in the central
region of the molecular structure, however, the bonding structure of asymmetric
atoms usually means that the two halves of the molecular core cannot be conjugated
with each other. Although liquid crystal phases have been observed in such systems

I RA-.—B(CH,),, —i-:‘IY
X

II RA Y
- BR'

X_ .y

111 RA—‘BR'

Where A and B are dipolar groups
X and Y are different atoms or groups,
and the core is shown as an ellipse

FIGURE 2 Where A and B are dipolar groups X and Y are different atoms or groups, and the core
is shown as an ellipse.
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it is often the case that this structural architecture leads to the destabilization of
liquid-crystalline characteristics and the suppression of phase formation.

More recently, attention has focused on attempting to incorporate a chiral centre
into the rigid core itself, type III° systems. Some chiral alicyclic systems have been
prepared that incorporate this design feature. They have been shown to exhibit
both chiral nematic and smectic phases. As this statement implies, molecular asym-
metry is important in liquid crystal systems because it can impart chirality to the
mesophase. This results in the liquid crystal phase having reduced symmetry which
leads to helicity and/or ferroelectricity. Examples of the three classes of material
typified by the general structures in Figure 2 are given in Figure 3.1

The chirality in the above template structures, with respect to the rules of Cahn
et al., is determined by the atomic numbers of the substituents X and Y. However,
in liquid crystals other aspects of molecular chirality are also important. It is well
known, for example, that the steric size and shape of the substituents X and Y and
their location with respect to the rigid core are important in determining phase
structure type and phase characteristics. The absolute spatial configuration of the
chiral atom and its location with respect to the core are often found to determine
the handedness of the helix of any helical phase exhibited by the material.

Furthermore optical purity (the relative amounts of the (R) and (S) enantiomers)
is a very important factor in relation to the degree of chirality imparted to the
liquid crystal phase. For instance, if the compound is made up of a 1:1 mixture of
(R) and (S) isomers, as in a racemic modification, then the compound will not be
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optically active and hence the liquid crystal phase will also be achiral. Consequently,
physical properties that are dependent on the chirality of the system will also be
dependent on optical purity. Unfortunately, it is often the case that when the
physical properties of chiral liquid crystals are evaluated the enantiomeric purity
is a neglected property. For instance, when we compare the physical properties of
chiral liquid crystals, the results obtained from each individual material should be
normalized to take into account the value of the optical purity. Thus, when a
material is composed of an ideally compensated mixture of enantiomers the mag-
nitude of a property such as the spontaneous polarization will be zero, whereas
the highest value attainable should be for an enantiomeric excess of 1. Linear
relationships between enantiomeric excess and the physical properties dependent
on the chirality of a material are expected, but have not yet been experimentally
verified.

1.3. Space Symmetry

In certain liquid crystal phases the space symmetry also has to be taken into account,
in particular this applies to the ferroelectric smectic C* phase,!! its related anti-
and ferrielectric states, and related crystal phases G*, H*, J*, and K*, and to
electroclinism!? in the orthogonal smectic phases, A*, B*, and E*.?* It is difficult
to define symmetry operations in fluid phases where the molecules are undergoing
rapid changes in conformational structures, and therefore, we can only consider
the simple situation of the local or environmental symmetry in the mesophase, say
for a small molecular ensemble, and then apply this to the bulk phase. For example,
consider the structure of the smectic C phase, when it is composed of achiral
molecules or a racemic modification then the environmental or local space sym-
metry consists of a centre of inversion, a mirror plane normal to the layers, and a
C, axis parallel to the layers and normal to the tilt direction. Thus, the symmetry
can be described as C,,. However, when the molecules of the phase are optically
active the local symmetry in the layers is reduced to a polar C, axis. As the molecules
are themselves polar, there is an inequivalence with respect to the dipoles along
the C, axis. This inequivalence occurs even though the molecules are undergoing
rapid reorientation motion about their long axes. The time dependent alignment
of the dipoles along the C, axis causes a spontaneous polarization to develop along
this direction, parallel to the layer planes and perpendicular to the tilt direction of
the molecular long axes, as shown in Figure 4. As a consequence each individual
layer can be considered as having a spontaneous polarization, and because the
phase has C, symmetry the polarization must be directional (Ps(+) or Ps(—)).

1.4. Helical Structures in Smectic Liquid Crystals

When certain liquid crystal phases are composed of chiral material they will also
exhibit helical macrostructures. In the chiral nematic phase a helix is formed by a
rotation in the packing of the molecules perpendicular to their long axes. The
rotation direction has the same sense throughout the phase, and hence a twist forms
perpendicular to the director of the phase. In Blue Phases a similar arrangement
exists but this time the twist can occur in more than one direction resulting in the
formation of a frustrated structure.?
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FIGURE 4 The direction of the polarization in the lower figure is defined as Ps(—).

In the smectic phases C, 1, and F phases the long axes of the molecules are tilted
with respect to the layer planes of the phase. When any of these phases incorporate
optically active materials in their structures the phase becomes helical. Thus, for
a single component material, a spontaneous temperature-dependent twist of the
tilt orientation is induced about an axis normal to the layers. Thus, there is an
angle (azimuthal angle, ¢) between the plane containing the layer normal and the
director for adjacent layers, and as this rotation is always in the same direction a
helical macrostructure is formed. The twist can be either right- or left-handed, and
as the pitch of the helix formed is temperature-dependent, the phase will selectively
reflect light when the pitch is comparable to the wavelength of light, hence the
phase becomes iridescent. For the more ordered chiral crystal phases, G*, H*, J*,
and K*, the three dimensional long range periodic ordering of the molecules ef-
fectively suppresses the formation of a helical structure.
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In the antiferroelectric phase a slightly different variation on the helical structure
of the smectic C* phase is found. In the unwound (non-helical) structure of the
antiferroelectric phase, molecules in adjacent layers are tilted in opposite directions
to one another, as if adjacent layers had been rotated by 180° with respect to each
other. In the helical case, the zigzag bilayer structure is rotated in one preferred
direction about the direction normal to the layers. Furthermore, the zigzag local
ordering of the molecules causes a repeat in the helical structure for a 180° rotation
about the helical axis, as shown in Figure 5.

The Twist Grain Boundary phase also exhibits a macroscopic helical structure,
but as this novel phase is the subject of a later part of this article its structure will
not be discussed in depth here, save to say that it is caused by a competition
between the desire for the molecules to form a layered structure as in a normal
smectic phase, and the tendency for the molecules to pack together to form a helical
structure as in a chiral nematic phase.

1.5. Combined Effects of Reduced Symmetry

The smectic C* phase can be used as an example of a liquid crystal phase that
displays the three types of chirality given above. Firstly the constituent molecules
of the phase are chiral and therefore possess point symmetry in relation to their
asymmetric centres, secondly when packed in layers where the molecular long axes
are tilted with respect to the layer planes, the phase has C, space symmetry, and
thirdly the stacking of the layers one on top of another results in the tilt precessing
about the normal to the layers creating a macroscopic helical structure!# as shown
in Figure 6.

1.6. Structures of Chiral Liquid Crystal Phases

The structures of chiral mesophases are many and varied. In all cases a material
that exhibits a chiral mesophase must be optically active (even for a mixture of
compounds), and as a consequence all of the phases will have chiral space sym-
metries, but, not all are required to exhibit helical macrostructures. Thus, helicity
is a secondary structural property, which can be suppressed without change to the
molecular or space asymmetry. Typically, the structures of chiral mesophases of
calamitic materials fall into five categories, frustrated phases, orthogonal phases,
tilted phases, cholesteric phases, and quasi-crystalline phases.!® In all, but the
orthogonal and quasi-crystal phases, helical macrostructures are observed. Figure
7 shows a schematic representation of the structures of some chiral mesophases.

1.7. Rotational and Conformational Order in Chiral Liquid Crystals

In the case of the structures of the cholesteric and blue phases the molecules are
orientationally ordered, but at the same time they are rotationally disordered with
respect to their long axes. Similarly, in the smectic state the molecules are orien-
tationally ordered, but unlike the cholesteric and Blue phases the molecules packed
in diffuse, poorly structured layers. Again the molecules are rotationally disordered
with respect to their long axes, and there is no long range positional order within
or between the layers. Only in the quasi-crystalline smectic phases do the molecules
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FIGURE 5 The proposed helical structure of the antiferroelectric smectic C* phase.

have long range periodic ordering, but like the other phases the constituent mol-
ecules are rotationally disordered. In this brief analysis of the structures of chiral
calamitic mesophases it is important to note that in each case, the rotational disorder
can affect the chiral interactions of the molecules considerably, thereby in turn
affecting chirality dependent liquid-crystalline properties. For example, the helical
pitch length in cholesteric and smectic C* phases, the magnitude of the spontaneous
polarization and second harmonic generation (SHG) efficiencies!® in ferroelectric
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phases, and phase transition temperatures can be markedly affected by the rota-
tional disorder of the molecules. The rotational disorder can take two forms, that
of the molecule as a whole about its long axis, which is related to the biaxiality of
the system, and the internal rotational disorder which is related to the confor-
mational structures of the molecules making up the mesophase.

For example, consider the problem of designing and synthesizing a material that
exhibits a ferroelectric smectic C* phase which has a relatively large spontaneous
polarization. First, it is important to understand the origin of the polarization at a
molecular level.!? For this purpose, it is useful to consider a relatively simple model
for a molecule in the smectic C* phase, as shown in Figure 8. In this figure the
molecule is shown as a simple rod which is tilted at an angle of 6 to the layer planes,
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FIGURE 7 Structures of some chiral liquid crystal phases, the molecules are shown as rods.

thus rotation of the molecule over a surface of constant energy, about the tilt angle,
sweeps out a cone of revolution that has an angle at its apex of 28. We also need
to assume that the molecule has a lateral dipole, p,, perpendicular to its long axis,
and that the dipole is positioned at an angle of ¥ to the C, axis of the phase.

If we now consider the energy diagram showing potential energy as a function
of the angle, ¥, between the transverse dipole moment of the molecule, p,, and
the C, axis, we find that, the magnitude of the polarization will depend on the
depth and shape of the energy curve. If the molecule has no chiral centre, the
energy at ¥ = 0° and 180° should be same, as shown in Figure 9(a). Furthermore,
there is no net polarization as a whole, even though w, may still exist along the
direction of the C, axis. The introduction of the chiral centre into the molecular
structure breaks the symmetry and creates an energy difference (AE) between the
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C, axis
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FIGURE 8 A simple model for the local structure associated with one molecule in the smectic C*
phase, p, is the transverse dipole moment of a molecule, ¥ is the angle between p, and C, axis, and 8
is the tilt angle.

(a) (b}

E (a.u.)
E (a.u.)

180 0
v (deg) v (deg)

FIGURE 9 The effect of the introduction of a chiral centre on the shape of the energy diagram in
the C phase. (a) For an achiral molecule, there is no energy difference between ¥ = 0° and 180°. (b)
The introduction of a chiral centre into the structure of the molecule breaks the symmetry along the
C, axis creating an energy difference, AE, between the two positions.

C1°H210_®-CH=N_©-CH=CH_002'CH2'(|:H'CQH5
CHa

DOBAMBC 0.009 D/molecule

CmeO-O-CH=N_©_CH=CH-002‘?H'03H7

DOBA-1-MBC 0.11 D/molecule

FIGURE 10 Comparison of the molecular polarization in two isomeric compounds.

positions at ¥ = 0° and 180°, see Figure 9(b) (the shapes of the energy curves for
both diagrams are shown schematically), and this consequently produces a polar-
ization along the direction where ¥ = 0° as shown in Figure 9(b).

Thus, as the energy difference, AE, results from a reduction in symmetry caused
by the introduction of a chiral centre, one obvious way to increase the size of AE
is to bring the dipole and the chiral centre close together. This has the effect of
increasing the coupling between the lateral dipole and the part of the molecular
structure involved in the symmetry breaking operation. For example, replacement
of the 2-methylbutyl chiral unit of DOBAMBC by the isomeric 1-methylbutyl unit
(DOBA-1-MBC)*® increases the polarization by more than a factor of 10 (see Figure
10).»®
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Another way to increase the value of AE is to restrict the rotation of the chiral
centre (not that of the dipole) thereby increasing the degree of coupling of the
lateral dipole with the source of the chirality. For instance, if the chiral centre is
allowed to rotate freely and homogeneously about the director, then there will be
no energy difference for any value of ¥. One way of restricting the rotation of the
chiral moiety is to extend the terminal aliphatic chain on the peripheral side of the
chiral centre, thereby burying the chiral centre in the structure of the molecule.?
It is important to note that positions along the terminal chain closer to the centre
of the molecule will have less mobility associated with them.

Results from earlier research, on the effect that changing the alkyl chain length
on the external side of the chiral centre has on the magnitude of the polarization,
confirm the above postulation. For example, the value of the spontaneous polar-
ization was determined for compounds DOBA-1-MBC and DOBA-1-MPC, the
results found are shown in Figure 11.1®

Thus, extension of the peripheral aliphatic chain appended to the chiral centre
of DOBA-1-MPC by one methylene unit (i.e., to give DOBA-1-MBC) was found
to almost treble the value of the spontaneous polarization even though the dilution
effect caused by increasing the volume size of the molecule should have reduced
the overall value.

Similarly, we found analogous results via the synthesis of a number of (R)- and
(5)-1-methylalkyl 4-(n-octanoyloxy)biphenyl-4'-carboxylates. This investigation sought
to study systematically the effect of damping of the motion of the chiral centre on
the magnitude of the spontaneous polarization. As with study of the analogues of
DOBAMBC, it was found that damping of the motion of the chiral centre sub-
stantially increases the value of the spontaneous polarization, as shown in Ta-
ble I.

Finally, it should be noted that in the case where two materials have the same
energy difference, AE, in the energy diagram, it is probable that they will still have
different polarization values. This is because the magnitude of the spontaneous
polarization is also dependent on the shape of the energy diagram. A compound
having an energy diagram as shown in Figure 12(a) would possess a larger polar-
ization value than the compound possessing an energy diagram of the form shown
in Figure 12(b). For instance, the dipole moment projected on to the C, axis (¥
= 0°) would have to be larger in the case of 12(a) with respect to that for 12(b).
This could be realized by increasing the rotational hindrance of the dipole, thereby
increasing the effective dipole projected along the C, axis.

Csz,O-@-CH=N—©—-CH=CH—002-?H-03H7
DOBA-1-MBC  42nCcm?

C,°H21O-©-CH=N—©—CH=CH—COZ-CH2-CI7H-CQH5
CH,

DOBA-1-MPC 17 nC cm™

FIGURE 11 Comparison of the spontaneous polarization. The values were determined at T, — T
= 5°C."*¥
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TABLE I

Effect of alkyl chain length on the absolute polarization (P,)%

CaH‘ﬁOO—O—O-COO-?H-CnHma

CH,
n Po (nC cm-2 °C9)
2 7.7
3 32,0
4 30.7
5 488
6 422

Thus, in principle point symmetry and phase symmetry affect the overall chirality
of the system, but we still have to take into account molecular structure, confor-
mational structure, and rotational disorder when we appraise the overall effect of
chirality. As noted above, rotational freedom can markedly affect matters, and in
Figure 13 we attempt to show how certain intramolecular interactions can affect
this process. In the following sections we discuss this matter from a practical stand-
point through the synthesis of materials, where the steric shape of the molecule
has been designed to investigate these effects further and to explore the extremes
of the effects of chirality in liquid crystal systems.

Thus, in this section of the introduction we draw attention to the fact that the
chirality of a liquid crystal system is affected usually, but not always, by three
symmetry considerations; point, space, and form symmetry. In turn the degree of
chirality is affected by optical purity, biaxiality, rotational hindrance, dipole size,
steric shape, and conformational structure. Consequently, the topic of chirality is
a very complex one, and as it is difficult to cover all aspects of the subject in one
article, only the following topics will be discussed in more detail with reference to
the symmetry and rotational hindrance arguments described above:

(a) frustration and Twist Grain Boundary phases,
(b) inversions in chiral properties, and
(c) antiferroelectric effects in smectic phases.

Blue Phases, cholesterics, and ferroelectrics will not be dealt with in any depth
as they will be discussed elsewhere.

(a) (b

E (au.)
E (a.u.)

180 0 180
v (deg) v (deg)

FIGURE 12 Effect of restriction of the dipole on the shape of the energy diagram. If the dipole is
restricted, the energy curve would steepen about the energy minimum, as shown in (a).
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2. FRUSTRATED PHASES AND TWIST GRAIN BOUNDARY PHASES

Twist Grain Boundary (TGB) phases are typically detected at the phase transition
from the liquid or cholesteric states to the smectic state.?! So far stable Twist Grain
Boundary phases have been found to mediate the cholesteric to smectic A*, iso-
tropic liquid to smectic A*, and cholesteric to smectic C* transitions. This gives
rise to corresponding TGB 5. and TGB. phases which generally exist over a tem-
perature range of a few degrees.

2.1. The de Gennes’ Analogy with Superconductors

The presence, and to some degree the discovery, of TGB phases in liquid-crystalline
systems stems from theoretical studies made by de Gennes.??> Through his modeling
of the N—A transition de Gennes predicted that, for a second order nematic to
smectic A phase transition, a defect stabilized phase could occur when the liquid
crystal was subjected to twist or bend distortions. Furthermore, de Gennes also
sought to unify his physical theory of the nature of this phase transition with similar
theories for phase transitions in superconductors. In his analogy, de Gennes sug-
gested that the twist and bend distortions could be incorporated into a layered
smectic A structure via the presence of an array of screw or edge dislocations. The
screw dislocations permeate the normal A phase in the form of a lattice, and this
is similar to how the conducting phase permeates the superconducting phase to
form a lattice of vortices in the Abrikosov flux phase of Type II superconductors.?
Relationships between liquid crystals and superconductors in the de Gennes analogy
are summarised in Table II.

This analogy was further developed by Renn and Lubensky* to incorporate chiral
systems. In their theoretical modeling it was suggested that a similar intermediary
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TABLE II

The analogy between superconductors and liquid crystals (after Renn
and Lubensky)

Superconductor Liquid Crystal
y = Cooper pair amplitude V = density wave amplitude
A = vector potential n = nematic director
B = V x A = magnetic induction Ko =n.V x n = twist
normal metal nematic phase
normal metal in a magnetic field cholesteric (N*) phase
Meissner phase smectic A phase
Meissner effect twist expulsion
London penetration depth A twist penetration depth A
superconducting coherence length § smectic correlation length &
vortex (magnetic flux tube) screw dislocation
Abrikosov flux lattice twist grain boundary phase

phase could also be formed at the cholesteric to smectic A* transition. This phase
was predicted to be stabilized by a lattice of screw dislocations, which they expected
to form in rows or chains, and hence they named the phase the Twist Grain
Boundary Phase (TGB,.). Subsequently, they developed their models further to
incorporate the cholesteric to smectic C* transition; the phase predicted to be
formed in this case was called the TGB.. phase. Two forms of this phase are
expected, one where the molecules are simply inclined to the layer planes with no
interlayer twist, and another where they are allowed to form helical structures
normal to the layer planes in addition to the helices formed by the screw dislo-
cations.?*

Thus, at a normal cholesteric to smectic A* transition, the helical ordering of
the cholesteric phase collapses to give the layered structure of the smectic A*
phase. However, for a transition mediated by a TGB phase, there is a competition
between the need for the molecules to form a helical structure due to their chiral
packing requirements and the need for the phase to form a layered structure.
Consequently, the molecules relieve this frustration by trying to form a helical
structure, where the axis of the helix is perpendicular to the long axes of the
molecules (as in the cholesteric phase), yet at the same time they also try to form
a lamellar structure as shown in Figure 14. These two structures are incompatible
with one another and cannot co-exist and still fill space uniformly without forming
defects. The matter is resolved by the formation of a periodic ordering of screw
dislocations which enables a quasi-helical structure to co-exist with a layered struc-
ture. This is achieved by having small blocks of molecules, which have a local
smectic A structure, being rotated with respect to one another by the screw dis-
locations, thereby forming a helical structure.?® As the macroscopic helix is formed
with the aid of screw dislocations, the dislocations themselves must be periodic. It
is predicted that rows of screw dislocations in the lattice will form grain boundaries
in the phase, and hence the new phase was referred to as the twist grain boundary
(TGB) phase.

In this analysis it must be emphasized that the TGB phase is not simply a layered
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FIGURE 14 Structure of the Abrikosov TGB ,. Phase.
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FIGURE 15

cholesteric phase, and should not be confused with this concept. A layered cho-
lesteric phase simply cannot exist on a macroscopic scale, and it is a requirement
that defects must be formed.

2.2. TGB Materials

Examples of this theoretically predicted phase were first discovered in some pro-
piolate esters of ‘‘high liquid-crystalline chirality,” shown in Figure 15.

These materials?® were synthesized so as to have high optical purities, their chiral
centres were located adjacent to the rigid molecular cores in order to couple strongly
with the dipolar regions of the cores, and the peripheral terminal chains appended
to the external sides of the chiral centres were made to be relatively long so as to
increase the rotational steric hindrance. Certain members of this family of materials
were found to exhibit exotic phase behaviour in that they formed the Twist Grain
Boundary phase directly on cooling from the isotropic liquid. The helical structure
in the TGB ,- phase of these materials appears, from experimental studies, to have
a pitch length in the range of 0.38 to 0.63 micrometers; therefore the phase, like
the cholesteric phase, selectively reflects light. Studies appear to indicate that the
block size is about 185 A, which is quite small considering that the phase is still
smectic.?® Verification of the presence of a lattice of screw dislocations was found
to be difficult to obtain through x-ray diffraction experiments, however, freeze-
fracture studies have been instrumental in confirming the structure of the TGB .-
phase.?” Thus, these remarkable phases and phase transitions can be said to be the
result of the competition between chirality and conventional phase structure.

Since the discovery of the first TGB materials in 1989 a wider range of materials
that exhibit this phase have been discovered.?® Generally they all tend to have
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similar structures to the original TGB compounds. A list of homologous series of
compounds for which some members exhibit TGB phases is given in Figure 16.
This compilation is by no means complete as many individual compounds also
possess TGB phases, however, this growing list is now so long that single materials
are not given here. It is also interesting to note that the benzoate esters, analogous
in structure to the phenylpropiolates (the original TGB materials), do not readily
exhibit TGB phases with fewer compounds in the series showing such properties.

“Abrikosov-like” phases are also believed to be exhibited by some optically
active side-chain liquid crystal polymethacrylates, where the mesogenic side-group

RO_O—:_(Z =9 7 _(CH:,

D=L

ce”ta

F F
o
RO_G_(QS _((EH;,

CeHia

Ry D=3,
ROO—%ZY |

ol

FIGURE 16 Structures of homologous series of compounds where some members exhibit TGB phases.?
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is derived from cholesterol.>® The polymer, of structure shown below in Figure 17,
was reported to exhibit a twisted layered structure in its smectic A phase, and the
authors likened this to a layered cholesteric phase. Clearly such a structure cannot
exist without the creation of defects and hence the ensuing formation of a lattice
defect structure. Thus, presumably this polymer must also exhibit a Twist Grain
Boundary phase like low molar mass materials. Possibly, as the liquid crystal phase
develops from either the liquid or the crystal states, the main chain of the polymer
prevents a cholesteric phase from forming and instead induces the formation of a
smectic A phase. However, the strong chirality of the side group in turn forces the
layers to twist to give an “Abrikosov phase.”

Work on non-steroid systems also reveals that TGB phases can also be formed
in more conventional chiral polymers. Figure 18 shows the structure of another
polymethacrylate which exhibits cholesteric, TGB 4., smectic A*, and ferroelectric
smectic C* phases. It is interesting to note that the directly analogous polyacrylate3?
does not possess such disordered phases and therefore does not exhibit a TGB
phase.

2.3. The 1-Methylheptyl 4'-(4"-n-Alkoxyphenylpropioloyloxy)biphenyl-4-
carboxylates

The first twist grain boundary phases discovered in low molar mass materials were
found in‘the optically active variants of the 1-methylheptyl 4'-(4"-n-alkoxyphen-

>

CH4C— COO(CH;),cCO0
m

FIGURE 17
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ylpropioloyloxy)biphenyl-4-carboxylates (IM7nOPBBCs).2 The general chemical
structure for this family is shown earlier in Figure 15.

The phase transitions for this series were examined and determined by thermal
optical microscopy and differential scanning calorimetry, the results for which are
given in Table III. The transition temperatures (°C) for the series are plotted as a
function of increasing n-alkoxy chain length in Figure 19. It can be seen that, as
the series is ascended, the smectic A* to smectic C* transition temperatures rise
sharply. Over the same interval of chain length the smectic A* to isotropic liquid
transition temperatures fall, thereby decreasing the temperature range of the smec-
tic A* phase with increasing chain length. For the hexadecyloxy homologue this
effect results in a direct smectic C* to isotropic liquid transition. Thus, the smectic
A* phase senses an increasing degree of fluctuations from both the isotropic liquid
and the smectic C* phase as the series is ascended.?? If we now examine the variation

TABLE III

Transition temperatures (°C) and clearing point enthalpies (cal g~') for the (R)- and
(S)-1-methylheptyl 4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates

(1M7nOPPBCs)
CH o—@—(o 0
n'2n+1 —_—
OO
CeHia
n Iso to A* Iso A*orTGBA+* C*to C*ferri mp Recryst
or TGBA* to C* wer T C‘mf mC‘m*
8 9715 813 585
AH 1.6 11.3
9 97.5 813 584
AH 14 12.1
10 98.0 [76.3] 854 768
AH 15 123
11 95.0 [78.1] [56.0] [44.6] 851 759
AH 0.8 12.8
12 96.3 86.0 [57.3] [48.0] 824 364
AH 0.9 114
13 94.1 88.3 [57.1] [43.7] 81.6 33.7
AH 0.5 10.8
14 93.8 89.7 [53.4] [42.5] 783 372
AH 03 11.0
15 91.6 90.6 (50.0) 76.5 52.0
AH 0.2 114
16 99.0 734 25.6
AH 0.4 10.5
Where [ ] denotes a monotropic transition,

( ) denotes a virtual transition (observed on fast supercooling),
t denotes a phase transition where the enthalpy was too small to be measured.
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FIGURE 19 Transition temperatures (°C) shown as a function of n-alkoxy chain length for the (R)-
and (§5)-1-methylheptyl 4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates (1IM7nOPPBCs).
The melting points are omitted from the figure for reasons of clarity.

in the clearing point enthalpy with respect to chain length we find that the values
fall sharply as the n-alkoxy chain length is increased. Thus, the clearing point
transitions appear to become more weakly first order in nature with increasing
n-alkoxy chain length.

The sharp decrease in enthalpy values for the clearing points (as shown in Figure
20) coupled with the decreasing smectic A* range on ascending the series appear
to satisfy the criteria set out by de Gennes? for the emergence of dislocation
stabilized phases, i.e., the transitions should become more second order in nature
and strong pretransitional effects must be felt for defect stabilized phases to occur.
Hence the tridecyl to pentadecyl homologues were found to exhibit Twist Grain
Boundary (TGB4 ) phases because the projected temperature ranges of their smec-
tic A* phases were relatively short. Figure 20 shows how the clearing point en-
thalpies fall dramatically with increasing chain length, and it is interesting to note
the sudden increase in value for the n-hexadecyloxy homologue which exhibits a
direct isotropic to smectic C* transition, i.e., the clearing point transition appears
to be becoming more strongly first order again as the smectic C* modification
becomes the dominant phase.

These studies also show two other interesting effects, firstly certain members in
the homologous series exhibit ferrielectric and antiferroelectric phases, and sec-
ondly for the materials that exhibit TGB,. phases, a novel transition is found to
occur in the isotropic liquid.

The ferri- and anti-ferroelectric phases appear first for the undecyl homologue
on ascending the series, and disappear once the chain length reaches sixteen carbon
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FIGURE 20 Transition temperatures (°C) shown as a function of n-alkoxy chain length for the (R)-
and (S5)-1-methylheptyl 4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates (1M7TnOPPBCs).

atoms in length. A later section in this article will deal in more detail with these
phases so they will not be discussed further here.

Above the clearing point transitions the materials also exhibit enthalpies in the
temperature range of the isotropic liquid. These transitions are detected as broad
diffuse peaks by differential scanning calorimetry in both heating and cooling cycles.
No effects are observed in the polarizing microscope for this transition however,
suggesting that the two liquid states have very similar properties and any ordering
of the molecules in the lower temperature liquid phase must be weak. The presence
of this new liquid phase has been verified by x-ray diffraction and polarimetry
studies. It is interesting to note that when these materials are prepared in their
racemic forms this liquid-liquid phase transition disappears. Moreover, the clearing
temperature moves to a higher value and the magnitude of the associated enthalpy
also increases. For each of the homologues that exhibit TGB phases, if the clearing
point enthalpy for the liquid to TGB phase transition is added to the value for the
liquid to liquid transition, then the total value is approximately equal to that for
the smectic A to isotropic transitions in the equivalent racemate. This is further
evidence to support the view that the liquid to liquid transition is real and not an
artifact.

Itis also interesting that the clearing point temperatures are lower for the optically
active compounds in comparison to their racemic equivalents (by almost 4°C for
the tetradecyloxy homologue) which is in agreement with de Gennes’ theoretical
model. These results clearly show that chirality and optical purity can markedly
affect transition temperatures in liquid crystal systems. Table 1V gives the liquid
to liquid transition temperatures for the C;; to C;s homologues and related values
for the racemic form of the tetradecyloxy homologue.
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TABLE IV

Transition temperatures (°C) and enthalpies (cal g ') for
the (R), (§), and racemic forms of the 1-methylheptyl 4'-
(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates

(IM7nOPPBCs).
CpHzn o—@*{o o
n +1 -—
°o_(9H“
CeHya

n liq to liq Iso to TGBA * TGBA* to C*
(R) and (S) Enantiomers e.c. = 0.99 for both isomers
13 95.4 94.1 88.3
AH 0.6 0.5 0.06
15 96.3 91.6 90.6
AH 09 0.2 0.08
14 95.7 93.8 89.7
AH 0.9 0.3 0.04
Racemate
14 97.7 90.3
AH 1.24 0.05

The presence of a liquid to liquid transition in these systems is one of the more
intriguing aspects of the affects that chirality has in ordered fluid systems. Just why
this transition should occur, and what is the nature/structure of the liquid phase
which is present between the TGB phase and the isotropic liquid, are questions
that have yet to be resolved. However, it is possible that the intermediate liquid
phase is similar in nature to the Blue Fog phase® (or Blue Phase III) which is found
to occur between Blue Phase II and the isotropic liquid. It is possible to speculate
that the intermediary liquid phase has short range ordering of the molecules, and
that when the TGB phase melts either the lattice of defects melts first leaving
clusters of smectic A cybotactic-like groups surrounded by a normal liquid, or the
smectic A regions of the TGB phase melt first leaving a network of screw dislo-
cations floating in an amorphous liquid. This type of phase could be called an

entangled flux phase.

2.4. Increasing the Peripheral Terminal Chain at the Chiral Centre

In the introduction section of this article trapping or restricting the motion of the
chiral centre was discussed in terms of its increased effect on the molecular chirality
of the system. For example, by increasing the length of a terminal aliphatic chain
appended to the chiral centre it is expected that it will become buried in the overall
structure of the molecule, thereby effectively damping the rotational freedom. This
hypothesis was tested on the series of materials that exhibited TGB phases, thus
the (R)- and (§)-1-methylalkyl 4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-car-
boxylates (IMmnOPPBCs) were prepared.3* The results obtained for the transition
temperatures of some of the C,, homologues are listed in Table V. It is interesting
to note that the temperature range of the TGB ,. phase falis as the terminal aliphatic
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TABLE V

Transition temperatures (°C) for 1-methylalkyl 4'-(4"-n-
tetradecycloxyphenylpropioloxyloxy)biphenyl-4-carboxylates

o]
C1AH290—< >———‘<= o)
oo_(§H°

CmHZmH
m Iso to Iso to A* A* or TGBA* C*to C*ferri Recryst
Iso or TGBA* to C* C*ferri to C*ant
6 95.7 93.8 89.7 [53.4] [42.5] 37.2
8 96.5 91.0 89.6 [38.6] 52.0
10 94.5 89.8 89.3 67.4

Where [ ] denotes a monotropic transition.

chain is increased in length, whereas the temperature ranges of the intermediary
liquid phase increase and then decrease. This second observation is possibly more
to do with the stability of the underlying TGB phase because upper transition
temperatures for the intermediary liquid phase do not vary greatly. In an analogous
way the ferri- and anti-ferroelectric phases appear to be suppressed with increasing
peripheral chain length, but this issue is not as clear cut as that for the clearing
point trends because the melting/recrystallization temperatures rise sharply with
increasing chain length.

This study suggests that the effect of chirality diminishes with increasing terminal
chain length. This may well be true for these materials, as increasing the length of
the peripheral chain to greater than six carbon atoms may not have much affect
on the rotational disposition of the chiral centre. In fact, the reverse might be the
case and that by increasing the chain length we may be diluting the effects of
chirality simply by increasing the relative size (volume) of the molecular structure.

For the series (R)- and (S)-1-methylalkyl 4'-(4"-n-alkoxyphenylpropioloyl-
oxy)biphenyl-4-carboxylates (!MmnOPPBCs) where the peripheral alkyl chain is
eight or ten carbon atoms in length and the alkoxy chain is varied, similar results
are obtained as for the 1-methylheptyl homologues discussed earlier except for the
fact that TGB, ferrielectric, and antiferroelectric phases are not so prevalent; the
properties of these two series are therefore not discussed in detail here. However,
it is interesting to note that the intermediary liquid phase is found to occur even
in homologues where there is no TGB phase present, as shown by the DSC data
given in Figure 21 for the (R) and (S)-1-methylnonyl 4’-(4"-n-alkoxyphenylpro-
pioloyloxy)biphenyl-4-carboxylates (IM9nOPPBCs). If the clearing point enthal-
pies of this series are plotted as a function of increasing chain length, then again
we see the values fall sharply. However, if the sum of the liquid to liquid crystal
and liquid to liquid transitions is determined then it can be seen that the overall
enthalpies associated with the clearing point process rise (see Figure 22), but much
of the activity is taking place in the liquid phase and not at the liquid to liquid
crystal transition.

Changing the length of the lateral group at the chiral centre from methyl to
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FIGURE 21 Enthalpies (kJ mol~') for transitions occurring at or near to the clearing point for the
(R)- and (§)-1-methylnonyl 4'-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates (1MInOPPBCs).
The total enthalpy value for the liquid-liquid and liquid-liquid crystal transitions is also shown.
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FIGURE 22 The DSC cooling thermograms for the (R), (S) and racemic forms of 1-methylheptyl
4’-(3"-fluoro-4"-n-tetradecycloxyphenylpropioloyloxy)biphenyl-4-carboxylate.
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propyl for instance has the effect of suppressing all liquid crystal transitions, and
in the case of the C,, ethyl branched homologue no liquid crystal phases are
observed. This study indicates that by increasing the size of the lateral substituent
in order to restrict the rotational freedom, we have essentially increased the lateral
steric repulsive interactions to such an extent that the molecules cannot pack easily
together to form a mesophase.

2.5. Lateral Substitution in the Core of the Mesogen

In the previous sections we have been primarily concerned with the effects of
changing the terminal alkoxy chain length and the peripheral chain lengths of the
aliphatic moieties attached to the chiral centre, in this part we examine the effect
on TGB phases of the introduction of substituents into the aromatic core of the
mesogen. In particular, the effects of the introduction of lateral fluorine atoms into
the phenylpropiolate portion of the molecule are highlighted. Table VI shows the
comparison between the transition temperatures of fluorinated and unfluorinated
systems. The unfluorinated materials have slightly higher temperatures than their
analogous fluorinated compounds. With a fluorine atom pointing in towards the
centre of the core (in the 2 position) TGB phases appear to be more stabilized or
at least of approximately the same temperature range as the TGB phases found
for the unfluorinated analogues. However, these materials also appear to exhibit
TGB,. to smectic A* transitions unlike the hydrogenous forms.

The 3-fluoro systems are the more remarkable members of this series of com-

TABLE VI

Transition temperatures (°C) for the (R)- and (S)-1-methylheptyl 4'-(3"-fluoro-or 2"-
fluoro-4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates (IM7nOPFPBCs)

X ¥
0
CoHane1O § O g
OO0+

CeHia
n X,)Y IsotoA* TGBa+ Iso A*orTGBA* C*to C*ferri Recryst
orTGBA* (g A® to C* to C* C*ferri 10 C*angi

14 HH 938 89.7 {53.4] [42.5] 37.2
14(+/-)HH 97.7% 90.3%

14R) FH 75.4 49.6
14S8) FH 75.5 62.7
14(+/-)FH  81.5% 79.3 44 8%
14R) HF 85.8 80.8 72.6 37.8
14(8) HF 87.0 829 73.5 39.2
14(+/-) HF _ 87.6% 76.8% 33.6%
Where [ ] denotes a monotropic transition,

¥ denotes a phase transitions for an achiral material; for these transitions the asterisk

should be omitted from the column heading,

(+/-) denotes the racemic form.
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pounds. It can be seen that the optically active variants do not exhibit TGB phases,
but instead possess a direct isotropic to smectic C* transition. However, the race-
mate displays somewhat different behaviour in that a smectic A phase is inserted
between the isotropic liquid and the smectic C phase. The phase transitions also
occur at higher temperatures in the racemic modification in comparison to the
enantiomers. This indicates that the nature of the chirality has the effect of sup-
pressing phase transitions, and in particular the isotropic to smectic A* transition
to a point where it occurs below that of the transition to the C* phase in the
enantiomers (if it were permitted). For the enantiomers, a DSC scan shows that
a liquid to liquid transition appears at the same temperature where the A to C
transition occurs for the racemate, as shown in Figure 22.

This is quite a remarkable effect as the clearing point temperature is suppressed
by almost 4°C by the introduction of chirality into the system, and this suppression
is enough to negate the formation of a smectic A* phase in the enantiomers. The
broad peak seen in the DSC trace for the liquid to liquid transition once again
suggests that the intermediary liquid phase has short range order possibly of a
cybotactic nature.

It is also interesting to note that fluoro-substitution adversely affects the presence
of ferrielectric and antiferroelectric phases. The ferro- to ferri- and ferri- to anti-
ferroelectric transition temperatures were found to be reduced by at least 15°C in
some cases.

Miscibility studies of the (R)-3-fluoro-isomer with the (§)-3-fluoro-enantiomer
show the generation, and stabilization, of a smectic A phase through the formation
of a TGB4. phase, and possibly a TGB.+ phase. Further details of this unusual
behaviour are published elsewhere.

2.6. Terminal Linking Groups, Esters versus Ketones

The (5)-4-(2-methyloctanoyl)biphenyl 4-n-alkyloxyphenylpropiolates (IM7COBnOPs),
shown in Figure 23, were also prepared and the results obtained on their liquid-
crystalline and physical properties were compared with those for the analogous
series (R)- and (S)-1-methylheptyl 4'-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-
4-carboxylates (IM7nOPPBCs).3*

The homologous series was selected for synthesis because it possesses a strongly
polar “carbonyl” moiety, that is located adjacent to the chiral centre. The dipole
associated with the carbonyl functional group is considered to be stronger than
that for an ester group, therefore, this study was expected to produce information
on the effect that the stronger lateral dipole of the molecules has on the formation
of TGB and antiferroelectric phases.

The transition temperatures of the (S)-4-(2-methyloctanoyl)biphenylyl 4-n-al-
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CH,

FIGURE 23
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kyloxyphenylpropiolates (1IM7COBnOPs) determined by a combination of thermal
optical polarized light microscopy and differential scanning calorimetry are shown
in Table VII, and depicted graphically in Figure 24.

It can be seen from the graph, shown in Figure 25, that the clearing point
transition temperatures are almost independent of n-alkyl chain length (n) over
the number of homologues studied. The transition temperatures are almost constant
at a value of approximately 107°C. This form of behaviour is clearly different from
that observed for the analogous ester series. In the case of the esters the clearing
points fall with increasing the n-alkoxy chain length (n). Furthermore, the clearing
points of the ketones are higher than those of the esters. These results indicate
that the “liquid crystallinity” of the ketones is stronger than that in the analogous
esters. Thus, it is possible that the stronger dipole associated with the carbonyl
moiety and its adjacent position to the chiral centre may play an important role in
stabilizing the mesophase formation. However, unlike the esters, the “ketone”
homologous series was found not to exhibit TGB phases. This is because the
increased isotropic liquid to smectic A* and lower smectic A* to smectic C* tran-
sition temperatures for the ketones has the effect of stabilizing the smectic A*
phase over approximately a 20°C range, even for the longest chain length studied
(n = 18). The wideness of the temperature range of the smectic A* phase is
undesirable for the emergence and stabilization of TGB phases, because the TGB
phase requires fluctuations from neighbouring phases to be present.

These results can be augmented, and to some extent confirmed, by examination
of the DSC thermograms of the ketones and comparing them to those of the esters,
see Tables III and VII, and compare Figures 20 and 26. Unlike the esters, the

TABLE VII

Transition temperatures (°C) and enthalpies of transition (kJ mol ~") for the
(5)-4-(2-methyloctanoyl)biphenyl-4-n-alkyloxyphenylpropiolates

(1IM7COBnOPs)
o]
C"Hm‘o—@+< 0
'8' 113
3

n Iso o A* A*wC* C*1083 mpt Recryst
9 107.5 [72.0} 73.0 36.8
AH 42 03 43.8 134
12 108.6 85.3 [33.4] 56.6 -2.2¢
AH 52 0.3 33 38.6 8.6
14 106.7 89.0 [38.2] 66.0 -4,61
AH 5.6 04 3.7 37.6 6.2
16 106.6 86.8 [42.5] 61.3 26.0
AH 6.2 0.2 4.9 420 9.3
18 107.7 91.2 [48.5] 58.5 30.6
AH 6.5 0.3 6.8 56.8 13.0

Where[ ]  denotes a monotropic transition temperature,
T denotes a transition temperature determined by DSC.
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enthalpy values for the clearing points were found to increase as the n-alkoxy chain
length (n) is lengthened. In the case of the analogous ester series, the first order
isotropic liquid to smectic A* transition has a strong tendency to become second
order in nature as the series is ascended, however, for the ketones the reverse is
the case. Calorimetric thermograms show a strong sharp peak corresponding to
the isotropic liquid to smectic A* transition for all of the members of the ketone
series studied. Moreover, the thermograms show no large diffuse peak just above
the clearing transition, which was found in the case of the esters.

From DSC measurements, the smectic C* to smectic 3 transitions for the ketones
also appear to be strongly first order, unlike those normally associated with the
smectic C* to antiferroelectric transition which tend to be second order. These
observations support results obtained from optical microscopy which suggest that
S, is not an antiferroelectric phase, but has long range ordering of some form. The
esters unlike the ketones were found to exhibit antiferroelectric and ferrielectric
phases.

The smectic C* and S; phases and their accompanying phase transitions, were
investigated by thermal polarized-light microscopy on a variety of differently aligned
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FIGURE 25 Transition temperatures (°C) shown as a function of increasing n-alkoxy chain length
(n) for the (§)-4-(2-methyloctanoyl)biphenyl 4-n-alkyloxyphenylpropiolates (IM7COBnOPs).
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FIGURE 26 The clearing point enthalpies (kJ mol-') plotted as a function of alkoxy chain length
(n) in the (S)-4-(2-methyloctanoyl)biphenylyl 4-n-alkyloxyphenylpropiolates (IM7COBnOPs).
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specimens of members of the “ketone” series. For example, homogeneous align-
ment was achieved by introducing each individual homologue into a polyimide-
(PI)-coated and unidirectionally buffed cell (spacing 3 pm). At the transition from
the smectic C* to smectic 3 phase for the dodecyloxy homologue, a well-defined
textural change was observed. This transformation was quickly followed by a
second textural change, which was quite similar to that observed at the smectic C*
to antiferroelectric transition. After the second change of texture, the extinction
direction in the sample was found to be along the layer normal which is consistent
with the smectic 3 phase of the dodecyloxy homologue having antiferroelectric
character. However, the hexadecyloxy and octadecyloxy members showed only a
single textural change at the smectic C* to smectic 3 transition, and unlike the
dodecyloxy homologue these smectic 3 phases did not exhibit a texture that was
characteristic of an antiferroelectric phase. In the case of the smectic 3 phase of
the tetradecyloxy compound, an extremely small portion of the specimen possessed
an antiferroelectric texture. Thus, these microscopic studies are somewhat incon-
clusive as to whether the smectic 3 phase of the ketone series, like the analogous
esters, is antiferroelectric in nature or not. Switching studies were used to elucidate
the situation further, and were found to confirm the presence of antiferroelectric
properties for the S; phase. However, the differences in the textures and DSC
data, with respect to the corresponding studies performed on the esters, suggests
that although the S; phase may be ferroelectric it may not be of the same type as
the antiferroelectric phase found in the phenylpropiolate esters and related ho-
mologous series. It is also interesting to note in this context that the ‘‘ketone”
series does not appear to exhibit ferrielectric phases whereas the propiolate esters
do, and that this may affect the textures and characters of the transitions.

In order to examine the effect that the increased dipolar character has on other
chiral related properties, the spontaneous polarization was measured as a function
of temperature for each of the members of the “‘ketone” series; the results obtained
are as shown in Figure 27. The maximum value for the spontaneous polarization
for each member was found to be relatively large, approaching 200 nC cm~2 in
some cases. It is interesting to note that the relative spontaneous polarization (i.e.,
measured at the same reduced temperature) falls as the alkoxy chain is lengthened.
This could be due to the fact that as the series is ascended the molecular length
increases, thereby reducing the dipole density and causing a dilution in the dipole
concentration. Effectively, as the series is ascended the measured “‘polarity” (Ps)
which is directly related to the ‘“molecular chirality”” of the materials decreases.
However, the values obtained for the spontaneous polarization for the ‘“‘ketone™
series are larger than those measured for the analogous propiolate esters. For
example, the value of the spontaneous polarization for the dodecyloxy member
and analogous propiolate ester, measured at 10°C below the smectic A to smectic
C* transition (T, — T = 10°C), are compared in Figure 28. The larger polarization
value for the dodecyloxy member of the ketone series is probably attributable to
the larger dipole moment of the carbonyl group in relation to the ester group in
the vicinity of the chiral centre.3

Thus, this comparative study shows how the lateral dipolar character associated
with the “‘chirality”” and the linking group of the system can affect the value of a
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FIGURE 27 The spontaneous polarization (nC cm -2) measured as a function of the reduced tem-

perature, (Toc — T) (°C), for members of the (§)-4-(2-methyloctanoyl)biphenylyl 4-n-alkyloxyphenyl-
propiolates (1IM7COBnOPs).
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FIGURE 28 Comparison of polarization values measured at 10°C below the smectic A to smectic C*
transition for analogous ketone and ester homologues.

macroscopic property such as the polarization, but at the same time these changes
do not necessarily affect other chirality dependent properties to the same degree,
e.g., the incidence of TGB phases. In fact one possible conclusion that can be
drawn from this study is that the incidence and stability of TGB and smectic A*
phases, is affected more by the steric structure of the materials under consideration
than the spontaneous polarization is, on the other hand the spontaneous polari-
zation is more affected by the dipolar nature of the material.
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2.7. The Effect of Dipolar Groups at the Chiral Centre

A large number of studies have been performed on a variety of propiolate and
benzoate biphenyl esters where a polar atom or group was positioned at the chiral
centre. In more cases studied, that are related to the liquid crystal systems discussed
previously in this article, cholesteric phases were introduced into the phase se-
quences. For example, in the propiolates discussed in section 2.3 no cholesteric
phases were found to occur, and instead some members of the series exhibited
direct isotropic liquid to TGB phase transitions. Replacement of the lateral methyl
group by a more polar group at the chiral centre generally resulted in the intro-
duction of a cholesteric phase, and consequently a TGB phase was found to mediate
the transition to the smectic state.3® However, in these homologous series for
members that exhibit direct transitions from the liquid to the smectic state, no
TGB phases were detected at the phase transition. As with other materials, it was
found that short terminal peripheral chains on the external side of the chiral centre
did not favour the formation of TGB phases, however, extension of this chain was
found to lead to an increase in the chirality of the system, and thereby to a sta-
bilization of TGB phases.

The structures of the first pair of homologous series that we can compare are
shown in Figure 29; their transition temperatures are given in Tables VIII and IX,
and shown as a function of alkoxy chain length in Figures 30 and 31, respectively.

These materials have in common the 2-chloropropyl chiral end group, which is
attached to the core of the system via an ester linkage. In both series no TGB
phases are observed, but wide temperature range smectic A* phases are found.
This might explain the lack of TGB phases because, due to the wide temperature
ranges, the stable A* phase will not experience strong fluctuations from adjacent
phases. Moreover, the size of the alkyl chain attached to the peripheral side of the
chiral centre is relatively small in size (a methyl group), and therefore the rotation
of the chiral centre with respect to the core structure is likely to be quite free. This
freedom would in effect ‘““smear out” the dipole associated with the optically active
centre (as the chiral centre rotates rapidly about the C1-—C2 bond), and thereby
reduce the effective “chirality” of the system.*” Thus, it might be expected that
the smearing out of the lateral dipolar coupling would have an effect on the mag-
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TABLE VIII

Transition temperatures (°C) for the (S)-2-chloropropyl
4'-(4"-n-alkoxybenzoyloxy)biphenyl-4-carboxylates

c,,Hz,,,,o—@—(o . . 0

O_§‘_CH3
(o]
n Iso to Ch Iso to Sa Chto Sas SA*toSce  mp Recryst
7 194.5 186.4 79.0 102.2 65.5
8 193.0 190.1 72.7 94.6 55.7
9 191.6 67.7 90.2 65.5
10 191.6 58.4 82.9 43.6
11 190.3 49.7 82.3 55.2
12 188.3 76.1 53.6
13 186.4 70.2 48.5
14 185.4 85.5 55.1

TABLE IX

Transition temperatures (°C) for the (S)-2-chloropropyl
4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates

c,,HMo—@%(O . . o}

° _§._CH3
Cl

n Iso to Ch 150 to Sas Chto Sas mp Recryst
9 166.0 137.0 102.6 62.0

12 157.4 149.0 76.9 65.1

14 150.1 149.2 69.9 44 .4
16 150.8 87.7 41.8

18 149.5 91.6 47.5

nitude of the spontaneous polarization in smectic C* phases. Similarly, this rota-
tional freedom might also be expected to effect the steric interactions to some
degree, and hence the pitch in helical phases such as the cholesteric and smectic
C* phases (see later).

Contrasting the benzoates with the propiolates reveals some interesting com-
parisons; for instance, the propiolates have much lower transition temperatures
overall, which is unusual considering that they have larger structures with more
extensively delocalised regions. The benzoates also exhibit ferroelectric smectic C*
phases, whereas the propiolates do not. In both series Blue Phases are not found
to mediate the cholesteric to isotropic liquid transition, moreover, the pitch of the
helical macrostructure in the cholesteric phase appears to be in the micrometer
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FIGURE 30 Transition temperatures (°C) shown as a function of n-alkoxy chain length (n) for the
(S)-2-chloropropyl 4'-(4"-n-alkoxybenzoyloxy)biphenyl-4-carboxylates.
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FIGURE 31 Transition temperature (°C) shown as a function of n-alkoxy chain length (n) for the
(S)-2-chloropropyl 4'-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates.

range indicating that the twisting power in these materials is not particularly strong.
These observations support the view given earlier that the shortness of the pe-
ripheral chain appended to the chiral centre is responsible for the weaker chiral
properties of these two homologous series.

Systems such as the ones described above were investigated further through the
extension of the peripheral chain on the external side of the chiral centre. It was
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expected, for reasons given earlier, that by extending this chain the rotational
freedom of the chiral centre would be reduced through a reduction in the freedom
to conformationally change the molecular structure (i.e., through a restriction of
the bond rotation near, or about, the chiral centre itself) and through rotational
hindrance about the molecular long axis as a whole. Therefore, in the next section
we present results on two such homologous series, see Figure 32. These series are
selected as examples of the many closely related series that have been synthesised,
however, the results described are consistent, and somewhat typical of the other
series that are not reported here.

The two series, the (§)-2-chloro-4-methylphenyl 4'-(4"-n-alkoxybenzoyloxy)bi-
phenyl-4-carboxylates and the (S )-2-chloro-4-methylpentyl 4'-(4"-n-alkoxyphenyl-
propioloyloxy)biphenyl-4-carboxylates, were selected for synthesis because the chiral
group can be readily prepared form (S)-leucine. This group allows us to extend
the terminal chain on the external side of the chiral centre, however, it does have
the slight problem of also introducing a branching point in the chain as well, albeit
in the terminal position.

The transition temperatures of the benzoates and the propiolates are given in
Tables X and XI, and depicted graphically in Figures 33 and 34. It can be seen
from these results that the transition temperatures are much reduced for the de-
rivatives of leucine over the derivatives of alanine (the 2-chloropropyl compounds).
Moreover, the longer chain compounds exhibit well-defined Blue Phases at the
transition from the isotropic liquid to the cholesteric phase, and Twist Grain Bound-
ary phases at the transition from the cholesteric to the smectic A* phase. However,
no TGB phases are observed at the isotropic liquid to smectic A* transition as they
were found to occur in the propiolates described in section 2.3. The presence of
both of these phases suggests that the “effects of chirality” are stronger in the
2-chloro-4-methyl derivatives than the 2-chloropropyl analogues,® however, they
are not as strong as those operating for the 1-methylheptyl compounds. This is
probably due to the fact that the chiral centre is removed from the core by one
more atom in the case of the materials derived from amino acids, and hence it has
more rotational freedom associated with it in comparison to the 1-methylheptyl
moiety where the motion of the lateral methyl group is expected to be severely
restricted by the adjacent ester function. It is also interesting to note that the TGB
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TABLE X

Transition temperatures. (°C) for the (§)-2-chloro-4-methylpentyl
4'-(4"-n-alkoxybenzoyloxy)biphenyl-4-carboxylates

Ry

ci
n Iso BP Chio TGBA* Iso A*10 mp Recryst
to BP} to Ch TGBA* to A* o AY C*
7 156.1 153.2 1449 144.2 1192 734 409
8 1554 148.3 146.8 146.0 115.1 750 53.7
9 150.4 145.5 145.4 144.6 1210 749 41.8
10 149.7 146.8 145.6 144.8 1219 644 340
i1 148.1 146.8 145.8 145.0 1242 694 57.5
12 145.6 145.0 1448 144.1 1220 688 49.8
13 1425 1217 735 50.2
14 142.0 1214 76.7 53.0
Where denotes a transition to Blue Phase III or Blue Phase II, the transitions between the
various Blue Phases are not reported in detail here, but will be published

elsewhere.

TABLE XI

Transition temperatures (°C) for the (§)-2-chloro-4-methylpentyl
4’-(4"-n-alkoxyphenylpropioloyloxy)biphenyl-4-carboxylates

(o]
c,.u,,,,o—@é( 0
i W B SR
c
n Iso BP Chto TGBA* A*to mp Recryst
10 BPt to Ch TGBA* 1o A* C*

9 129.4 128.3 100.4 96.8 799 678 326
12 1227 122.5 108.1 106.8 932 733 507
14 119.9 116.4 1109 109.7 98.1 685 387
16 117.5 116.3 114.6 113.6 101.2 599 314
18 115.4 114.9 114.2 113.4 999 56.1 433

Where t denotes a transition to Blue Phase ITI or Blue Phase II, the transitions between the
various Blue Phases are not reported in detail here, but will be published
elsewhere.
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FIGURE 33 Transition temperatures (°C) for the (§)-2-chloro-4-methylpentyl 4'-(4"-n-alkoxyben-
zoyloxy)biphenyl-4-carboxylates plotted as a function of terminal alkoxy chain length.
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FIGURE 34 Transition temperatures (°C) for the (§)-2-chloro-4-methylpentyl 4'-(4"-n-alkoxyphen-
ylpropioloyloxy)biphenyl-4-carboxylates plotted as a function of terminal aikoxy chain length.

phases seem to have longer temperature ranges in the benzoates in comparison to
the propiolates, which is the reverse of the situation found for the 1-methylheptyl
derivatives. Furthermore, it appears that the TGB phases are more stable at shorter
alkoxy chain lengths in the benzoate derivatives of leucine than they are for the
longer members. This latter effect may be due to the stabilization of the smectic
A* phase for the higher homologues.
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In both series derived from leucine, the smectic A* temperature range is relatively
long which might also account for the lack of TGB phases found at the transition
from the isotropic liquid. The occurrence of TGB phases at the cholesteric to
smectic A* transition confirms Renn and Lubensky’s model* for the TGB phase,
and these compounds serve as the first examples of low molar mass materials to
exhibit this defect stabilized phase at the cholesteric to A* transition. It is also
interesting that these materials provide us with examples of two frustrated phe-
nomena in the same system, i.e., Blue Phases, where the pressure to form twisted
structures in three dimensions is alleviated by the formation of a three-dimensional
lattice of defects, and TGB phases where the competition between the need to
form a layered structure and at the same time form a helix in the plane of those
self-same layers results in the formation of another different type of lattice of
defects. Thus, it can be seen that the effects of “chirality”” and its competition with
the normal structural aspects of liquid crystals can lead to novel phases being
stabilized.

As part of this study we also varied the nature, size and polarity of the lateral
group attached to the chiral centre, i.e., the halogen atom was varied. Thus, for
a given n-alkoxy chain length (9 carbon atoms) and a terminal chiral group derived
from leucine, the lateral halogen atom at the chiral centre was changed from fluorine
to chlorine to bromine. The results obtained for the liquid-crystalline transitions
of these materials are given in Table XII, and compared in a bar graph in Figure
35.

The results appear to show that as the size of the halogen atom is increased the
clearing points fall, which suggests that the lateral steric repulsion increases as the
series is ascended. The fluoro and chloro homologues exhibit TGB phases at the
transition from the cholesteric to the smectic A* phase, but no TGB phases are
found to occur for the bromo analogue which may be due to the fact that the Blue
Phase is absent. Both the fluoro and chloro compounds also exhibit frustrated Blue
Phases in addition to TGB phases. The TGB and Blue Phase temperature ranges

TABLE XII

Transition temperatures (°C) for the (S)-2-halogeno-4-methylpentyl
4'-(4"-n-nonyloxyphenylpropioloyloxy)biphenyl-4-carboxylates

ool

&
X

X Iso Iso BP Ch Chto TGBa# A*to mp Recryst

10BPt 10Ch toCh toSa» TGBAw to A* C*
F 142.0 141.0 1134 111.3 944 684 545
Cl 1294 128.3 100.4 96.8 799 678 326
Br 123.6 94.4 723 721 37.8
Where 1 denotes a transition to Blue Phase III or Blue Phase I, the transitions between the

various Blue Phases are not reported in detail here, but will be published
clsewhere.
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FIGURE 35 Comparison of the transition temperatures (°C) for the (§)-2-halogeno-4-methylpentyl
4'-n-nonyloxyphenylpropioloyloxybiphenyl-4-carboxylates.

appear to be widest in the chloro homologue suggesting that the effects of chirality
are felt strongest in this material. Certainly, both the dipolar and steric effects will
be stronger in the chloro compound in comparison to the fluoro analogue, therefore
we might expect stabilization of the frustrated phases. In the case of the bromo
homologue, the bromine atom is so big that its rotational freedom is severely
restricted, and hence the lateral repulsive interactions created by this will have
adverse effects on the chiral interactions. Similarly, the loss of the cholesteric phase
destabilises the formation of frustrated phases, therefore we cannot correctly eval-
uate the effect of chirality in this particular system. However, the increased pitch
length of the helical macrostructure in the smectic C* phase of this homologue, in
relation to the other two, strongly suggests that the effects of chirality in the bromo
compound are much weaker. Thus, this study provides an interesting, if somewhat
inconclusive, study of the effects of the magnitude of the polarity and the size of
the lateral substituent at the chiral centre on TGB and Blue Phase stabilities.

3. INVERSIONS IN CHIRAL PROPERTIES

In the previous sections the competition between chirality and phase structure was
discussed in terms of the formation of Twist Grain Boundary phases. In this portion
of the text we examine the effect of competition between chirality at the molecular
and macroscopic levels. In particular the effect on the direction of the spontaneous
polarization in ferroelectric phases and helical twist direction in cholesteric and
smectic C* phases will be discussed.
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3.1. Inversions in Polarization Direction

At the 11th International Liquid Crystal Meeting at Berkeley* we described the
first examples of ferroelectric materials, the (S)-2-methyl 4'-n-alkanoyloxybi-
phenyl-4-carboxylates (see Figure 36), where the spontaneous polarization inverts
direction with respect to temperature in the ferroelectric C* phase.*® As each
individual material (that exhibits this effect) was cooled from its Curie point the
polarization was found first to increase, then level off and fall. The value was found
to fall to zero at which point the polarization inverted direction and the value
increased again. Throughout this process the helical pitch of the macrostructure of
the smectic C* phase was found to relatively constant at a value of around 2-3
wm, even through the inversion point for the polarization. Measurement of the
unwinding voltage*! was found to be very low except close to the crossover point
where it increased in value to over 100 V pum~!. Away from this point the helix
is unwound by coupling to the polarization, however, in the region of the crossover
the unwinding is due to coupling with the dielectric anisotropy of the material.
Similarly the tilt angle follows much the same behaviour because it is dependent
on the magnitude of the spontaneous polarization, thus at high temperatures in
the ferroelectric phase the materials appear to switch in one particular direction
relative to the polarity of the applied field, whereas at lower temperatures this
direction is reversed.

These results can only be explained by a situation where the effective lateral
dipole inverts with respect to temperature. There have been suggestions that the
tilt angle in the smectic C* mesophase approaches zero at the crossover because
the apparent tilt angle determined by switching studies also becomes zero, but this
can be discounted by the fact that the phase remains helical throughout this process
and because the pitch does not vary much the tilt angle should also remain relatively
constant. Therefore, the molecules are still tilted with respect to the layer planes
at the crossover point, but the value of the polarization must be zero for the apparent
tilt angle to be zero.

In this series of esters it is interesting to note that inversions do not occur for
the heptanoyloxy and octanoyloxy homologues, but for all of the higher members
of the series that were studied this effect was found to occur.*> Moreover, the first
two members of the series investigated have positive polarizations (Ps(+)), whereas
the others have negative polarizations (Ps(—)) at high temperatures and positive
values at low temperatures. The closely related materials shown in Figure 37 are
unlike the 2-methylbutyl esters in that neither show inversions. In one case the
chiral centre is located nearer (adjacent) to the core, whereas in the second example
itis further removed from the core by an extra carbon atom. The 1-methyl analogues
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are found to have polarization directions that are in agreement with predictions
derived from the Gray and McDonnell rules* relating spatial configuration to the
location of the chiral centre relative to the core, whereas for the compounds derived
from citronellol (the (§)-3-methyl-7-methyloctyl analogues) the reverse is the case.
These results lead directly to the suggestion that in the 2-methylbutyl system there
could be a competition between two or more chiral species that possess differing
polarization directions, and that this competition leads to a change over in polar-
ization properties. '

One possibility is to ascribe the competition between various species to confor-
mational changes in structure, examples of which are shown in Figure 38. In this
concept two separate families of conformers would have differing polarization
directions, and members of the two families would be able to interconvert via a
small energy barrier. Therefore, at higher temperatures one species would dominate
over the other, and at lower temperatures the reverse would be the case. Figure
38 shows a possible situation for two such conformers of the nonoyloxy compound.
In the all trans conformer, the dipole located at the chiral centre will couple to the
lateral dipole to give a resultant dipole pointing up out of the page (top figure),
whereas in the gauche conformer the reverse will be the case and the orientation
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of the chiral centre will cause the lateral dipole to be pointing down into the page
(lower figure).

Assuming that these two species are interconvertible, then the spontaneous po-
larization will fall to zero when the two species compensate for each other. This
process can in effect be modeled by assuming that the two species have separate
polarizations associated with them, and that they interconvert via a small energy
barrier (AE). The temperature dependence of the concentration of the two species
can be assumed to affect the magnitude and direction of the polarization in the
following way**?;

PS — [PAe—AE/kT + PB(I —_ e—AE/kT)](TC — T)u

where P, and Py are the intrinsic polarizations of conformers A and B, AE is the
activation energy for the transformation from A to B, T is the A* to C* transition
temperature and « is an exponent which has a theoretical value of 0.5. The term
(Tc — T) reflects the temperature dependence of the polarization, which is de-
pendent to some degree on the tilt angle of the phase.

When used to model real data for the polarization in these materials, the value
of AE is found to be of the same magnitude as that for the rotation about the
C2—C3 bond in n-butane. Furthermore, the values of the intrinsic spontaneous
polarizations are roughly in agreement with theoretical values expected for con-
former structures in the solid state (i.e. frozen-in structures). This model is, there-
fore, an attractive one, and it provides a simple rationale for such behaviour and
the values determined for certain physical processes are not too different than those
which might be expected.

3.2. Twist Inversions in Cholesteric Phases

In this section we extend the discussion of inversion phenomenon to the reversal
of the helical structure in the cholesteric phase of the compound, (S )-2-chloropropyl
4'-(4"-n-nonyloxyphenylpropioloyloxy)biphenyl-4-carboxylate (302CI3T). It was
found that, on cooling from the isotropic liquid, a cholesteric phase was formed
and then it underwent a twist inversion through an infinite pitch cholesteric phase
(NZ*) on changing the temperature. Thus, at the inversion point a non-helical chiral
nematic phase is formed. The structure of this material is shown below in Figure
39; the (§)-2-chloropropy! chiral end group is derived from (§)-alanine.
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Thermal optical polarized light microscopy showed that this compound has the
following phase sequence and transition temperatures (°C)

mp 102.6 Iso 166.0 Ch 142 N* 141 Ch 137.0 S} 62.0°C K

where mp is the melting point, Iso is the isotropic liquid and K is crystal phase.

Cooling this material between untreated glass slides gives a cholesteric phase
which forms from the isotropic liquid in a typical fingerprint texture. The pitch of
the cholesteric phase is found to increase as the temperature was reduced, and at
about 150°C regions of pseudo-homeotropic texture become apparent as the cho-
lesteric phase splits up into fingers which then gradually reduce in size. Further
cooling results in the reformation of the cholesteric phase at approximately 141°C,
however, this cholesteric phase has the opposite twist sense to the higher temper-
ature cholesteric phase. The formation of the lower temperature cholesteric phase
is promptly followed by a normal transition to a smectic A* phase at 137°C.

Contact studies with the standard material (§)-4-n-decyloxybiphenyl 4'-(2-meth-
ylbutyl)benzoate* (Sed, note this compound is classified as a dextro material and
not laevo as we reported previously)* were used to conclusively establish that the
two cholesteric phases observed did indeed have opposite twist senses. Above the
inversion point the cholesteric phase of the standard material and the propiolate
had the same twist senses classifying the upper temperature cholesteric phase as d
(left-hand helix). Below the inversion point the contact preparation exhibited a
nematic discontinuity between the cholesteric phase of the standard and the test
material indicating that they have opposite twists, thus proving that the lower
temperature cholesteric phase has a right-hand helix (/).

Thermal analysis for (S)-2-chloropropyl 4'-(4"-n-nonyloxyphenylpropiol-
oyloxy)biphenyl-4-carboxylate (9O2CI3T) shows at the clearing point a single peak
corresponding to the cholesteric to isotropic liquid transition. No evidence is found
to suggest there are Blue Phases present. At 137°C the smectic A* to cholesteric
transition is clearly seen, but at the point where the helix inverts no associated
enthalpy of transition is observed.

The pitch of the cholesteric phase of the material was measured by determining
the distance between the dechiralization lines in the fingerprint texture of the
mesophase. The value of the pitch as a function of temperature is shown in Figure
40, and the reciprocal value as a function of temperature is shown in Figure 41
(slight variations in the collected data were found and attributed to thermal de-
composition of the material and surface pinning). From the first of these two figures,
it can be seen that the pitch diverges in the temperature range of 140 to 145°C.
The reciprocal plot shows that this value is approximately 141-2°C, which is in
agreement with textural observations of the mesophase.

Although this is not the only material reported that exhibits this unusual phe-
nomenon of a twist inversion in the cholesteric phase, it is possibly the first to
show this behaviour when the molecule itself contains a single chiral atom in its
structure. Typically other materials that show inversions tend to be diastereoiso-
meric, and hence twist inversions in their cases may be due simply to competition
from the different chiral centres. In the case of a molecule that possesses a single
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FIGURE 40 The variation in pitch length (um) of the helix as a function of temperature (°C) for the
cholesteric phase of (§5)-2-chloropropyl 4'-(4"-n-nonyloxyphenylpropioloyloxy)biphenyl-4-carboxylate
(902CI3T).
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FIGURE 41 Reciprocal value of the pitch (um~?) of the helix plotted as a function of temperature

(°C) for the cholesteric phase of (§)-2-chloropropyl 4'-(4"-n-nonyloxyphenylpropioloyloxy)biphenyl-4-
carboxylate (902CI3T).

chiral centre a different approach must be taken. As with the situation for materials
that exhibit an inversion of the polarization, we could assume that the time averaged
picture of the cholesteric phase may be one where there are a number of preferred
stable rotational species, however, as the molecules are in dynamic motion the
species will be interconvertable via a relatively small energy barrier. Consequently,
the concentrations, and hence the number of densities, of the various species will
be temperature dependent. As before we can now consider a situation where two
competing classes of species exist which have opposite helical twist senses and
“twisting powers.” As the temperature of the sample is altered the relative pop-
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ulations of each species will change, and in the process the helical driving forces
of the two classes may be internally compensated for by one another. At the
compensation point the pitch of the mesophase diverges, and the helix will change
sign.

Thus, as with the biphenylcarboxylates described in the previous section, in the
case of the phenylpropiolates, we can define three staggered conformational struc-
tures produced by rotations about the C1—C2 bond (labeled A, B and C in Figure
42) for which there will be differing dipole directions and different steric structures.

It can be seen for conformer C that the chloro and methyl substituents, which
have similar sizes, are positioned on equivalent, but opposite sides, of the long
axis. Thus, it might be expected that the steric effects of these two off-axis sub-
stituents will compensate for one another. However, this is not the case for the
other two conformers, A and B, where either one of the two substituents is located
on (or along) the long axis of the molecule. Based on steric effects, it is quite
possible, therefore, for the extreme conformers A and B to have opposing helical
twist senses. For example, if the Newman projections of the two species are com-
pared it can be seen that in conformer A where the terminal methyl group is
positioned along the long axis of the molecule, chlorine points off to the right-hand
side, whereas for the reversed situation, conformer B, with chlorine in the long
axis the methyl group now points on the opposite, left-hand side of the long axis
of conformer A. If the helix direction is sterically driven then its twist sense will
be dependent on the packing and concentrations of the relative conformers in the
pure material. Consequently, we expect that the twist senses of conformers A and
B will oppose each other causing a twist inversion, but that the point at which the
pitch of the cholesteric helix diverges need not necessarily occur at a 50:50 con-
centration of the two species A and B, as the two conformers will have different
“twisting powers.”
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FIGURE 42 Conformational structures produced by rotations about the C1—C2 bond in (S)-2-chlo-
topropyl 4'-(4"-n-nonyloxyphenyl-propioloyloxy)biphenyl-4-carboxylate (902CI3T).
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In principle these arguments should be extended to a whole range of conformers;
i.e., even for rotations about bonds adjacent to the C1—C2 bond. Therefore, for
each relative minimum energy position produced by rotation about the C1—C2
bond, the minimum energy positions for rotations about the C1—O bond should
be superimposed in order to give a fuller picture of the global minimum energy
positions of the various conformers. For example, Figure 43 shows three possible
minimum energy conformers for a given rotation about the C1—O bond. Each
conformer illustrated in this figure will have the opposite dipole and steric orien-
tation relative to its corresponding all trans isomer shown in the previous Figure
42. Thus, a competition between conformers exists for the secondary structures in
way similar to that obtained for the primary all trans conformers. However, it
should be noted that these secondary structures will have substantially higher ener-
gies because of the increased steric hindrance.

In principle we have a similar situation for helix inversions as we do to polarization
crossovers, therefore we might be tempted into believing that we could model this
phenomena with an equation similar to that used to describe polarization inversions
in the ferroelectric smectic C* phase. However, the situation for the divergence
of the pitch appears to be much more complex, and so far we have not been
particularly successful in modeling this behaviour.

3.3. Twist Inversions in the Smectic C* Phase

As with the cholesteric phase, inversions in the twist sense can also occur in the
smectic C* phase. The compound described above, which exhibits a twist inversion
in the cholesteric phase, belongs to a homologous series where the smectic C*
phase is absent, however, when the terminal chain on the external side of the chiral
centre is extended, smectic C* phases become prevalent. Many of these materials
appear to exhibit inversions in the helical twist sense as a function of temperature,
however, the microscopic textures of the smectic C* crossover are not as well-
defined as those seen at the inversion point for the cholesteric phase. The compound
that best exhibits this phenomenon is (§)-2-chloro-4-methylpentyl 4'-n-hexadecyl-
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FIGURE 43 Secondary conformational structures for rotations about the C1—O bond in (S)-2-chlo-
ropropyl 4'-(4"-n-nonyloxyphenylpropioloyloxy)biphenyl-4-carboxylate (902CI3T).
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oxyphenylpropioloyloxybiphenyl-4-carboxylate, the structure for which is shown
in Figure 44.
This propiolate ester has the following transition temperatures:

Iso Liq 117.5 BPIII 116.8 BPI 116.3 Ch
Ch 114.6 TGB 4+ 113.6,4. 101.2 Sc. 31.4 Recryst mp 59.9°C

where the smectic C* helix inverts between 49-43°C. At temperatures above the
inversion point the helix is left-handed, and obviously below the crossover it is
right-handed. Other members of this series also appear to exhibit twist inversions,
however, the processes are usually accompanied by recrystallization which tends
to obscure the effect.

For the hexadecyloxy compound, however, the helix is clearly seen to unwind
and wind up again when a free-standing specimen of the material is viewed in the
microscope. For example, when a freely suspended film is observed perpendicular
to its surface then the viewing direction is parallel to the helical axis. Rotation of
the upper polarizer can then be used to define the twist direction of the phase.
Cooling results in the pseudo-homeotropic texture becoming birefringent to give
a schlieren texture, further cooling gives a return to a pseudo-homeotropic texture
that can be shown to have the opposite twist sense by rotating the upper polarizer
of the microscope. Similarly, the smectic C* phase can be shown to have a twist
inversion by contact studies with (5)-2-chlorooctyl 4'-n-nonyloxyphenylpropioloyl-
oxybiphenyl-4-carboxylate, which possesses a left-handed helix in its smectic C*
phase.* At higher temperatures in the smectic C* phase the contact region shows
no discontinuities, but as the temperature is lowered below the crossover point a
discontinuity becomes apparent, with the two materials producing a region of
infinite pitch length. These studies are still ongoing, but we suspect that the in-
version is caused by a similar competition between conformers to those described
earlier.

3.4. Inversions in Both Polarization and Helical Directions

So far we have described the results of materials where only one inversion occurs,
and in the examples involving the smectic C* phase we have produced materials
where the polarization inverts and the helix does not and vice versa. In this section
we will discuss the properties of a family of materials that show inversions in the
helix in the cholesteric phase, in the helix of the smectic C* phase, and in the
direction of the spontaneous polarization.*’” Additionally, these materials exhibit
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FIGURE 44
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Blue Phases and TGB phases. Thus, we will discuss the properties of a series of
4-((28,35)-3-propyloxiranemethoxy)-2’-fluoro-4"-alkoxymethyl-[1,1':4",1"]-ter-
phenyls which have structures based on the chiral (25,3 )-oxiranemethanol moiety,*
see Figure 45.

The first two compounds (C; and C5 homologues) exhibit an inversion of helical
twist sense in the cholesteric phase, separated by a region of infinite pitch. An
additional inversion in the helical twist direction of the smectic C* phase was
observed in the case of the propyl member, and Twist Grain Boundary phases were
also found in the second and third materials. The transition temperatures for the
three compounds are given in Table XIII, and the physical properties for the first
compound are highlighted in the following discussion.

In the cholesteric phase of the propyl homologue, the temperature dependence
of the pitch of the helix, albeit over a short temperature range, was measured. In
the smectic C* phase, the temperature dependence of the spontaneous polarization
(Ps) and the apparent optical tilt angle (0) were evaluated.

On cooling the propyl compound from the isotropic liquid, Blue Phases II and
I are observed prior to a transition to a cholesteric phase that possesses a left-
handed helix (determined from its Grandjean planar texture). On further cooling
to 112°C, a change to a non-helical homeotropic nematic phase is observed which
shows shear birefringence on mechanical disturbance. At 106°C the phase again
becomes helical giving a cholesteric phase which can be identified from its planar
texture, but in this case the helix is found to be right-handed. Further cooling
results in the formation of a smectic C* phase that has a left-hand helix, as deter-
mined from its planar pseudo-homeotropic texture. This phase also undergoes a
helical twist inversion via a region of infinite pitch to give a right-handed helical
smectic C* phase at lower temperatures.

Attempts to measure the pitch of the helix in the cholesteric phase of the propyl
compound proved to be difficult due to poor alignment of the material. However,
the pitch was measured over a short temperature range in the Ch;, phase using the
Cano wedge method*; the results are shown in Table XIV. The values obtained
show that the pitch increases on decreasing the temperature.

The inversion point for the polarization direction in the ferroelectric phase was
determined by a number of different methods. For example, the apparent tilt angle
in the ferroelectric smectic C* phase was measured from just below the cholesteric
to smectic C* transition to just above the recrystallisation temperature. The results
of these studies are shown graphically in Figure 46. The tilt angle is found to be
relatively small close to the transition from the cholesteric phase, however, it
increases steadily with decreasing temperature, peaking at a value of 22.5° at 74.6°C.
The tilt angle then falls sharply and effectively becomes negative below 62.2°C.
When the temperature is held isothermally at 62.2°C, no ferroelectric switching is
observed, indicating that the apparent tilt angle is 0°, but this artifact is due to the
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TABLE XIII

Transition temperatures (°C) and enthalpies of transition (kJ mol~') for the
4-((2S,35)-3-propyloxiranemethoxy)-2’-fluoro-4"-alkoxymethyl-[1,1':4',1"]-

terphenyls
F R
R Transition T(°C) AH (kJ mol-1)
R =C3H7 Iso - BPII 164.6
BPII - BPI 162.9
BPI - Ch,, 158.8 0.67
Chg - N, 112.1
N, - Chg 106.3
Chg - SmC* 103.3 0.48
(Sc+t) - (Sce=) 46.8
(Scw= - (Scm) 46.2
m.p. 59 11.4
R =CsHyg Iso - BPII 137.5
BPII - BPI 137.4
BPI - Chy 137.3 0.61
Ch, - N, 120.1
N, - Chg 1199
Chg - TGBA™ 118.0
TGBA* - SA* 117.1 0.34
SA* - SC* 113.1 0.05
m.p. 39
R =C7Hjs Iso - BPII 131.3
BPII - BPI 130.9
BPI - Ch 129.8 0.53
Ch - TGB,* 1219
TGBA" - SA* 121.7 0.63
SA*-SC* 1159 0.06
m.p. 42 15.9

polarization vanishing and not to the real tilt angle becoming zero. The tilt angle
continues to increase, in a negative sense, peaking at a value of —22.5° just above
the recrystallisation point. In this study the polarization direction was determined
throughout the temperature range of the smectic C* phase. A positive value of the
spontaneous polarization, Ps(+), was observed in the smectic C{ phase, whereas
a negative value, Ps(—), was obtained in the lower temperature region of the
smectic C§ phase.

The value of the spontaneous polarization for the propyl compound was deter-
mined by using the Diamant bridge method. AC fields were applied using a sine-
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TABLE XIV

Temperature dependence (°C) of the pitch
(pm) in the cholesteric phase for, 4-
((28,35)-3-propyloxiranemethoxy)-2'-
fluoro-4"-propoxymethyl-{1,1":4',1"]-

terphenyl
Temperature (°C) Pitch (um)
1244 6.69
1224 7.51
1220 8.33
122.0 9.87
121.5 10.32
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FIGURE 46 The apparent tilt angle (degrees) measured as a function of temperature (°C) for 4-
((28.35)-3-propyloxiranemethoxy)-2'-fluoro-4"-propoxymethyl-(1,1':4’ ,1"]-terphenyl.

wave mode and the resulting hysteresis loop was observed on a dual trace oscil-
loscope with the spontaneous polarization (Ps) being determined accordingly.>
The polarization was determined using an applied AC voltage of 30 volts (peak to
peak) at a frequency of 40 Hz from a temperature just below the smectic C} to
cholesteric Chy phase transition. The results obtained are shown in Figure 47. The
Ps in the Smectic C{ phase first increases, then decreases with decreasing tem-
perature towards the inversion point. At the inversion temperature, there is a very
sharp and discontinuous change in the value of the polarization. At temperatures
below this point the polarization becomes negative and begins to increase in mag-
nitude again.

The results show that the helix inverts in the cholesteric phase, and that the helix
and the polarization invert at approximately the same temperature in the smectic
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FIGURE 47 Variation in the spontaneous polarization (nC cm ~?) as a function of temperature (°C)
for 4-((25,3S)-3-propyloxiranemethoxy-2'-fluoro-4"-propoxymethyl-[1,1' : 4’,1"]-terphenyl.

C* phase. Therefore we can use a similar model of competing conformers to explain
these results, as we have used previously. In the case of this particular molecular
structure, the conformation may be changed by rotation about the O—C1 bond,
or by rotation about the C1—C2 bond. In the first case, unfavourable steric in-
teractions between the C1 methylene hydrogens and the ortho-aryl hydrogens
would give rise to relatively high energy conformations which we can therefore
discount. The three lowest energy conformations arising from rotation about the
C1—C2 bond are shown in Figure 48. Of these, structures (a) and (b) give situations
in which the permanent dipoles, and therefore spontaneous polarizations on the
macroscopic level, possess opposite signs. The third conformer (c) possesses a
higher relative energy due to an unfavourable disposition of the chiral chain relative
to the mesogenic core of the molecule, thereby reducing the linearity of the mol-
ecule. Preliminary molecular modeling studies have shown that interconversion
between the two conformers (a) and (b) is separated by a thermodynamic energy
barrier to rotation (AE) of approximately 11.8 kJ mol !, which is consistent with
the results for rotations about the C2—C3 bond in butane.

The properties of this low molar mass liquid crystal are unique, and for the first
time an inversion of the helical twist senses in both the cholesteric and chiral smectic
C* phases are exhibited. As with the other inversion we suggest that the origin of
the crossovers is due to a competition between the distribution of different con-
formers within the molecule at different temperatures rather than between the
relative twisting powers of individual chiral centres. It is also proposed that this
distribution can be described in terms of a Boltzmann function. Similar results have
also recently been reported on the helix inversion in cholesteric and smectic phases
in thin cells.>
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FIGURE 48 Conformational structures produced by rotation about the C1—C2 bond.

4. ANTIFERROELECTRIC AND FERRIELECTRIC MATERIALS

In the previous sections we have discussed two types of competition which arise
because of the chirality of the structures of the molecules. Firstly, we have seen
the competition produced between a desire to form helical structures and the need
to produce planar layered organizations of the molecules resuiting in the formation
of frustrated phases. Secondly, we have produced arguments to suggest that there
is an internal competition between different chiral conformers in liquid-crystalline
systems which can result in the inversion of helical or polarization properties. In
the following section, we will describe another form of chiral molecular interaction
that results in the minimization of the effects of some macroscopic properties. In
particular, we will examine the formation of antiferroelectric phase where the
molecules “‘pair” in order to produce a phase where the spontaneous polarization
is reduced to zero in value.

Typically, molecules that exhibit antiferroelectric phases have structures that
contain central rigid cores composed of at least three aromatic or heterocyclic rings.
Attached to the core is a terminal chiral group that has its chiral centre positioned
adjacent to the core, and on the peripheral side of the asymmetric atom there is
a chain of at least six carbon atoms in length. Thus, in effect, molecules with this
form of structural architecture would be expected to exhibit strong molecular chi-
rality, which might be expected to affect the liquid-crystalline properties of the
material.>? Figure 49 gives a number of examples of homologous series where
antiferroelectric phases are found, and transition temperatures are given for in-
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OCH(CHa)CsH13
n=8: Iso-156 - Sp- 122 - S, - 120.7 - S¢r
Sc-- 119 - Ferri - 118 - Anti

0]
-0y ¢
_ OCH(CH3)CeH13

n=12:1s0- 101 S, - 80 - Sc. - 64 - Ferri - 47 - Anti
ormnoO-_{ ¢
OCH(CHa)CsH13
n=10:1s0 -133 - S5- 123 - Sg.- 118 - Anti
om0 ¢,
OCH(CHs)CsH1a
n=8: Iso-116-S,4- 97 - Sc.- 95 - Anti
CnH2n+1ow O E
CH(CH3)CgH13
n=8: lso-150-S,- 132 - Sc.- 60 - Anti
ook -O_y
O-CH(CFa)CsH13
n=12: Iso - 100 - S, - 97 - Anti
CnH2n+10_<: )“O"« O E
O- CH(CF3)05H13

n=12; Iso-105-S,- 98 - Anti

FIGURE 49 Structures of some homologous series that exhibit antiferroelectric phases.
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dividual members. Nearly all of the materials shown have either ester or ketone
groups linking the chiral centre to the core; the core can have lateral substituents,
and the chiral end group is either 1-methylheptyl or 1-(trifluoromethyl)heptyl.

The number of materials, therefore, that exhibit antiferroelectric and ferrielectric
behaviour is limited, and in order to develop structure/property relationships fur-
ther we synthesized the following homologous series of materials, the (R) and (S)-
1-methylalkyl 4”-(4'-n-alkoxybenzoyloxy)biphenyl-4-carboxylates, the general
structure of the series which is shown in Figure 50.

The terminal alkoxy and alkyl chains were varied in length and the phase tran-
sition types and temperatures were determined. The results obtained are shown in
the following three Tables XV, XVI and XVII.

It can be seen from these studies that the antiferroelectric and ferrielectric phases
are stabilized as the alkyl chain length (m) is extended, with the transition tem-
peratures reaching a maximum for the 1-methylpentyl chiral end group before
falling again as the peripheral alkyl chain is increased. It is also interesting to note
that there is a very pronounced odd-even effect with respect to the alkyl chain
length; in fact the 1-methylbutyl and 1-methylhexyl members do not even appear
to exhibit these phases. Similarly, the transition temperatures of the smectic C* to
ferrielectric and ferrielectric to antiferroelectric phase changes rise and reach a
maximum (at the dodecyloxy member) before falling again when the alkoxy chain
is increased in length from eight to sixteen carbon atoms. These studies also show
that these two transitions are very sensitive to optical purity, see Table XVII. The
other transitions, liquid to smectic A*, smectic A* to smectic C*, and smectic to
crystal J* do not vary appreciably with optical purity, whereas the transitions to
ferri- and antiferro-phases are markedly affected by changes to the enantiomeric
excess.

These results seem to show that the molecular chirality is affected by the length
of the molecular core (it appears to require at least three aromatic units), and the
lengths of the two peripheral aliphatic chains (n and m), and the location of the
chiral centre within the molecule (preferably adjacent to the core), see Figure 51.
In essence, the free rotation of the chiral centre is restricted by (a) locating it
adjacent to the core and (b) by extending the peripheral aliphatic chain on the
external side of the chiral centre; these in turn augment the overall chirality of the
system which is affected by the size of the core and the alkoxy chain length.
However, as the chains at either end of the molecular structure are extended a
point is reached where any further increase in length has little effect on the chirality
of the system. Once this limit is passed, extension of the chains results in a dilution
of the effects of chirality. This is reflected by the rise in the stability of the antiferro-
and ferri-phases as the series are ascended, followed by a leveling-off and then a
fall for the higher homologues.

o]
C"Hz"”o_@_%w W, Z-(‘f“=

CenHama1
FIGURE 50
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TABLE XV

Transition temperatures (°C) and enthalpies of transition (kJ mol ') for the (R)
and (S)-1-methylheptyl 4"-(4'-n-alkoxybenzoyloxy)biphenyl-4-carboxylates

o]
C"Hz""o_O_%w W, :-<°.“=*

CaHia

=]

Abs Ps Helix Iso A*to C*tw C¥igrito Sm mp

Conf. Sign rotn to A* C* C*feri CHoni to J*
8 S +) { 128.5 {82.1] 91.5
AH 5.4 + 278
9 S (D) [ 1248 99.0 [66] [62.5) 87.6
AH 4.1 + 26.1
10 S +) [ 1245 1054 759 69 [47.8) 65.2
AH 52 284
10 R ) d 1245 1049 776 72.1 [47.5) 65.7
AH 49 0.05 42 317
11 S +) [ 1204 1084 [69.8] 723
aH 46 0.05 427
12 S +) 4 118.7 109.0 [77.0) [68] 78.2
AH 39 013 46.8
13 R ) d 116.1 1072 707 66.7
AH 40 018 454
14 R ) d 1154 1095 67.2 61 [371 555
aH 45 025 46.4
15 R ) d 1120 1066 [45] 59.8
aH 4.1 025 50.2
16 R ) d 108.9 105.0 66.9
AH 4.1 023 31.7

Where: [ ] denotes a monotropic phase transition,
+ denotes an enthalpy too small to be measured.

In order to take this argument concerning rotational freedom of the chiral centre
further, the size of the lateral group attached to the chiral centre was varied.?* It
was expected that by increasing the off-axis size of the substituent the free rotation
would be suppressed. Thus, the two series of materials shown in Figure 52 were
prepared where the value of p was changed from 1 to 3 carbon atoms in length.
The results for the transition temperatures are shown in Tables XVIII and XIX,
respectively.

It can be seen from Tables XVIII and XIX as the size of the lateral group is
increased the transition temperatures fall, however, the smectic C* temperature
range is affected more by this process than that of the antiferroelectric phase.
Consequently, the antiferroelectric phase is stabilized by the increase in the size
of the lateral substituent. This stabilization can be verified by examining the field
dependence of the switching in the antiferroelectric phase. For example, the ap-
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TABLE XVI

Transition temperatures (°C) and enthalpies of transition (kJ mol ') for the (R)
and (S)-1-methylalkyl 4"-(4'-n-decyloxybenzoyloxy)biphenyl-4-carboxylates

(o]
040044

CrHamit

m Abs Ps Helix Iso A*tio C*w C¥ferri Sm mp

Conf. Sign rom  toA* C* C¥ei  0CHy to]*
2 S +) { 1476 1119 [51.71 60.6
AH 53 0.02 37 347
3 S +) [ 1372 1063 70.7
AH 5.1 0.11 389
4 S +) { 1355 1065 866 742 [48.11 65.6
AH 54 0.07 42 372
4 R ) 4 1339 1067 873 85.0 [48.5] 657
AH 58 0.09 41 368
4 (+/-) 1324 1054 [46.1] 65.0
aH 54 0.16 38 339
5 S +) [ 1278 1045 [48.5] 64.85
AH 44 0.04 37 251
6 S ) { 1245 1054 759 69.0 [47.8] 652
AH 52 0.07 38 284
6 R “) d 1245 1049 776 72.1 [47.5] 657
AH 49 0.05 42 317
Where [ ]  denotes a monotropic phase transition,

(+/-) denotes a racemic modification.

parent tilt angle (or the switching tilt angle) can be measured as a function of the
applied electric field at a given temperature in the antiferroelectric phase.

At low fields, because the polarization in the antiferroelectric phase is zero, little
or no switching occurs, but at higher fields (greater than the threshold field) the
antiferroelectric transforms to a ferroelectric phase and switching occurs normally.
Therefore, in the applied field/apparent tilt angle diagram there is a jump in the
value of the tilt angle when this occurs. The higher this field is the more stable the
antiferroelectric phase is said to be. Figure 53 shows two switching curves for the
benzoate series. It can be clearly seen that the threshold for the propyl branch is
much higher than that for the ethyl analogue.

A similar conclusion can be drawn from polarization versus applied electric field
studies for the ethyl and propyl compounds of both the benzoate and propiolate
series. Each material was examined at a temperature just below (0.5°C) its upper
transition temperature for the antiferroelectric phase. The polarization versus ap-
plied electric field curves were obtained using a Diamant Bridge*® by applying a
sine wave of either 100 or 15 Hz. The propyl substituted compounds were found
to show a double hysteresis loop at both frequencies. This hysteresis loop is char-
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TABLE XVII

The effect of optical purity—the transition temperatures (°C) and optical purities
for the various isomers of 1-methylpentyl 4"-(4'-n-decyloxybenzoyloxy)biphenyl-4-

carboxylate
O
c,on,o—O—( 0
OO e
CiHy
Isomer Iso A*to C*to C¥erri tO Sm [0}D ee(%)
to A* C* C¥enii C¥ani to J*
S) 135.5 106.5 86.6 74.2 48.1 95 89.45
(R) 1339 106.7 87.3 85.0 48.5 9.9 91.1
(+-) 1324 105.4 46.1

Where (+/-) denotes a racemic modification.

CHg

Alkoxy E Ali j '

phatic chiral,

group length ' ond '
group length

FIGURE 51 General structure of an antiferroelectric material.

0
coH,go—O—( o)

)
T
T

CeHia
o]
c,Hwo—@—:—( o)
o_(.p 2p+1
CeHia

FIGURE 52

acteristic of stable antiferroelectric phases. However, the ethyl substituted com-
pounds exhibit a single hysteresis loop at both frequencies of 100 and 15 Hz. In
this context, it has been reported> for TFMHPOBC (see Figure 54) that the
polarization versus applied electric field hysteresis loop changes from a double loop
to a single loop with increasing frequency from 150 Hz to 5 kHz.

It is possible, therefore, that a direct transition from one induced ferroelectric
state to the other can occur in an antiferroelectric phase, thereby resulting in the
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TABLE XVIII

The transition temperatures (°C) for the (R) and (S)-1-alkylheptyl 4"-(4'-n-
nonyloxybenzoyloxy)biphenyl-4-carboxylates

O
0L 08 g

CeHia
p Iso A* 1o A*orC* Recryst
10 A* C* o C*un
1 1195 99.4 61.0
2 90.3 64.1 63.9 <RT
3 71.5 50.1 <RT
Where <RT denotes a transition occurring below room temperature.

TABLE XIX

The transition temperatures (°C) for the (R) and (S)-1-alkylheptyl 4"-(4'-n-
nonyloxyphenylpropioloyloxy)biphenyl-4-carboxylates

o}
CQHWO_@_:_'(O Q O EZ CoHap

CgHia
p Iso A*t0 A¥orC* Recryst
to A* C* 0 C*ny
1 92.7 658 54.0
2 68.9 46.2 453 <RT
3 59.8 42.6 <RT
Where <RT denotes a transition occurring below room temperature.

appearance of the single hysteresis loop. Thus, a frequency of 15 Hz may be high
enough to produce a direct transition between the two induced ferroelectric states
for ethyl substituted materials. Thus, the formation of double hysteresis loops for
the propyl homologues indicates that the antiferroelectric structure is greatly sta-
bilized by the introduction of a propyl group at the chiral centre in comparison to
that of an ethyl group.

In fact this effect is so pronounced for all of the propyl homologues we have
studied that we coined the term the “propyl effect” to describe the enhanced
stability of the antiferroelectric phase which reaches a point where it is effectively
more stable than the ferroelectric phase.

4.1. A Swallow-tailed Achiral Antiferroelectric Material

Thus, so far chiral compounds of the general type shown in Figure 55 have been
found to exhibit unusual properties.>
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We have shown that by independently varying the lengths of the two aliphatic
chains, denoted by C H,, ., and C,H,, , ,, the chirality of the system can be altered.
It was found that when the length, r, of the off-axis alkyl substituent is increased
the incidence of antiferroelectric phases also increases. It is suggested that by
increasing the alkyl chain lengths, g and r, the molecular rotation that occurs about
the chiral centre becomes progressively more damped in systems such as the smectic
C* phase. Moreover, this also increases the chirality and the biaxiality of the system.
Taking this kind of study to its ultimate conclusion the length, #, of the off-axis
“lateral” alkyl substituent was increased until it equaled that of the “‘terminal”
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chain length, g. In doing so a material, 1-propylbutyl 4'-(4"-n-nonyloxyphenylpro-
pioloyloxy)biphenyl-4-carboxylate, was synthesized which has no molecular chi-
rality. Its structure is shown in Figure 56.

This material was found to have unusual liquid-crystalline properties in that it
did not exhibit a normal smectic C phase, but rather it exhibited a phase that was
miscible with the antiferroelectric phases of chiral materials. The transition tem-
peratures of this swallow-tailed compound, determined by thermal optical polarized
light microscopy on cooling, are as follows.

170.0°C S, 54.8 Antiferro 41.7° recryst

The results of differential scanning calorimetry are almost in agreement with mi-
croscopic studies and show that this compound exhibits only monotropic liquid-
crystalline phases. On heating the material simply melts from the crystal to the
isotropic liquid. Cooling shows a transition from the isotropic liquid to the smectic
A phase at 70.3°C, further cooling produces two other transitions, first to the
antiferroelectric phase, at 54.8°C, and then to a complex crystal form at 45.9°C.
The values measured for the enthalpies of transition are given in Table XX.

The data shows that the smectic A to antiferroelectric phase change is first order
in nature, and clearly this observation is not consistent with the transition being
from a smectic A to a smectic C phase, which in the vast majority of cases is second
order. Actually, the first order phase change is more in keeping with a transition
from a smectic A to a more ordered phase such as an antiferroelectric or smectic
I/F phase where the molecules are still tilted with respect to the layer planes.

Confirmation that this material exhibits an antiferroelectric phase was achieved
through several different miscibility studies, Figure 57 shows one example of such
phase diagrams. The antiferroelectric phase of the test material proved to be con-
tinuously miscible with the antiferroelectric phase of the standard. The smectic C*
phase was found to disappear as the percentage of the test compound in the binary

O
C9H1 90 Oé« 0
-4 o

FIGURE 56

TABLE XX

Enthalpies of the transitions (kJ mol ') for the
swallow-tailed compound 1-propylpropyl 4'-(4"-n-
nonyloxyphenylpropioloyloxy)biphenyl-4-

carboxylate
Transition Enthalpy (kJ mol-1)
Cryst to Iso 445
Isoto Sp 3.1
S to Antiferro. 0.7

Antiferro to Cryst 18.9
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FIGURE 57 Miscibility phase diagram for mixtures (wt.%) of (§)-4-(2-methyloctanoyl)phenyl 4’-n-
octyloxybiphenyl-4-carboxylate (standard) and the test material 1-propylpropyl 4'-(4"-n-nonyloxyphen-
ylpropioloyloxy)biphenyl-4-carboxylate.

mixtures rose above 60% by weight, thus indicating that the test material does not
exhibit a smectic C*/C phase. As with other miscibility studies the smectic A phase
was found to be continuously miscible across the full concentration range. As this
phase diagram shows that the antiferroelectric phases of both materials are miscible,
it is reasonable to conclude, therefore, that the antiferro-phase of the test material
has a similar structure to that of a true antiferroelectric phase even though it is not
chiral. If this is the case then this material is a novel example of a non-chiral low
molar mass compound exhibiting an “antiferroelectric-like’”” phase.

With this particular study we appear to have come full circle. Much of the work
reported has been focused on rotational trapping as a way of increasing the relative
chirality of a system. In another way this has the effect of subtly broadening the
molecular structure, so that the inclination to form mesophases is reduced, but not
suppressed totally. In a sense, therefore, by broadening the molecular structure
we may have unduly increased the local biaxial ordering (over a few molecules at
most). Thus, we appear to have induced antiferroelectric order without the need
for chirality. The major question posed by this study concerns how the molecules
self-organize to form a zigzag layer packing. One approach is to consider the dimeric
associations of the molecules, because it has been suggested previously that dimers
with bent structures favour antiferroelectric ordering.

Most materials which exhibit antiferroelectric behaviour have asymmetric struc-
tures, with high optical purities, leading to physical properties and behaviour that
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are strongly dependent on chirality.>*-” However, it has been shown recently that
antiferroelectric phases can occur in racemic mixtures as well, %8> thereby shedding
doubt on the postulation that antiferroelectric behaviour is dependent on the “‘de-
gree of chirality” of the system. Moreover, it has also been discovered that some
non-chiral main chain polymers exhibit antiferroelectric ordering in the smectic C
phase. Consequently, it is possible that the antiferroelectric order arises because
of the zigzag conformation shape of the main chain structure.® Similar zigzag
structures can be obtained from dimers®! of the type shown in Figure 58. In this
dimer, the molecules have a bridging chain that has an odd number of methylene
links. When the linking chain is in its all trans conformation, it causes the two
aromatic units to be tilted in opposite directions to each other with respect to the
layer normal. Thus, a “bent dimer” is produced which when packed with other
dimers together (see Figure 59(c)) leads to a zigzag layer structure which is similar
to that obtained for an antiferroelectric phase.

For pairing in chiral systems, the molecules will have fairly strong dipoles which
act along the C, axis of the layer structure. This results in the material having a
high value for the spontaneous polarization for an individual layer. Conversely,
pairing of the molecules will have the favourable effect of compensating for the
strong lateral dipoles along the C, axis thereby reducing the value of the polari-
zation, as shown in Figure 59(a). Thus, there will be a competition between the
need to reduce the overall polarity of the system (i.e., to lower the spontaneous
polarization) and the need to preserve a layer structure where the molecules are
tilted. The result of this competition is that the molecules in adjacent layers tilt in
opposite directions thereby preserving the local layer structure yet at the same time

REEE
EXXEAS
i

FIGURE 58 Proposed zigzag structure for dimers.
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(a) (b)
Chiral molecules pairing together Pairing in a racemic modification,
s0 that they have opposing the (R) - (R)(shaded) and
dipole directions within each dimer (S) - (S) (open ellipses)dimers

form separate domains

(c]
Packing of true liquid crystal dimers which have an
odd number of methylene units in the central spacer chain

FIGURE 59 Packing of molecules producing zigzag structure.

compensating for the layer polarization. In the case of racemic modifications a
similar effect is suggested to be present. However, because of the differences in
the packing of (R)-(S) dimers with respect to the (R)-(R) and (5)-(S) dimer
ordering, it is thought that like-chiral-molecules aggregate together to give an
inhomogeneous distribution of (S)-(S) and (R)-(R) pairs. The resulting phase,
therefore, has an antiferroelectric structure, as shown in Figure 59(b).5?

In the case of the swallow-tailed compound, the forked branch point in the
terminal chain is formed through the bonding of an sp® hybridized carbon atom.
Therefore, the forked-tail of the molecule is no longer co-planar with the molecular
core, but bent at an angle with respect to the long axis. The bending of the swallow
tail would be expected to cause the formation of either bent or zigzag shaped
dimers through the interleaving of the terminal chains between layers. As a con-
sequence, the packing of bent shaped dimeric species could result in the formation
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Antiferroslectric packing of
dimers in the smectic C phase

FIGURE 60 Antiferroelectric packing of dimers for the swallow-tailed compound.

Effect of MolecularChirality on TGB Phases
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phase up to seven
carbon atoms in length,
after which it becomes destabilised.

FIGURE 61

of tilted phases and in particular the formation of antiferroelectric structures, as
shown in Figure 60.

5. CONCLUDING REMARKS

This investigation into chirality is still ongoing, however, the large number of
materials that have been prepared and the structure/property correlations that have
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Effect of Molecular Chirality on Inversion Phenomenon
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FIGURE 62

Effect of Molecular Chirality on Antiferroelectric Phases
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Increasing polarity formation of antiferroelectric
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Increasing the length
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chain stabllizes the antiferroelecteric
phase up to seven
carbon atoms in length,
after which it becomes destabilised.

FIGURE 63

been developed from results on their liquid crystal properties are extensive. In this
article we have been only able to draw upon a few examples of the relationships
that we have examined. However, rather than summarise again in words the re-
lationships between phase structure/properties and molecular structure that we have
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developed in the main text, we offer the following three figures (based on Figure
13) which attempt to crystallise our main observations. Figure 61 shows the rela-
tionship between molecular chirality and TGB phases, Figure 62 the relationship
between molecular chirality and inversion phenomena, and lastly Figure 63 which
depicts the effects of molecular structure on antiferroelectric phases.
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