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1. Introduction

1. Introduction

After Reinitzer found the first liquid crystal phase in 1888, around 20 different LC
phases were found and thousands of molecules that exhibit LC phases were synthesized.
Bent-core molecules were first synthesized at Halle University in 1903 [1], [2] by D. Vörlander.
However on that time the LC phases of these bent-core molecules were not paid much
attention.

After 90 years, bent-core molecules were independently synthesized by J.

Watanabe et al. [3] in Tokyo Institute of Technology and one of the LC phases made people
surprised.

Tilted polar smectic phase (Sm-CP phase) of the bent-core homologue was the

one which fascinated people and made them decided to work on bent-core molecules and the
LC phases of these molecules though these phases have less possibility for application.
Now around 10 different LC phases of bent-shaped molecules were known and just
few of them were really understood. In this thesis, particularly the Sm-CP phase of bent-core
molecules is focused on and discussed in detail to understand its nature.

1.1 Liquid Crystals [4], [5]
All matter exists in one of several states, for example, solid, liquid or gas having
different degree and type of positional and orientational order.

In the isotropic liquid or gas

phases, molecules move randomly and have no long-range positional or orientational order.
The solid state can be divided to several categories, such as glass or crystal. In a typical
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crystalline phase, molecules or atoms have three-dimensional long-range positional order and
in molecular crystals there is also long-range orientational order.
The mesomorphic phases between the isotropic liquid and the crystalline phases,
liquid crystals, are fluids with some degrees of positional and/or orientational ordering of the
molecules.

Several examples of typical structure of LC phases are shown in figure. 1.1.1.

On a broad level, liquid crystals are classified into two categories, thermotropic and lyotropic
liquid crystals.

Thermotropic liquid crystals consist of one or several kinds of molecules

mixed homogeneously and exhibit liquid crystal phases depending on temperature, where as
lyotropic liquid crystals generally consist of mesogens and one or more fluids that do not mix
homogeneously, microscopically segregate, and exhibit different structure depending of
mixing ratio of components.

Figure 1.1.1.

Examples of liquid crystal phases.

(a) Nematic, (b) Sm-A, (c) Sm-C,

(d) discotic nematic, (e) the columnar phase of bent-shaped molecules and (f) the
lamella phase organized with lipid and water.
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Thermotropic liquid crystals are classified by molecular shape or structure of the
phases.

The “rod-like” molecules which exhibit “rod-like” or “calamitic” LC phases have

been extensively studied and widely used for technical applications.

The “discotic”

mesogens (molecules exhibiting discotic liquid crystal phases) and “bent-shaped” mesogens
(molecules exhibiting bent-shaped liquid crystal phases) are used for few technical
applications, but have been widely studied because these molecules produce unique structures
due to the molecular shape.
On further classification, both thermotropic and lyotropic liquid crystals are broken
into groups depending their order or their macroscopic structure.

For example, the rod-like

mesogens have the nematic (N) phase and smectic phases while discotic mesogens have the N
(discotic nematic), smectic (discotic lamellar) and columnar phases.

In the nematic liquid

crystal phases, nematic (N), chiral nematic (N* or Ch), and blue phases (BPs), molecules have
long-range orientational order, but no positional order.

Molecules have both the orientational

order and the one-dimensional positional order in the smectic liquid crystal phases in which
molecules form a layer structure.

More than 10 smectic liquid crystal phases have been

known and were named using alphabets like “smectic-A” (Sm-A).
liquid crystal phases were shown in figure 1.1.2.

Examples of these smectic

Detailed classification of these smectic

phases of rod-like mesogens and their properties were written in [6].

Discotic mesogens and

bent-shaped mesogens exhibit liquid crystal phases and some of these phases have a quite
different structure from liquid crystal phases of rod-like mesogens.
exhibit the nematic, smectic and columnar phases.
discotic mesogens was suggested in [7].
smectic and columnar phases.

Discotic mesogens

A classification of these LC phases of

Bent-shaped mesogens also exhibit the nematic,

Details about liquid crystal phases of bent-shaped mesogens

were introduced and discussed in following section.
As in the lyotropic system, segregation of molecules in micro-scale results to form
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ordered fluid phases.

Even in a material with single component of molecule, like

thermotropic LCs, each functional group with different electron density or different chemical
potential segregates and enhances to form ordered structure as like smectic phases.
Especially, an aromatic group which often have been designed as a mesogenic core in liquid
crystal molecules and alkyl chains on the tail part of molecules often segregate each other and
produce various ordered phases.

Recently, C. Tschierske reported series of molecules which

exhibit lamella, micelle, and columnar phases based on the segregation of functional groups
on each molecule [8], and such segregation is now regarded as an important factor for forming
LC phases.

Figure 1.1.2.

Examples of layer structure of smectic phases.

Sm-CA, (d) Sm-B, (e) Sm-I and (f) Sm-IA.

(a) Sm-A, (b) Sm-C, (c)

In the phases, (a)-(c), molecules have no

in-plane positional order in a smectic layer, while in the hexatic phases on (d)-(f)
molecules have the short range positional order even in a plane of smectic layer.
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1.2 Symmetry of the Structure in Liquid Crystals
1.2.1 Symmetry
Material constants representing physical properties of a material are defined as factors
which reveal the relation between two measurable values in the material.

Some of these

values are scalar as like temperature, volume or weight and the material constant which
connects two of these values are then also scalar.

For example, density of a material is

defined as weight of the material whose volume is equal to a unit.
constants do not depend on direction within the material.

These scalar material

On the other hand, there are values

of measurable but depending on direction within the material, which is usually expressed
using a vector instead of scalar number as like the electric field.

In this case, the material

constant connecting two vectors has to be a tensor expressed in a matrix form.

For example,

polarizability is the second rank tensor defined as a 3 by 3 matrix which connects an external
electric field vector to a polarization vector in the material.

Components in the matrix are

different each other in an anisotropic media or all the same in an isotropic media.

If the

media exhibits a different response depending on direction within the material, then that media
is anisotropic.

The anisotropy of the material constants which related to the macroscopic

physical properties reflects the anisotropy of structure in the material, which is expressed
using the symmetry class.
Based on symmetry operation which locally (like just in one unit cell) allowed in a
system, 32 point group are defined.
operation in the whole crystal structure.

Space groups are used to define detailed symmetry
Many physical properties, for example, mechanical

properties like compressibility, elasticity and viscosity are different in different directions to
the principle axis.

Especially, anisotropy in electric properties is worthy to note.

Anisotropy in dielectric constant generates difference in speed of light passing through the
material along different directions and produces many interesting optical phenomena like

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17
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birefringence.

But more unique anisotropy in the electric properties is found in the phases of

lower symmetry class.
There are 32 different groups of different symmetry.

If a crystal have a structure

which does not have the inversion symmetry, the crystal would be piezo-electric (except O).
The piezo-electric crystals exhibit induced electric dipoles (polarization) under a stress.

The

piezo-electric group includes 20 point groups and 10 of these 20 point groups are pyro-electric.
The pyro-electric crystals may have polarization even without external fields like a stress or an
electric field (spontaneous polarization) [see table 1.2.1].

Crystals of these 10 pyro-electric

point groups are able to become ferro-electric in which the spontaneous polarization switches
its direction by applied external fields.

Table 1.2.1

32 point groups and electric properties allowed in these point groups.
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1.2.2 Symmetry in Liquid Crystal Phases [9]
Materials that exhibit liquid crystal phases usually consist of organic molecules with
complex chemical structure heavier than at least 150-molecular weight (g/mol).

Each

molecule forms one conformation in sufficiently short time and many of these conformations
do not have symmetry operations more than C1 (lowest symmetry).

However, in liquid

crystal phases, we have to consider only time averaged conformations of molecules and then
molecules can be regarded to form simple “rod”, “bent” or “discotic” shapes.

The point

group of a cylindrical rod is D∞h, bent-shape and disc-shape are in C2v and D∞h respectively.
The symmetry class of liquid crystalline phases is not always the same as that of
molecules in the system.

Let us consider the symmetry of LC phases using point groups (in

principle, we have to use the space group to describe the symmetry of LC phases as well as we
do for crystal structures) based on the local symmetry of these phases.

The point group of

the nematic and smectic-A phase of rod-like molecules is D∞h which is the same as that of
molecules, while the smectic-C phase belongs to the C2h point group which is the lower
symmetry comparing to molecules.

Because molecules do not have positional order in the N

phase and in one smectic layer of Sm-A and Sm-C phase, the symmetry class of these phases
is simply presented with its point group.

In highly ordered smectic phases, however,

molecules have the positional ordering even in one smectic layer and then the symmetry class
of these phases should be presented by space groups as we do for crystal structures.
Almost all of the liquid crystal phases are anisotropic and hence these phases exhibit
anisotropy in physical properties.

Even the N phase whose point group has

inversion-symmetry (D∞h), exhibits anisotropy in mechanical properties and optical properties,
for example, anisotropy in elasticity and refractive indexes (birefringence).

But in N (D∞h),

Sm-A (D∞h), Sm-C (C2h) [see figure1.2.1] and hexatic phases of D6h and C6h, the symmetry is
still high enough not to allow the system to become piezo-electric.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17
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1.2.3 Chirality in Liquid Crystal Phases [10], [11], [12]
To obtain a liquid crystal phase of piezo or pyro-electric, the inversion symmetry
should be lost in the system.

R. B. Meyer first realized that the situation would be achieved

by introduction of chirality into the Sm-C phase, i.e., point group of the Sm-C phase is no
longer C2h when the mirror operation is lost by introducing chiral molecules and hence the
chiral Sm-C phase (Sm-C* phase) of C2 symmetry should be at least pyro-electric[13] [see
figure1.2.1].

And, in fact, the Sm-C* phase is ferroelectric under proper conditions.

Chirality removes the mirror plane and allows a spontaneous polarization
perpendicular to the tilt plane in the Sm-C* phase.
only effective in the Sm-C* phase.

Of course, chirality of molecules is not

The N phase (D∞h) becomes chiral nematic (N*) or

Cholesteric (Ch*) phase of D∞ by introduction of chirality, which is not able to be piezo or
pyro-electric.

Instead of that, because the absence of mirror-symmetry, in the N* phase

molecules organize a helical structure with its axis perpendicular to averaged molecular long
axis (n-director).

In the chiral nematic phase, cholesteric phase, Blue phases,

twist-grain-boundary (TGB) phases[14], [15] and tilted chiral smectic phases, the helical structure
originated from the chiral twisting power is usually observed.

It is important to note that the

handedness of the structures (sign of polarization or sense of helix) at a given temperature is
completely determined by the handedness of molecular chirality.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17
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Figure 1.2.1

Symmetry operations in (a) N, Sm-A or Sm-A*, (b) Sm-C and (c)

Sm-C*, and definition of sign of spontaneous polarization.
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1.3 Ferroelectricity and Antiferroelectricity in Liquid Crystals [10], [11], [12]
1.3.1 Ferroelectric Liquid Crystals and Surface Stabilization
As Meyer pointed out, introduction of chirality to the Sm-C phase lowers its
symmetry from C2h to C2 and allows the spontaneous polarization normal to the tilt plane.
However, in bulk, chirality of molecules forces the tilt direction rotating from layer to layer;
the tilt direction of molecules forms a helical structure as shown in figure 1.3.1 and
spontaneous polarization is usually cancelled out macroscopically.

To observe the

spontaneous polarization, the helix in the Sm-C* phase should be unwound.

In bulk, the

helix usually does not unwind (in some particular material the helix unwinds only at one
temperature) and hence the bulk spontaneous polarization is not easy to be observed.

Figure 1.3.1

Helical super structure in the Sm-C* phase.

N. A. Clark and S. T. Lagerwall solved this problem by using surfaces[16].

In a thin

cell in which smectic layers align perpendicular to the substrates (smectic layer normal is
parallel to the substrates), the helix in the Sm-C* phase is unwound when the cell thickness is
smaller than the helical pitch.

Domains in which spontaneous polarization is not cancelled

out are observed in such cells and the polarization switches by application of an external
electric field [see figure 1.3.2].

The state in such thin cells is called as surface stabilized

state because the helix unwound by the surfaces.
surfaces force the helix unwound.

Not only substrates of cells but also any

Spontaneous polarization is easily observed in systems

with a large surface area, for example, freely suspended films.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17
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Figure 1.3.2.
Sm-C* phase.
the surface.

The helical structure and the surface stabilized state of ferroelectric
In a thick planar cell, molecules wind helix with its axis parallel to
(a) top-view and (b) side view of the deformed-helical ferroelectric

liquid crystal cell (DHFLC).

However the cell thickness is thin around the helical

pitch, the helix is unwound by surface interactions and molecules uniformly align as
shown in (c) and (d) or (e) and (f); (c) and (e) are top view and (d) and (f) are side
view of the surface stabilized ferroelectric liquid crystal cell (SSFLC).

Molecules

changes the orientation between (d) and (f) by application of an electric field,
because spontaneous polarization in these states switches to be parallel to the
applied electric field.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17
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1.3.2 Antiferroelectric Liquid Crystal Phase and Smectic-C* Sub-phases
In the Sm-C* phase, molecules tilt in the same direction from layer to layer except
small rotation from the chiral twisting power and hence direction of spontaneous polarization
aligns almost uniformly as expected to be so in the ferroelectric phase.

If molecules alternate

in tilt direction from layer to layer, the direction of the spontaneous polarization also alternates
from layer to layer canceling out the bulk polarization.

That is the phase called

antiferroelectric chiral smectic-CA phase (Sm-CA* phase) found by A. D. L. Chandani et al. [17],
[18]

and Y. Galene et al. [19], in which spontaneous polarization in two adjacent layers alters the

direction without external fields and aligns uniformly as in the Sm-C* phase when a strong
external electric field are applied[17],

[18]

[see figure 1.3.3].

Because the field induced

transition from Sm-CA* to field-induced Sm-C* state is usually first order, switching between
these two states occurs at the certain field strength (threshold field, Eth) and exhibits
hysteresis, i.e., the threshold field is different whether the process is the switching from
Sm-CA* to Sm-C* or that of switching back from the field induced Sm-C* to Sm-CA*.
In addition, there are several similar structures known as the Sm-C* sub phases.

In

these phases, molecular tilt direction changes repeatedly in a short period around 3 to 4 layers
[21]-[27]

.

Two models had been proposed in terms of the molecular orientation in these phases,

Ising model and Clock model [24], [28]-[32].

Although the detailed molecular orientation in these

sub-phases has been investigated by means of conoscopy, resonant x-ray scattering and optical
polarized ellipsometory, the origin of these various Sm-C* sub-phases including the Sm-CA*
phase is still under discussion.
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Figure 1.3.3.

Molecular orientation in the antiferroelectric Sm-CA* phase.

(a)

top-view and (b) side view of the antiferroelectric Sm-CA* phase in a planar cell.
Spontaneous polarization in each smectic layers is canceled out because of
anticlinic orientation of molecules.

However the spontaneous polarization

re-orients and uniformly aligns along an external electric field direction when the
electric field is applied ((c) and (d) or (e) and (f)).

These two states (d) and (f) are

having the same molecular orientation which observed in the Sm-C* phase and
only stable under application of an external field, so that these states are called as
field-induced Sm-C* state.
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1.4 Bent-shaped Liquid Crystals
1.4.1 Bent-shaped Molecules
Whereas molecular chirality allows for a macroscopic spontaneous polarization and
results in ferroelectric or antiferroelectric polar structures in tilted smectic phases, a tilted
smectic phase of achiral bent-shaped molecules also exhibits a macroscopic chiral structure
with spontaneous polarization.
As far as known in literature, the first achiral bent-core molecule was synthesized in
1903 by D. Vörlander

[1], [2]

.

However on that time the LC phases of these bent-core

mesogens were not paid much attention.

After 90 years, bent-core molecules were

independently synthesized by Niori et al.[3]

Since they reported the first observation of

electrooptic switching in one of LC phases (known as the B2 phase) of the bent-core molecules
of C2v symmetry, molecular structure with C2v symmetry is regarded to lead to the spontaneous
polarization in the smectic layer along their C2 axis.

Many of these achiral bent-shaped

molecules have C2v symmetry (some of them are asymmetric, but the local symmetry of a
smectic layer can be regarded as C2v since the head-and-tail equivalent of molecules in the
layer) and this shape effectively results in a polar packing of “bent” molecules within a given
layer if molecules do not rotate freely around their long axis.

Hence many new liquid crystal

phases which never appear in the rod-like system are expected to be observed in the
bent-shaped molecular system[33].

One of conventional chemical structure of such bent-core

molecule and symbolic representation of the bent-core molecule throughout this thesis are
shown in figure 1.4.1.

The mesogens typically have chemical groups with a large dipole

moment, such as C=O.
In the short history of bent-shaped molecules, several terms have been used to
describe these molecules, for example banana-shaped, bent-shaped, bow-shaped or V-shaped.
Through this thesis, “bent-shaped” will be used for molecules having bent-molecular structure
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(including twin-dimer molecules in which two rod-shape mesogens are connected by flexible
hydro carbon chain) and “bent-core” will be used for molecules having a rigid bent-shaped
mesogenic core.

Figure 1.4.1.

One of conventional chemical structure of bent-core molecules

P-n-(O)-PIMB (left) and symbolic representation of the bent-core molecules
throughout this thesis (right).

White arrow in right figure represents molecular

long axis, n, black arrows represent bent-director b.

1.4.2 Liquid Crystal Phases of Bent-core Molecules
Bent-core molecules exhibit several meso-phases, some of which are significantly
different from the liquid crystal phases of rod-like molecules.

Because of the molecular

shape with no C∞ symmetry along the molecular long axis, bent-core mesogens produce
unique smectic phases that rod-like molecules never form.

After the Berlin workshop on

1997[34], liquid crystal phases of bent-core molecules have been named as the ‘Bi’ (i is an
integer number) phase in the chorological order of their discovery.

After the B1 to B7 phases

were defined[35], however, people realized that there were several different structures or states
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in one phase.

Also, as the detailed structure of new phases was gradually investigated,

people found that there were a lot of phases having very similar but slightly different structure.
In the Boulder workshop on 2002, the nomenclature of these liquid crystal phases were
discussed and people agreed to make another rule of naming.

The most absolute definition of

the phase would be using the space group of the phase but it was not convenient for all the
people.

For both convenience and precise, people almost agree to name the phases of

bent-core mesogens using the same name used for the rod-like mesogens, for example Sm-A
or Sm-C, and additional characters and suffixes.
added for a detailed definition.

Also the space group of the phase will be

In this thesis, both ‘Bi’ and ‘Sm-’ names will be used.

Structures and properties of smectic phases of bent-core molecules are summarized on
Table 1.4.1.

Table 1.4.1.

Liquid crystal phases of bent-core molecules.

“Polar” indicates that

the phase shows responses to an applied electric field or not.

“Tilting in a layer”

indicates that the average molecular long axis in a smectic layer is tilted with
respect to the smectic layer normal direction or not tilted.
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The B1 phase [see figure 1.4.2 (d) and (e)] exhibits two periodicities like a columnar
phase, i.e. smectic layer ordering and another periodicity in a plane of smectic layers.
different structures have been reported[36], [37] as shown in figure1.4.2 (a)-(c).

Three

All of these

phases do not exhibit macroscopic spontaneous polarization[38] and no response is usually
observed under an applied electric field (there are several reports about the field induced
transition from B1 phase to the Sm-CP state

[39], [40]

.

But these were not conformed yet by

means of x-ray).

Figure 1.4.2.

(a-c) Three proposed structures of the B1 phase[36], [37].

(d) Photomicrograph of the B1 phase, P6OPIMB in a 4-micron thick cell.
(e) Photomicrograph of the B1 phase, W503 in a 4-micron thick cell.
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The B2 phase is also known as the Sm-CP phase, in which molecules forming a
smectic layer are tilted with respect to the layer normal (Sm-C) and the smectic layer exhibits
macroscopic spontaneous polarization perpendicular to the molecular tilt plane (Sm-CP, detail
are written in the section 1.4.4).
In the B3 phase [see figure 1.4.3], molecules in a smectic layer are not tilted from the
layer normal and having positional order in layer plane as indicated by x-ray diffraction
measurements.

The B3 phase might be a crystalline phase since several sharp diffraction

peaks are observed in wide angle x-ray scattering[41],[42],[43].

Figure 1.4.3.

Photomicrograph of the B3 phase,

P8OPIMB in a 6-micron thick cell.

The B4 phase is one of the phases of “under investigation”.

From x-ray experiments,

there is the smectic layer ordering and molecules are thought to be not tilted from the layer
normal because the layer spacing is comparable to the molecular length.
points of this phase are blue scattered color and chiral domains[44].
B4 phase are shown in figure 1.4.4 (a-c).
observations[34],

[45]

Characteristic

Photomicrographs of the

From AFM (atomic force microscope)

and TEM (transmitted electron microscope) observations of freeze

fractures, the phase is now thought to have the TGB[14], [15] structure as shown in figure 1.4.4
(d).

The phase also might be a crystalline phase and no electrooptic response is observed.
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Figure 1.4.4.
cell.

Photomicrographs of the B4 phase, P8OPIMB in a 6-micron thick

(a) Under crossed polarizers the texture looks dark because of low

birefringence.

Blue color is often observed in this texture.

Two domains of

opposite optical rotation exist and these domains are clearly observed in (b) and (c)
by uncrossing polarizer and analyzer, where polarizer rotated clockwise 5-degree in
(b) and counter-clockwise 5-degree in (c).

The B5 phase is the Sm-CP phase with the in-plane positional ordering.
response in this phase is similar to that in the B2 phase[46].

Electrooptic

From x-ray scattering

measurements, the phase is known to have a positional ordering in the smectic layer.

W.

Weissflog et al. reported three distinct B5 phases in which electrooptic response and x-ray
scattering profile were the same but distinguishable only in DSC measurements[47].
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The B6 phase [see figure 1.4.5] is similar to the B1 phase in terms of interdigitation of
molecules each other for the half molecular length [see figure1.4.5 (b)], but this phase does not
exhibit 2-dimensional ordering which easily determined by x-ray scattering experiments.
Also the phase exhibits a reflection corresponding to the half molecular length (002) while the
reflection corresponding to the molecular length (001) is cancelled out and not observed.
The B6 phase is sometimes observed in an upper temperature range of the B1 phase[48].
Because dipole moments of molecules are cancelled out each other, no electrooptic response is
observed except a dielectric response.

Figure 1.4.5.

(a) Photomicrograph of the B6 phase, 6OAm5AmO6 in a 6-micron

thick cell and (b) molecular orientation in the phase.

The B7 phase is also one of Sm-CP phases[49].

The detailed structure of B7 phase is

recently investigated by means of x-lay scattering and observations of freeze fractures[50].
The B7 phase was first defined by texture observed using optical microscope, which exhibits
huge variation of spiral domains, helical ribbon like domains, focal conics and leaf-like
domains[51].

Textures of the B7 phase are shown in figure 1.4.6. From high-resolution x-ray

measurements, several different structures that show the same texture under an optical
microscope are known to exist.
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of phase and the phase is called as the polarization modulated phase.

Detailed structure and

its origin will be described in the section 1.4.4.

Figure 1.4.6.

Photomicrographs of the B7 textures. (a)-(b) H87 in a 4-micron

thick cell, (c) Racemic MHO-Bow in a 6-micron thick cell and (d)-(f) Chiral
MHO-Bow in a 8-micron thick cell.
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There are several more phases were reported, for example the B8 phase[52] and the CPA
phase (polor Sm-A, Sm-AP phase)[53], but the structure and detailed property of these phases
has not been investigated well.
phases starts to change.

After discovery of the B8 phase, nomenclature of these

However, no clear definition is presented (at Sep. 2003) yet and it

has been needed as soon as possible.
In this thesis our attention will be given in particular to the polar smectic phase, the B2
and B7 phase.

1.4.3 Spontaneous Polarization, Layer Chirality, and Molecular Chirality
The sign of spontaneous polarization is defined using the direction of the tilt and
polarization, i.e., the sign is plus when P points to the same direction of z x n (where z points
along the layer normal and n is parallel to the molecular long axis).

In the case of

ferroelectric Sm-C* phase or antiferroelectric Sm-CA* phase of rod-like molecules,
spontaneous polarization is originated from breaking of mirror symmetry by introduction of
chirality.

Hence, at any given temperature, all of the layers in these chiral smectic phases

have a uniform sign of spontaneous polarization that is completely determined by the
handedness of molecules.
On the other hand, in the tilted polar smectic phases (Sm-CP phases) of achiral
bent-core molecules, two types of layers exist, and one of which is the mirror image of the
other [see figure 1.4.7 (a)].

Then as in the case of the Sm-C* phase of rod-like molecules,

the spontaneous polarization of each layers is uniquely defined.

However, the situation is

little complicated because molecules in each layer have a bent-direction b.
assumed to be parallel but their directions are not always the same.

P and b are

For this case, the layer

chirality, instead of the sign of spontaneous polarization, is defined by D. R. Link et al.[54]
using the molecular tilt direction and b.
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when b points along the same direction as z x n as shown in figure 1.4.7 (b).
determine the direction of P and b experimentally.

It is difficult to

The director b points in the same

direction (or opposite direction) to the electric field when P and b are parallel (or anti-parallel).
Recently, it was reported that these two vectors were anti-parallel, which was indicated by the
molecular orbital calculations for the molecules of PnOPIMB [see figure 1.4.1] homologues.

Figure 1.4.7.

(a) Geometry for smectic layers and layer stacking in tilted smectic

phase of bent-core molecules. (b) In one smectic layer with layer normal along
the z-axis composed of bent-core molecules with polar order along b parallel to the
y-axis,

two possible layer structures one of which is mirror image of the other, are

defined by the director n tilting by θ either along the positive or negative to x-axis.
The two dimensional c-director (nail) is defined by the projection of n onto a layer
surface with the head of the nail indicating which end of the molecule is closest the
top surface.
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In this thesis, the assumption that P and b point in the same direction will be used to
avoid confusion in the figures.

In all figures illustrating molecular orientations, only the

b-director will be used instead of P.

The direction of P should be thought of as being the

same (or opposite) direction as b when P and be are parallel (or anti-parallel).
In the ferroelectiric Sm-C* or antiferroelectric Sm-CA* phase of rod-like molecules,
layer chirality (handedness of a layer) is defined using P instead of b and then the layer
chirality and sign of spontaneous polarization is the same.
same chirality at a given temperature.

Of course all layers have the

The layer chirality (also the sign of spontaneous

polarization) is completely defined by chirality of molecules.

However, both handednesses

of layers exist in the Sm-CP phase of achiral bent-core molecules since molecules are achiral.
If it is not the chirality of the molecules, what difference is possible to exist between the
molecules in the (+) and (-) layer of the achiral Sm-CP phase?

Several reports point out that

the conformation of the molecules is chiral and the molecules in the (+) and (-) layer are
forming a chiral conformation which is the mirror image of that of molecules in layers of
opposite handedness[55],[56],[57].
It is easy to imagine that the layer chirality in the Sm-CP phase becomes uniform if
chirality is introduced to the system.

The relation between the molecular chirality and the

layer chirality will be discussed in this thesis.

1.4.4 Polar Smectic Phase (Sm-CP Phase) of Bent-core Molecules
The “rod-like” molecules have an advantage for reducing the free energy by the
excluded volume effect.

If bent-shaped molecules rotate nearly freely around their long axis,

the excluded volume would be larger than that of rod-like molecules and bent-shaped
molecules would not pack closely as well as rod-like molecules.

To reduce the free-energy

by the excluded volume effect, bent-shaped molecules have to stop or strongly hinder the
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rotation around their long axis, and pack in special ways [see figure 1.4.8].

Type (a) packing

as shown in figure 1.4.8 (a) exists in the B6 phase and locally in one of the B1 structures, and
type (b) packing as shown in figure 1.4.8 (b) exists in the B2, B5 and B7 phase and locally in
the B1 phase.

Characteristic difference between these two structures is that the permanent

dipole moment of each molecule along its C2 axis is cancelled out in type (a) although the
macroscopic polarization is allowed to exist in a smectic layer with type (b) packing even if
these molecules are achiral.

The bent molecular shape, hindered rotation around its long axis

and excluded volume effect lead polar packing of molecules in the smectic layer and lower the
local symmetry enough to allowed macroscopic spontaneous polarization.

Figure 1.4.8.

Two types of possible molecular packing of small excluded volume

in the smectic phase of bent-shaped molecules. Black arrows represent dipole
moment of each molecule.

(a) Interdigitate packing structure gives the Bragg

diffraction from smectic layers and indicated thickness is nearly the same as the
half of the molecular length.
one layer.

Dipole moment of the molecules is canceled out in

(b) Polar packing structure gives the smectic layer thickness indicated

by x-ray diffraction, around molecular length.

The spontaneous polarization along

the direction of black arrows in one layer is allowed to exist.
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In principle this polar packing occurs in both the non-tilted smectic phase (Sm-A) and
tilted smectic phase (Sm-C).

Six possible layer structures consisting of polar packed smectic

layers with achiral bent-shaped molecules are shown in figure 1.4.9.

Figure 1.4.9.

Six possible polar smectic structure of bent-shaped molecules.

In

two of them, molecules are not tilted from the smectic layer normal (Sm-AP) and
another four are tilted polar smectic phases (Sm-CP) in which two types of layers
consisting black or grey molecules which is mirror images of the other.
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These structures are characterized by their layer structure and molecular orientation, in other
words, clinicity and polar order.

The Sm-A denotes the phase with layers in which molecules

tend to align their long axis along the layer normal direction.

The Sm-C denotes the phase

with smectic layers in which molecules tend to align their long axis tilted with respect to the
layer normal direction.

The notation CS and CA which defines clinicity between two adjacent

smectic layers in Sm-C type phases refers respectively to synclinic and anticlinic tilt.

To

denote the polar order, PF and PA refer respectively to ferroelectric and antiferroelectric polar
order in adjacent layers [54].

The B2 phase
In the first report by Niori et al. and Sekine et al. the B2 phase thought to be the
ferroelectric smectic-A phase (Sm-APF phase) with a helical super structure[3],

[55]

.

After

detailed observations of freely suspended films and electrooptics in thin cells, D. R. Link et al.
suggested the phase was antiferroelectric smectic-C phase (Sm-CPA phase)[54].

All the other

experiments on x-ray diffraction, optical second-harmonic generation measurement[58], texture
observations[59], [60] supported the model.
Now the word “B2” is used as a general term for the phase of simple Sm-CP
structure in which four Sm-CP variations exist; Sm-CSPA, Sm-CAPA, Sm-CSPF and Sm-CAPF
[see figure 1.4.9].

In two of them, Sm-CSPA and Sm-CSPF, molecules in adjacent smectic

layers tilt in the same direction, and molecules alternate the tilting direction in the Sm-CAPA
and Sm-CAPF structure.

Also, two of these structure is ferroelectric (Sm-CSPF and Sm-CAPF)

and the other two are antiferroelectric (Sm-CSPA and Sm-CAPA).

In terms of layer chirality,

two of these structures, Sm-CAPA and Sm-CSPF are composed of layers of the same chirality
(homogeneously-chiral or uni-chiral) and the other two, Sm-CSPA and Sm-CAPA are composed
by stacking of two layers of opposite handedness (racemic, anti-chiral or hetero-chiral).
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In the B2 phase of achiral bent-core molecules, two antiferroelectric structures are
often observed as the ground state structure.

Ferroelectric B2 phase is much rare to be

observed [51]-[64].

The B7 phase
To obtain a ferroelectric Sm-CP phase, D. M. Walba et al. paid attention on the
molecular clinicity not on the tilt plane but on the polar plane [see figure 1.4.10 (a)]

[49],[65]

.

They pointed out that the end-tails of molecules in adjacent layers would be anticlinic in the
projection onto the polar-plane in two ferroelectric Sm-CP phases[see figure 1.4.10 (b)].
Even in the rod-like LC systems, materials exhibiting Sm-CA(*) phase is rare comparing to
that exhibiting Sm-C(*) phase.

They synthesized a molecule with a tail which exhibits

anticlinic Sm-CA* phase when it was attached to a rod-like mesogenic core (MHPOBC).
The molecule MHO-Bow[49] does not exhibit a ferroelectric B2 phase in stead the B7
phase was observed.
figure 1.4.6.

The B7 phase forms characteristic domains in thin cells as shown in

Though bistable switching between two field-induced Sm-CSPF states (P up and

P down) was observed under applied electric field, the ground state structure was not clear.
Since 4 (or more) diffraction peaks were observed around the layer reflection in small angle
x-ray diffraction, the ground state structure had thought to be not simple smectic phase like the
B2 phase.
Quite recently, the B7 phase was found to have the modulated layer and local
Sm-CSPF structure as shown in Fig. 1.4.11[50].

Detail of this phase and its origin will be

discussed in Chapter 8.
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Figure 1.4.10.

The four Sm-CP structures give four different conditions to

end-chains of molecules at the interface of adjacent layers. In the Sm-CP phase,
three planes, tilt plane (xz), layer plane (xy) and polar plane (yz) are defined as
shown in (a).

End-chains at the interface tilted synclinically (or anticlinically) in the

tilt plane and the polar plane as shown in (b).

the polar order of one Sm-CP state

is described using the relative tilt in polar plane; i.e., end chains tilted synclinically
(or anticlinically) in tow antiferroelectric states (or two ferroelectric states).
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Figure 1.4.11. Structure of the undulated smectic phase proposed as a model of
layer structure of the B7 phase.

1.5 Motivations for This Work
Although numerous number of bent-core materials were synthesized and extensively
studied, it was not clear why almost all B2 phase were antiferroelectric.

In this thesis, the

layer structure and polar structure of tilted smectic phases of bent-core molecules will be
discussed, and finally, the mechanism for selection of the ground state structure in these
phases will be concluded.
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2. Experiment – Backgrounds, Techniques and Methods

2.1 Dielectric Anisotropy and Birefringence
Any molecules, except the one with perfectly spherical shape, exhibit anisotropy in
its molecular polarizability.

Along an axis set in the molecule the electron mobility would be

largest and along another axis perpendicular to that the electron mobility should be the
smallest.

Under an external electric field, induced dipole moment on the molecule is largest

(or smallest) when the external field is parallel (or perpendicular) to the axis of the largest
molecular polarizability.
dielectric constant.

Microscopic molecular polarizability is reflected into bulk

Hence a material in which molecule has orientational ordering exhibits

different dielectric constant depending on the direction with respect to the averaged molecular
orientation direction (dielectric anisotropy).
In an anisotropic media whose magnetic susceptibility µm is the same as that of
vacuum, µm =1 and then B=H, Maxwell’s equations are written as follows,

div (εE ) = ρ
div ( B ) = 0
rot ( E ) = −(∂B / ∂t )
rot ( B ) = σE + (∂E / ∂t )
where ρ is charge density, σ is conductivity and ε is dielectric permittivity (dielectric constant)
defined as j = σE (j is current density) and D = εE (D is flux density), respectively.
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general, the dielectric permittivity is given as a second rank tensor as shown below because
both D and E are three-dimensional vectors.

⎛ Dx ⎞ ⎛ ε xx
⎜ ⎟ ⎜
D = ⎜ Dy ⎟ = ⎜ ε yx
⎜ Dz ⎟ ⎜ ε
⎝ ⎠ ⎝ zx

ε xy
ε yy
ε zy

ε xz ⎞⎛ Ex ⎞
⎟⎜ ⎟
ε yz ⎟⎜ Ey ⎟ = [ε ]E
ε zz ⎟⎠⎜⎝ Ez ⎟⎠

In a transparent media with no magnetic anisotropy, this dielectric tensor is symmetric
( ε ij = ε ji ).

A symmetric matrix should be diagonalized by choosing proper coordinate axis

and the diagonal matrix is as follows,

⎛ Dx ⎞ ⎛ ε x
⎜ ⎟ ⎜
D = ⎜ Dy ⎟ = ⎜ 0
⎜ Dz ⎟ ⎜ 0
⎝ ⎠ ⎝

0

εy
0

0 ⎞⎛ Ex ⎞
⎟⎜ ⎟
0 ⎟⎜ Ey ⎟ = [ε ]E
ε z ⎟⎠⎜⎝ Ez ⎟⎠

where x, y and z axis are electric principle axes.

Along these three directions, D and E are

parallel and an electro-magnetic wave oscillating along them keep the same oscillation
direction when it pass through the media.
By assuming µ = µ 0 , principle refractive indexes, refractive indexes along three
principle axes, are defined as ni = c ε i µ = ε x ε 0 .

An ellipsoid with three principle

axes’ length equal to nx, ny and nz is the index ellipsoid and defined as follows,

x2 y2 z2
+
+
= 1.
n x2 n y2 n z2
Refractive indexes for light propagating along any direction in the media are given by a cross
section of the index ellipsoid and the wave front surface of the light, and the cross section is
either an ellipse or a circle.
If two of principle refractive indexes are the same in a media, n x ≠ n y = n z , only
one cross section of the index ellipsoid would be circular.

The normal direction of the

surface which gives a circular cross section with the ellipsoid, along x in this case, called as an
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optic axis and the media is uniaxial.

The media is positive on birefringence when

n x = n y < n z and negative when n x = n y > n z [see figure 2.1.1(a), (b)].
Sm-A phase are uniaxial and both negative and positive materials exist.

The N and

If all of three

principle refractive indexes are not the same in a media, two cross sections normal to two
optic axes that are not parallel to any of three principle axes would be circular and the media is
biaxial [see figure 2.1.1(c)].

The tilted smectic phases are usually biaxial.

If all of three

principle refractive indexes are all the same, any cross sections are circular and the media is
optically isotropic.

Figure 2.1.1.

Index ellipsoids

(a) uniaxial (positive), (b) uniaxial (negative),

and (c) biaxial case.

A light propagating in an optically anisotropic media, refractive indexes are different
depending on the propagation direction and oscillation direction of electro-magnetic wave
(polarization direction) of the light.

In the spherical index ellipsoid or along the optic axis of

the index ellipsoid, light of any polarization direction propagates on the same speed.

The

cross section of the index ellipsoid with a plane normal to the propagation direction of light
represents refractive indexes for the light.

If the cross section is ellipse, light passes the

media through faster when its polarization direction is along short axis (fast axis) of the ellipse
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and slower when its polarization direction is along the long axis (slow axis) of the ellipse, and
these two axes are always perpendicular.

Difference in speed between two light of polarized

along the fast axis and along the slow axis passing the media through results the phase shift
(retardation) between these two polarized light, which given by

δ=

2πd∆n

λ

,

where d is thickness of the media, ∆n is difference in refractive indexes along the fast and
slow axis and λ is wavelength of the light.
Let us assume that a light linearly polarized along the direction tilted θ from the fast
axis of a media passes the media through.

By assuming that the light is propagating along x

axis and the fast axis of the media is parallel to y axis [see figure 2.1.2], the electric field
vector of the incident light is given by

⎛ Ey ⎞ ⎛ E cos θ ⋅ y ⋅ cos(kx − ωt )⎞
⎟.
⎜⎜ ⎟⎟ = ⎜⎜
⎟
(
)
E
⋅
⋅
kx
−
t
sin
θ
z
cos
ω
Ez
⎝ ⎠ ⎝
⎠
And the electric field vector of the light passed the media (thickness d, refractive index along
the fast axis is nx and along the slow axis is ny) is given by

⎛ Ey ' ⎞ ⎛ E cos θ ⋅ y ⋅ cos(kx − ωt + 2πdn y λ )⎞
⎟
⎜⎜ ⎟⎟ = ⎜⎜
⎟
⎝ Ez ' ⎠ ⎝ E sin θ ⋅ z ⋅ cos(kx − ωt + 2πdn z λ ) ⎠
.
⎞
⎛
E cos θ ⋅ y ⋅ cos(kx − ωt ')
⎟
= ⎜⎜
⎟
⎝ E sin θ ⋅ z ⋅ cos(kx − ωt '+ 2πd (n z − n y ) λ )⎠

Figure 1.2.2.

Linearly polarized light becomes circular by passing birefringent media.
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Hence the electric field vector of the light passed through the birefringent media oscillates
linearly when θ is equals to 0, nπ/2 or nπ, or when retardation is equals to 0 or nπ. Except
these cases, the vector rotates elliptically or circularly [see figure 2.1.2].
An incident light linearly polarized along the fast axis or slow axis passes the media
through without any changes in its polarization.

While an incident light linearly polarized

but not along either the fast or slow axis, becomes elliptically or circularly polarized after
passing the media through because of the optical retardation.

If a birefringent media is

placed between two closed polarizers, the intensity of transmitted light is given by

I = I 0 sin 2 (2θ )sin 2

πd∆n
.
λ

where θ is the angle between polarized direction of incident light and slow axis of the media.
Because transmitted intensity is different depending on the wavelength, a birefringent material
exhibits birefringence color under white light radiation with crossed polarizers.
If we assumed that a rod-like molecule to be uniaxial around its long axis, the N and
Sm-A phase are uniaxial and the optic axis is parallel to the n-director or the smectic layer
normal.

Tilted smectic phases like the Sm-C phase are biaxial, but the orientation of the

index ellipsoid with respect to the layer normal depends on the molecular orientation in the
phase.

In the case of Sm-C phase, one of principle axes of the index ellipsoid is parallel to

the averaged molecular orientation, n, while it is parallel to the layer normal in the case of
Sm-CA phase.
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2.2 Liquid Crystal Cells, Aligning Techniques, and Sample Preparations
2.2.1 Liquid Crystal Cells
Texture observation using an optical polarizing microscope is fundamental and
useful for studying liquid crystals.

For the texture observations, liquid crystal materials

usually sandwiched between two glass slides.

Depending on purpose of measurements and

types of experiments, different sample preparation would be needed.

Various types of cells

for filling the liquid crystal in and for using for measurements were specially prepared.
Three types of cells were used for the usual observations and measurements.

First

two types of cells composed of two glass slides and thickness of the cell (gap between the top
and bottom glass slides) was maintained using polyethylene (poly-ethylene telephtalate: PET)
films of 2 to 20 micron thick.

Various thicknesses of Poly-imide (Kapton) films were also

used for the cells using under high temperatures.

The film spacers are hold between the top

and bottom glass slides and the glass slides fixed using epoxy glue as shown in figure 2.2.1.
Liquid crystal materials were filled into these cells by capillary effect at the isotropic
temperature.

Figure 2.2.1.

The Cell assembly process.

Type (A) cells were the thin capacitor type cells consisting of two glass plates with
transparent electrodes (indium tin oxide: ITO) as shown in figure 2.2.2 (a).
electrodes was roughly 20mm2.

The area of

This type of cells was used for texture observations,

electrooptic, dielectric, polarization reversal current, and birefringence measurement, and
optical second-harmonic generation (SHG) experiment.
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Type (B) cells had one substrate with two electrodes and another substrate with no
electrode.

This electrode-geometry was designed to apply an electric field in the plane of the

cell [see figure 2.2.2 (b)].

The gap between these electrodes was from 50 to 200 micron.

This type of cells was made for special alignment technique, and the detail will be described in
section 1.2.2.

The cells were used for texture observations birefringence measurements and

SHG experiments.
Type (C) cells, shown in figure 2.2.2 (c), were designed to apply both in-plane
direction and vertical direction.

The bottom glass slides with an electrode directly attach to

the next thin glass slip (80 micron thick) with two electrodes to apply electric fields in plane of
the cell.

Top substrate is also thin glass slip with one electrode on the top.

are sandwiched between the top glass slip and the next slip.

Liquid crystals

The electrodes on the top glass

slip and bottom glass slide are used for apply an electric field on vertical direction (normal to
the substrates).
Other two types of cells were used for x-ray measurements at Photon Factory in the
High-Energy Accelerator Research Organization (KEK) at Tsukuba, Japan.

Both of them

composed of extra-thin glass slips (50-80 micron) to avoid absorption and scattering of
incident x-ray.

Thickness of these cells (gap between the top and bottom glass slides) was

maintained using poly ethylene (poly-ethylene telephtalate: PET) films of 2 to 20 micron thick.
Designs of electrode patterns for these cells are shown in figure 2.2.2.

Type (D) cells were

used to apply electric fields normal to the substrates and type (E) cells were used to apply
electric fields parallel to the substrates.
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Figure 2.2.2.

Cells used for (a) dielectric measurement, (b) applying field along the

y-direction, (c) applying field both along the x and y direction, (d) x-ray measurement
(80 or 50micron thick glass), (e) applying field along y on x-ray measurement.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 47 -

electronic-Liquid Crystal Dissertations - October 27, 2006

2. Experiment

2.2.2 Aligning Techniques in Cells
Although molecules have short range orientational ordering in the liquid crystal
phases, usually poly-crystalline (multi-domain) textures were obtained in the bulk or in the
cell.

To obtain a uniformly orientated single-crystal (mono-domain) texture, any force fields

enforcing molecules to align are needed.

Several techniques are known, for example,

magnetic field application[1],[2], temperature gradient method[3],[4] or application of shearing
force[5].

Also solid or liquid surfaces enforce molecules to align by interfacial forces between

the surface and liquid crystal molecules.

Many of liquid crystal molecules have aromatic

mesogen unit as a central core and hydro-carbon chains as tails on both ends of the core.
Such molecules tend to lie down onto hydrophilic surfaces and tend to stand up onto
hydrophobic surfaces.

Homeotropic alignment
By using hydrophobic surfaces uniform homeotropic orientation in which n-director
is perpendicular to the normal of the substrate in the N and Sm-A phase or in which the layer
normal direction is perpendicular to the normal of the substrates in the tilted smectic phases.
To obtain hydrophobic surfaces, self-assembled monolayers (SAM) of organic silane
or particular polymers were used.
oxides on the glass surface.

The silane unit forms covalent bonds between silicone

Hydro-carbon chains of these molecules are well packed,

sticking out of the surface and make the surface hydrophobic.

An organic silane compound

(AY43-021, octadecyldimethoxy (3- (trimethoxysilil) propyl) ammonium chloride, Toray Dow
Corning Silicone) was used in this work and there is also different silane compound, OTE
(octadecyltriethoxysilane) known as better for making SAMs of high contact angle (strongly
hydrophobic) [6].
These SAMs on glass surfaces will be produced by following procedure.
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surface should be hydrophilic to make strong and well packed covalent bonding between
organic silane molecules, i.e. glass slides have to be washed in concentrated acid or special
cleaner to remove organic contaminations off, washed in ion-changed and distilled pure water
and, if needed, dipped into base-bath (concentrated solution of Sodium Hydroxide in alcohol)
to hydroxylate the surface.

After washed and gentry dried, the substrate was dipped into

solution of organic silane (and catalyst, if needed) around 1 hour until silane molecules cover
the surface and form hydrogen bonds.

The substrate have to be washed using the solvent to

remove extra silane molecules on the surface and baked at 80ºC around 1 hour for drying and
reforming the hydrogen bonds to covalent bonds.
There are also particularly functionalized poly-imide (PI) material, SE1211
(Nissan Chemical) known to give a homeotropic orientation to LC molecules.

The substrate

would be spin-coated by the polyimide solution and baked at 180ºC for 1 hour.

The PI

material has an advantage for the use under a high temperature.
Unfortunately, these substrates never succeeded to make the homeotropic orientation
of the bent-core materials and the reason is not clear.

Even though bent-core molecules

might stand up onto the hydrophobic surface as well as rod-like molecules, many of these
bent-core molecules just have transition from Isotropic to tilted smectic phases and layer
normal direction would not be perpendicular to the substrates.

Planar alignment
On the hydrophilic surface, LC molecules tend to lie down.

But this condition is

not enough to obtain uniformly aligned mono-domain since molecules are still allowed to have
any orientation direction in the plane of the substrate.
molecules, any anisotropy in the plane is needed.

To fix the orientation direction of
A narrow grooved surface (like an

optical grating) and short periodicities on the surface made by oblique deposition of oxides are

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 49 -

electronic-Liquid Crystal Dissertations - October 27, 2006

2. Experiment

known to give a uniform orientation to the nematics.

The most widely used technique to

obtain the uniform orientation is rubbed polymer surfaces.

On the uni-directionally rubbed

substrate covered by thin hydrophilic polymer layer, molecules tend to align planar along the
rubbing direction.

Several polymers were used for the alignment layer, for example,

poly-vinyl alcohol (PVA), polyimide (PI) or poly-amideimide.
Even though almost all bent-core LC phases never aligned on the rubbed polymer
surfaces, these thin polymer layers are useful for insulation to avoid direct contact between
ITO electrodes and LC molecules not to cause charge injections and chemical reactions.
Polyimide compounds SP-550 (Toray), RN1175 (Nissan Chemical) and a poly-amideimide
compound AL1254 (Japan Synthetic Rubber) were used for experiments in this thesis.

The

substrate would be spin-coated by these polymer solutions and baked at 270ºC for 1 hour (for
SP-550), at 180ºC for 1 hour (for RN1175) or 180ºC for 30 minutes (for AL1254).

The PI

material has an advantage for the use under a high temperature.

In-plane field aligning method
It has been though that the only way to obtain a relatively large aligned domain of
the bent-core liquid crystals is shearing the sample[7].

Shearing force deforms and breaks the

layer structures of smectics if the layer normal is parallel to the force.
rod-like molecules tend to align along the direction of the shearing force.

It is also true that
Because of these

complex effects, we can obtain either planar[7] or homeotropic[8] orientation depending on how
the force is applied.

But then, it is difficult to repeatable conditions for different materials.

Y. Kinoshita, however, was successful in obtaining planar aligned domains of the
antiferroelectric B2 phase of a bent-core material [9] by applying an electric field in the plane of
the cell.

Type (B), (C), and (E) cells in figure 2.2.2 were used and well-aligned planar

domains of several different materials were obtained by this method.
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process and figure 2.2.4 shows aligned domains of several different phases and materials.
Although the Ch* material shown in (a) could not be perfectly aligned by this technique,
almost all smectics, even the Sm-A phase of a racemic material could be aligned as the layer
normal parallel to applied electric fields.

These results suggest that the driving force may not

be polarization effect but be the ionic and dielectric flow between the two electrodes.

The

flow might give a shearing force between the electrodes and hence smectic layers would tend
to be parallel to the electric field.

Figure 2.2.3.

Photomicrographs of the Sm-CAPF* phase of P8OPIMB6* in a 4-micron

thick cell showing the aligning effect of an in-plane electric field.

(a) A large number

of small focal conic domains were obtained on cooling from the isotropic phase.

(b)

These focal conic domains developed into a uniform domain under the application of a
square wave voltage (E~1.5 V/micron at 10Hz) along the y-direction. (c) Rotated 45º.
A uniform birefringence color and almost no defect lines were observed.
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Figure 2.2.4.

Photomicrographs of 2-micron thick planar liquid crystal cells after

application of an in-plane electric field.

The upper and lower glass substrates were

coated with polyimide layer but were not rubbed.

(a) The cholesteric phase of NF1,

(b) the Sm-A* phase of FT4, (c) the Sm-C* phase of NF1, and (d) the Sm-CA* phase of
EC7.

Chemical structures of these materials are shown below each photographs.

On cooling from isotropic, multi-domain textures were obtained in all cells. After
application of an in-plane (y-direction) electric field, large aligned domains were
obtained between electrodes in (b), (c) and (d).
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2.2.3 Other Sample Preparations
Freely suspended films and free surface films
Almost all LC molecules tend to align perpendicular at the air interface.

Hence

preparing LC samples with large surface areas is useful to obtain homeotropic orientation of
molecules or homeotropic orientation of smectic layers.
Freely suspended or free standing films (FSFs) are the effective way to produce
uniformly oriented smectic layers.

Unlike hydrophobic surface treatment on glass slides, air

surface allowed molecules in the smectic layer to move and to change their tilt direction and
thus these films are suitable for phase characterization.

For the preparation of freely

suspended films, a LC material placed on a glass slip that has a hole (circular or square, few
mm in diameter) cut in it, is heated into the Sm-A or highest temperature smectic phase and
another glass slip is used to draw the material across the hole [see figure 2.2.5].

Using this

technique, a thin (thickness of from 2 to few hundreds layers) film in which smectic layers
aligns parallel to the air interface [see figure 2.2.6] was obtained.

Such FSFs would be useful

for x-ray experiments, but very thin films often exhibit different properties or phases and
sometimes it is not suitable for characterization of bulk properties.
For x-ray experiments, for example measuring the smectic layer thickness, free
surface films are also useful.

Unlike FSFs, LC materials are drawn on a glass surface and

annealed at around the clearing point to make a free surface film.

Since the film also has a

large surface area contacting to the air, molecules tend to align at the interface and smectic
layers were formed parallel to the top air interface.

The film thickness was around few

hundreds micron and its properties are thought to reflect the bulk character rather than surface
effects.
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Figure 2.2.5.

Tools for drawing a freely suspended film. (a) A glass slips with a hole

was held on the holder with electrode.

(b) The drawer.

A small glass slip attached

on a metal plate held onto the stick. (c) The tools after assembly.

Figure 2.2.6.

Example of molecular orientation on a freely suspended film.

Molecules at the air surface tend to align perpendicular to the interface and hence
smectic layers are formed parallel to the air interface.
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2.3 Texture Observation Using an Optical Polarized Microscope
The optical properties of liquid crystal phases often directly reflect the symmetry of
their structures.

Birefringence, anisotropy of the refractive index, is one of characteristic

physical properties of liquid crystals, and it allows for the visualization of the macroscopic
molecular orientation.

In thin liquid crystal sample cells placed between two crossed

polarizers under an optical microscope, various textures and birefringence colors will be
observed.

These textures and colors not only look beautiful but also involve a lot of

information about the macroscopic structure of the LC phases.

Although there are many

experimental techniques to investigate the structure and physical properties of LC phases,
microscope observations often give enough information to determine the structure even if a
well-aligned domain would not be obtained.
Textures of LC phases observed using an optical polarized microscope are
summarized below.

Detailed explanations about phase characterization from texture

observations will be found in [10], [11] and [12].

The N phase
In a planar cell with no rubbing treatment, the schleren texture organized from point
disclinations, disclination lines and inversion walls is observed [see figure 2.3.1 (a)].

In a

homeotropically aligned texture, no birefringence is observed [see figure 2.3.1 (b)] because
the phase is uniaxial[see figure 2.3.1 (c) and (d)] (except biaxial nematics[13]) and the optic
axis is parallel to the substrate normal .

It becomes birefringent when the sample is tilted.

Flickering originated from fluctuations of n-director is also observed often in both
homeotropic and planar cells.
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Figure 2.3.1.

Photomicrographs of the Nematic phase (E31 at room temperature).

(a) Schleren texture in a 20-micron planar cell.

Plus and minus 1 point disclinations

and plus and minus half disclinations were observed.

(b) Homeotropically aligned

texture in a 100-micron cell of substrates coated with OTE monolayer.

(c)

conoscopic figure observed on (b) under white light and (d) under monochromatic light
of 532nm.

The Cholesteric phase
Textures of Ch* phase observed in planar and homeotropic cells are shown in figure
2.3.2.

The color observed in (a) is not the birefringence color but the selective reflection

color originated from the helical structure of short pitch.
Grandjean-Cano lines since the cell had thickness gradient.

Lines observed in (a) are
Grandjean-Cano lines are the

defect line which formed between two regions of different number of helical pitches.

In the

material with long pitch helix, [see figure 2.3.2 (b)] not selective reflection color but a color
due to birefringence and optical rotation is observed.
oily-streak lines.

Network-like defect lines are

In the homeotropic cell (or a planar cell of material with short pitch helix),

phocal conic texture in figure 2.3.2 (c) is often observed.
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phase is Sm-A or Ch* from this texture in such case.

If the helical pitch is not shorter than

resolution length of the microscope, the finger-print textures (helical pitch lines) are observed
in such focal conic textures[see figure 2.3.2 (d)].

Figure 2.3.2.

Photomicrographs of the cholesteric phase.

(a) Textures in a planar

wedge cell (YR21, 75ºC), thinner in left and thicker in right.

Grandjean-Cano

disclination lines across the cell. (b) texture in a 20-micron planar cell (YR21, 75ºC).
(c) focal conic texture observed in a 10-micron homeotropic cell (SCE12, 120ºC).
The focal conic texture looks similar to that in the Sm-A* phase.

But if the helical

pitch is longer enough than optical wavelength, the finger print texture in (d) was
observed even in the focal conic texture.
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The Blue phases
Textures of BPII phase observed in a planar cell are shown in figure 2.3.3.

The

phase is often exhibits selective reflection color but low birefringent in almost all the case.
Also the temperature region is often very narrow and hence the phase is difficult to be
observed.

Figure 2.3.3.

Photomicrographs of the BPII phase of 8SI*.

The Sm-A phase and Sm-A* phase

Figure 2.3.4.

Photomicrographs of the Sm-A phase (racemic MHPOBC at 140ºC).

(a) Fan-shape focal conic textures in a 10-micron planar cell and (b) in a 25-micron
homeotropic cell.

Inset in (b) is the conoscopic figure which indicates the texture is not

isotropic but uniaxial.
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Focal conic texture of the Sm-A phase in a planar cell with no rubbing treatment and
homeotropic uniaxial texture in a homeotropic cell are shown in figure 2.3.4.

Apparent optic

axis (fast axis and slow axis of the media) is parallel to the layer normal direction in the Sm-A
phase.

To obtain the layer normal direction in focal conic textures, attention should be paid

on detailed textures, for example shape of focal conics and layer undulation lines.

In many

Sm-A materials, layer normal direction points the center of a focal conic, i.e. layers orient
tangentially in a circular shape focal conic domain.

Also layer undulation lines are often

observed and smectic layers are perpendicular to the undulation lines.
The Sm-A* phase (the Sm-A phase of chiral molecules) exhibits small electroclinic
response under application of an electric field, i.e. apparent optic axis tilts for small angle
under a high electric field.

The Sm-C phase and Sm-C* phase

Figure 2.3.5.

Photomicrographs of the Sm-C phase (racemic MHPOBC at 118ºC).

(a) The broken fan-shape texture with tilted extinctions was observed in a 10-micron
planar cell [compare to that in figure 2.3.4 (a)] and (b) the schleren texture was
observed in a 25-micron homeotropic cell.
are allowed to exist.
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Focal conic textures of the Sm-C phase and the schleren texture in a homeotropic
cell are shown in figure 2.3.5.

Since molecules in smectic layers are tilted from the layer

normal direction, apparent optic axis is also tilted from the layer normal.

Because of this tilt,

the Sm-C phase is biaxial and birefringence and orientation variation of tilt direction are
observed as the schleren texture in a homeotropically aligned cell.
Because of the molecular chirality, the Sm-C* phase produces helical structure.

In

surface stabilized cells in which the helix is unwound by surface interaction, domains of tilted
apparent optic axes would be found. But if the helical pitch is too short or cell thickness is
not thin enough, textures of the Sm-C* phase look different.

In the material of long helical

pitch, helical pitch line whose width corresponds to the half of helical pitch would be observed
while the texture looks quite similar to that of Sm-A in the material of short helical pitch.

The Sm-CA phase and Sm-CA* phase

Figure 2.3.6.

Photomicrographs of the Sm-CA phase (racemic MHPOBC at 110ºC).

(a) The fan-shape texture with stripe domains along the layer was observed in a
10-micron planar cell [see figure 2.3.4 (a) and 2.3.5 (a)] and (b) the Schlieren texture
in a 25-micron homeotropic cell.

In this phase, the wedge-screw dispiration which

looks apparently the same as a half strength disclination are allowed to exist[14].
Integer strength (red arrow) and half strength (blue arrow) defects were found in (b).
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Focal conic textures of the Sm-CA* phase and the schleren texture in a homeotropic
cell are shown in figure 2.3.6.

Since molecules in smectic layers are tilted from the layer

normal direction the Sm-CA phase is biaxial and birefringence and orientation variation of tilt
direction are observed as the schleren texture in a homeotropically aligned cell as well as in
the Sm-C phase.

However, molecule alters in tilt layer to layer and hence the principle axis

of the index ellipsoid is parallel to the layer normal direction.

Then apparent optic axis in a

planar focal conic texture is parallel to the layer normal direction and looks the same of that in
the Sm-A phase.

Several differences will be found in the detailed observations, but for

characterization of this phase in accurate, homeotropically aligned sample, FSFs or x-ray
measurements (and electrooptic characterization for chiral materials) should be carried on.

The Sm-AP phase and Sm-CP phase
The Sm-AP and Sm-CP phases are the phase which is particularly paid attention in
this thesis.

Although texture observations are not enough to characterize these phases, these

phases can not be distinguished without texture observations.
Bent-core LC phases often form circular shaped focal conic domains as shown in
figure 2.3.7.

As like the smectic phases of rod-like molecules layers orient tangentially in

these domains.

Figure 2.3.8 shows illustrations of the super molecular structure of these

polar smectic phases and their field induced state accessed by application of an electric field.
As shown in figure 2.3.8, Sm-APF, Sm-APA and Sm-CAPF are not distinguishable in this
observation.
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Figure 2.3.7.

Photomicrographs of the Sm-CPA phase (P10PIMB at 158ºC) (a) at the

zero-voltage and (b) under the voltage (+40V) and the Sm-CPF phase (Gda226 at
115ºC) (c) at the zero-voltage and (d) under the voltage (+35V) in 6-micron planar
cells.

Circular focal conic domains were grown under application of a square wave

voltage (V~80Vpp, 0.8Hz).

Direction of extinctions and birefringence colors were

different in each domains (even in one domain as well) which due to different mixing
ratio of + chiral layers and – chiral layers.

In (c) and (d), not only Sm-CSPF and

Sm-CAPF but also bistable domains and “V-shape” domains of Sm-CSPF were found.
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Figure 2.3.8.

Illustration of the supermolecular structure of polar smectic phase and

their field induced states accessed by application of a field. Yellow arrows indicate
the direction of apparent optic axis and hemispheres beside each structure show
extinction brushes of focal conic circular domain in thin planar cells.

In ferroelectric

phases, several types of surface stabilized states, for example twist state, uniform
state and “V-shape” state, are expected to exist as the ground state structure.
Two non-tilted polar smectic phases are expected to have the same linear optical
properties under the application of an electric field.

(a) In the Sm-APF state,

extinction brushes do not move between + and – field-on states. It should be the
same in the case of Sm-APA state shown in (b).
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Figure 2.3.7.

(continued)

(c) In the homogeneously chiral ferroelectric Sm-CSPF state, there are two distinct
domains of opposite chirality.

Extinction brushes rotate under an electric field but

rotation direction is opposite in each domain.

(d) In the homogeneously chiral

antiferroelectric Sm-CAPA state with two distinct chirality, extinction brushes which
are parallel and perpendicular to the layer normal without an electric field rotate when
an electric field is applied.

Birefringence increases with this field-induced transition

from anticlinic state to synclinic ferroelectric state.

(e) The racemic Sm-CAPF state

wxhibits no changes between + and – field on states.

(f) In the racemic Sm-CSPA

state, there are two possible zero-field structures with tilted extinction brushes.
Since these two state can mix randomly, domains of the Sm-CSPA often associated
with fine stripes along the layer and disarranged extinctions without an electric field.
Clear extinctions are obtained under an applied field, which rotates back to the layer
normal direction with decrease of birefringence, but no difference between + and -.
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2.4 Phase Characterization on Freely Suspended Films
Almost all LC molecules tend to align perpendicular to the air interface.

Hence

preparing LC samples with large surface areas is useful to obtain homeotropic orientation of
molecules or homeotropic orientation of smectic layers.

Freely suspended films (FSFs) are

the effective way to produce uniformly oriented smectic layers.

Unlike hydrophobic surface

treatment on glass slides, air surface allowed molecules in the smectic layer to move and to
change their tilt direction and thus these films are suitable for phase characterization.
To prepare the freely suspended films, a LC material placed on a glass slip with a
circular hole of around 4-mm diameter, was heated up to around the transition temperature to
isotropic.

Another glass slip was used to draw the material across the hole[see figure 2.2.4].

Using this technique, thin films of from 2 to few hundreds of layers thickness were obtained.
For characterization of the film, texture observations were done using a polarized
(depolarized) reflected light optical microscope. An incident polarized light irradiates a film
obliquely and is reflected by the film[see figure 2.4.1].

Reflectivity is function of the

refractive indexes and film thickness, and polarization of incident light is depolarized by
birefringence of the film.
an optical microscope.

Hence orientational field of c-director on the film is visualized by

An electric field parallel to the smectic layers was applied to observe

spontaneous polarization on the film.

Figure 2.4.1.

Geometry of oblique incident of light in

the polarized reflection microscope.
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Figure 2.4.2 shows photomicrograph of textures on a FSF of the Sm-C* and Sm-CA*
phase of (S)-MHPOBC and molecular orientation in texture.

The film thickness was around

8-10 layers thick and the helix in the Sm-C* and Sm-CA* was unwounded. To characterize
molecular orientation on the film, direction of molecular tilt and spontaneous polarization
should be notable.
exists.

On a layer at the air interface, C2 axis in plane of the layer no longer

This geometrical symmetry breaking results surface polarization along the molecular

long axis at the air interface[15].

As shown in figure 2.4.2 and table 2.4.1, a film of each

phase and/or different thickness produces polarization in different direction. Smectic layers
with transverse dipole and longitudinal dipole give different orientation to c under application
of an electric field and these two orientations of c can be distinguished under slightly
uncrossed polarizer and analyzer.

Therefore, the Sm-C, Sm-CA, Sm-C*, and Sm-CA* phase is

well characterized by observing the electrooptic response of FSFs.

Table 2.4.1.

Polarization on freely suspended films of different structure. Px is the

polarization which perpendicular to the tilt plane, and Py is the polarization which is
originated from the surface polarization from longitudinal molecular dipole at the air
interface.
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Figure 2.4.2.

Photomicrographs of a freely suspended film ((S)-MHPOBC) of (a)

Sm-C* and (b) Sm-CA*. Molecular orientation in each odd and even number layers
thick films illustrated besides photographs, where green marks indicate Px
polarization and yellow arrows indicate longitudinal polarization.

On a Sm-C* film,

odd number and even number layers thick areas both behave the same, but in
Sm-CA* phase, odd number layers thick area exhibits the transverse Px polarization
and even number layers thick area exhibits Py polarization originated from the
longitudinal polarization.

The difference is observed under application of electric

filed along 45º from polarizer and under uncrossing polarizer and analyzer.
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Even on films of Sm-CP structures, observations of electrooptic response gives clear
information for phase characterization[see figure2.4.3 and table 2.4.2], although the Sm-CSPF
and Sm-CAPF is not easy to distinguish just by simple observation.
There is a report on thin films of antiferroelectric B2 phase, which the symmetry
breaking at the air interface produces a Sm-CG layer[16] and also the molecular orientation in
thin film is not either Sm-CSPA or Sm-CAPA.

In such cases, the phase characterization by

FSFs will be more complex and it will be possible to happen that the molecular orientation on
the film is not the same of that in the bulk ground state.

Table 2.4.2.

Polarization on freely suspended films of each Sm-CP structure. Px is

the polarization which perpendicular to the tilt plane, and Py is the polarization which is
originated from the surface polarization from longitudinal molecular dipole at the air
interface.

All of these four could produce different polarizations and different response.
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Figure 2.4.3.

Illustration of molecular orientation in each odd and even number layers

thick films of four Sm-CP structure (assumed to be achiral), where green marks indicate Px
polarization and yellow arrows indicate longitudinal polarization.

(a) On a Sm-CSPF film,

odd number and even number layers thick areas both behave the same while odd number
layers thick area exhibits the transverse Px polarization and even number layers thick area
exhibits both Py and Px in Sm-CAPF phase (b).

(c) On a Sm-CAPA film, odd number and

even number layers thick areas both exhibit polarization Px and Py respectively while only
odd number layers thick area exhibits the transverse Px polarization in Sm-CSPA phase
(d).
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2.5 Birefringence Measurement
Birefringence is one of characteristic physical properties of liquid crystals.
Transmitted intensity from the sample placed between crossed polarizers, as a function of
angle θ, angle between polarization of incident light and slow axis, and wavelength of incident
light is given by,

I = I 0 sin 2 (2θ )sin 2

πd∆n
……(2.5.1)
λ

The intensity has maxima at θ = π (2m + 1) and minima at θ = mπ 2 (m = 0,1…).

If the

incident light contains all wavelengths in visible range (white light) the transmitted light is not
white after passing the media and polarizers because the maximum intensity is different for
each wavelength.

Hence, birefringence of the media is measured using transmitted light

spectrum.
An example of the transmitted spectrum of a planar aligned liquid crystal cell
measured using spectrometer, ORC TFM-120AFT-PC, is shown in figure 2.5.1.

The blue

solid line shows theoretically calculated spectrum using equation (2.5.1) and the red solid line
shows calculated spectrum using equation (2.5.1) and two additional parameters (A)
absorbance of the media which effects on the transmitted intensity in short wavelength, and
(B) dispersion of the refractive index (wavelength dependence of the refractive index).

The

dispersion of the refractive index is estimated using Cauchy’s formula to be

n (λ ) = a +

b

λ

2

+

c

λ4

.

Because of this dispersion in birefringence, birefringence measurement by means of
transmitted spectrum sometimes becomes not accurate especially for the material having
absorbance band near wavelength in visible range.
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Figure 2.5.1.
polarizers.

Transmitted spectrum of a liquid crystal cell places between crossed
Open circles show experimental data and the blue and red solid lines

show fits of the data to the equation (2.5.1), blue, and the dispersion of birefringence
following Caushy’s formula and the absorbance of the material in a short wavelength
range were included in (2.5.1), red.

A simple way to obtain the birefringence is using compensator a plate of a
birefringent crystal.

The plate compensate for the birefringence of the sample when it is

placed with its fast axis rotated 90º from the fast axis of the sample.

Though this method is

under the effected of the birefringence dispersion, the dispersion is easily measured using the
compensator combined with band-pass filters or monochromatic light at several wavelengths.
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2.6 Electrooptic Measurement
In the ferroelectric or antiferroelectric phases, each smectic layers have the
spontaneous polarization perpendicular to the molecular tilt plane.

Spontaneous polarization

is the dipole moment whose lowest energy state is being parallel to the external electric field
and hence molecules switch in the tilt direction or switch to the field induced state by applying
an external electric field.

Since these LC phases are birefringent, changes in molecular

orientation is followed by the change of birefringence and/or orientation direction of apparent
optic axis.

This method is useful for characterization of polarity in the phase.

Figure 2.6.1.

Transmitted intensity of the (a) SSFLC (T3, 50ºC) and (b) AFLC (FT8,

60ºC) cell under crossed polarizers changed with switching of molecules accessed
by application of electric field.

Illustrations in each figure indicate molecular

orientation and apparent ellipsoid between crossed polarizers in the field-off and field
induced states.
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Under application of triangular wave voltage, DHFLC, SSFLC and AFLC cells
generates different response.

If a ferroelectric LC cell is enough thin to achieve the surface

stabilized bistable condition, molecular orientation is limited to be parallel to the substrate.
Electrooptic response in a bistable SSFLC cell is shown in figure 2.6.1(a). While molecules
switch between two stable states in the bistable SSFLC cells, molecules switch between the
grand state and two field induced states in the AFLC cells [see figure 2.6.1 (b)].

Molecule

alters in tilt direction layer by layer and the apparent optic axis is along the layer normal when
an external field is smaller than Eth and switches to the field induced ferroelectric state with
the apparent optic axis is tilted from the layer normal under the field bigger than Eth.

In this

case, birefringence also changes from small at the grand state to larger in two field induced
states.

Transmitted intensity under the crossed polarizers is given by formula (2.5.1).
To measure the electrooptic response, a planar cell was placed under an polarized

optical microscope and transmitted intensity was detected using a photo multiplier tube
(PMT).
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2.7 Polarization Reversal Current Measurement
In the ferroelectric or antiferroelectric phases, each smectic layers have the
spontaneous polarization perpendicular to the molecular tilt plane.

Spontaneous polarization

is the dipole moment whose lowest energy state is being parallel to the external electric field
and hence molecules can be switched in the tilt direction by applying an external electric field.
Liquid crystal cells with two electrodes on the top and bottom substrate are regarded as a
capacitor and a current Ic flows to charge the capacitor when applied voltage is changed.
Reorientation of spontaneous polarization in the cell also generates a current flow Ip
(polarization reversal current).

Moreover, liquid crystals are not perfect insulators; generally

materials contain ionic impurities and are fairly conductive.

Therefore, a liquid crystal cell

can be regarded as a parallel connection of a capacitor and a registor, R.

Then the current I(t)

flowing this circuit under application of external voltage V(t) is written as follows:

I (t ) = I c + I p + I ion = C

V
dV d
+ A( Ps ⋅ xˆ ) +
R
dt dt

where A is the are of electrode, Ps is the spontaneous polarization per unit area and x is the
direction normal to the substrate and parallel to the applied voltage.

When non-linearity of

charge mobility is neglected, Ic, Ip and Iion are expected as shown in figure 2.7.1.
Under square voltage, any cells of ferro or antiferroelectric liquid crystals (DHFLC,
SSFLC and AFLC) behave almost the same, except that antiferroelectric LC does not switch
under small field E < Eth.

Since ionic contribution is well separated from polarization

reversal current, application of square voltage is useful for measuring Ps value.
current on the capacitor) can be subtracted by regarding as an exponential decay.
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Figure 2.7.1.

Polarization reversal current profiles expected to be observed when (a)

a triangular wave or (b) a square wave voltage is applied to a ferroelectric liquid
crystal cell.

The ionic contribution is not always ohmic as shown but can be

non-linear or make another current peak. In the antiferroelectric phase , there is no
difference in the profile under square wave but two current peaks are observed in
half period of applied triangular wave.
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Under application of triangular wave voltage, DHFLC, SSFLC and AFLC cells
generates different response.

In a thick cell of ferroelectric liquid crystal in which molecules

forming helical structure (DHFLC), spontaneous polarization can rotate nearly freely in the
cell and then Ip is measured as one peak on a positive or negative slope [see figure 2.7.2(a)].
If a ferroelectric LC cell is enough thin to achieve the surface stabilized condition, molecular
motion is no longer free.

Under surface stabilized bistable condition, molecules switches

between two states as like the first order transition.

Polarization reversal current response in

such cells produces a single peak [see figure 2.7.2(b)].

If the molecular orientation is not

uniform but twisted from the top to bottom of the SSFLC cell, the switching process in low
frequency is not simple, namely the uniform state under the field switches back to the twist
state around the zero fields and switches another uniform state.

Hence broad small current

due to deformation and re-orientation of twist structure is sometimes observed as shown in
figure 2.7.2 (c).

Some of thin ferroelectric cells of high Ps material and thick alignment

polymer layers exhibits not bistable but “V-shaped” switching state in which molecules stay
on the bottom of the tilt cone and switches without clear threshold and the polarization
reversal current peak becomes very broad [see figure 2.7.2(d)].

While only one peak is

observed in a half period of applied field in all of these three types of FLC cells, two current
peaks are observed in the half period of applied field in an AFLC cell [see figure 2.7.2 (e)].
Spontaneous polarization in neighboring layers alters their direction and is cancelled out when
an external field is smaller than Eth but switches to the field induced ferroelectric state under
the field bigger than Eth.
Although ionic contributions often make the background current non-linear or
generate another current peak [see figure 2.7.3] and make the current measurement using a
triangular wave difficult, the polarization reversal current under the triangular wave voltage is
one of useful method for characterization of the polarity of the phase.
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Figure 2.7.2.

Polarization reversal current profiles measured in (a) a DHFLC cell, (b) a

bistable SSFLC cell, (c) a twist SSFLC cell, (d) v-shaped switching SSFLC cell, and
(e) an AFLC cell under triangular wave of 1 Hz.

Illustration and colors indicate

molecular orientation and field-induced states.
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2.8 Dielectric Measurement
Depending on purpose of measurements and types of experiments, different sample
preparation would be needed.
When an electric field is applied to an insulator, electric dipoles are induced in the
media by (A) hindrance of the electron orbital of atoms and molecules (electronic
polarization), (B) displacement of nuclear position in the molecules or lattice (atomic
polarization), (C) displacement of anions and cations (ionic polarization), and (D)
reorientation of permanent dipoles of molecules (orientational polarization).

Process (A)

follows a very high frequency oscillating field up to the UV light, process (B) also follows up
to the IR light.
ions.

Process (C) is, however, very slow though it strongly depends on the type of

Process (D) would not follow the oscillating field around GHz range.

When these

induced dipoles stop its oscillation under high frequency, the density of induced dipole
moments decrease, i.e. flux density D in the media decrease.

Since amplitude of the

oscillation field is constant, decrease of D means the same of decrease of dielectric constant ε
(dielectric relaxation).

Each types of dipole moment having characteristic relaxation

frequency, which is observed in the dielectric dispersion spectrum.

In detailed consideration

of the relaxation process, dielectric constant ε has to be expanded to the complex
style ε * = ε '+iε " .
loss.

The real part gives permittivity and the imaginary part gives dielectric

The orientational polarization reflects the molecular motion and several different

relaxation modes corresponding to different molecular motion are usually observed.
Each molecule has a permanent dipole moment even in non-polar phases.

Under an

oscillating field, dipole moment on each molecule changes its direction by two rotational
motions, along molecular long axis and along an axis perpendicular to the molecular long axis.
These two molecular rotations produce dipole oscillations until GHz range in almost all fluidic
LC phases.

In the ferroelectric and antiferroelectric LC phase, each smectic layer has an
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additional polarization to be considered, the spontaneous polarization.

The spontaneous

polarization in the Sm-C* phase couples to the collective molecular motion on the tilt cone
and exhibits relaxation in kHz range.

This mode is known as the “Goldstone mode” (or

“surface mode” in a surface stabilized liquid crystal cell)[17].

The spontaneous polarization

also couples with the molecular motion that changes the tilt angle with respect to the layer
normal.

This mode is known as the soft-mode and the relaxation frequency of this mode is

usually observed around few tens to few hundreds MHz.

In the antiferroelectric phases, each

layer has a spontaneous polarization but these are cancelled in adjacent layers and hence
“Goldstone mode” relaxation is not observed.

Figure 2.8.1 shows typical dielectric

dispersion from sub kHz to MHz range in the ferroelectric and antiferroelectric phase.

Some

reports assigned a small relaxation in MHz range to be the soft-mode, but it is not the case
here since this small relaxation is observed even in a blank cell.

Figure 2.8.1.

Examples of dielectric dispersion spectrum of the (a) FLC (T3, 50ºC)

and (b) AFLC (T3, 25ºC) cells.

Large relaxation at the 10-kHz in a FLC cell is the

Goldstone mode relaxation which originated from the spontaneous polarization and
molecular rotation on the tilt cone characteristic in the ferroelectric LC phases.
Molecules can rotate on the tilt cone even in the AFLC phase, but the mode could not
be observed because the phase does not have net macroscopic polarization.
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To obtain the dielectric constant and dielectric dispersion spectrum, the capacitance
of liquid crystal cells were measured using an impedance analyzer (Hewlett-Packard, HP4192).
From measured capacitance C and dielectric loss D, the real part and imaginary part of
dielectric constant are given by

ε'=

C
Cd
,
=
C0 ε 0 S

ε " = ε ' tan δ = ε ' D
where d is thickness of the cell, S is area of electrode, C0 is capacitance of the blank cell and ε0
is dielectric constant of vacuum.
The frequency dependence of dielectric constant is given by
N

ε* = ε∞ + ∑
j =1

ε j −1 − ε j

{1 + i(ωτ ) }
β

j

aj

+

iA B
+ M
f
f

[18], [19], [20]

where ε∞ is dielectric constant for frequency of infinity slow (DC), ω is angular frequency of
the oscillation field and τ is relaxation time.

α = β = 1 for the Debye type dispersion and α =

1 and 0 < β < 1 for the Cole-cole type dispersion.

This equation consists of N relaxation

processes of the Cole-cole mechanism (2nd term), a conductivity term (3rd term) and the
contribution to the capacitance due to the formations of a double layer charges (4th term).
Ionic impurities in the sample make current during moving and cause the Ohmic loss
contribution, the conductivity term.

Once these ionic impurities are localized and forms a

sheet, two sheets of + and – charges makes ionic polarization, the bilayer contribution [20].
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2.9 Optical Second Harmonic Generation
Optical second harmonic generation (SHG) is one of the non-linear effects that
happen not only optically but also many physical phenomena.

Like a spring under a big

force produces its response which does not follow Fuck’s low, a media under a big oscillation
electric field induces dipole moment which is not described only by the first term of the
molecular polarizability or the electic susceptibility.

In general, induced dipole moment on a

molecule under an electric field is given by

p = p 0 + αE + β E 2 + γE 3 + ...
By substituting E = E 0 e − iωt , the induced dipole

where P0 is the permanent dipole moment.
moment is given by

p = p 0 + αE 0 e − iωt + β E 02 e − i 2ωt + γE 03 e − i 3ωt + ... .
It contains the second and higher term which oscillates in higher frequencies.
Second-harmonic generation originates the second term of the electric polarizability.
However, not all materials are able to produce the second harmonic wave.

Macroscopic

induced dipole moment in a media is given by

P = P0 + χE + χ ( 2 ) EE + χ (3) EEE + ...
where χ (n ) is the n-th order electric susceptibility.

By applying inversion symmetry

operation onto this polarization, the dipole moment is also given by

P = − P0 + χE − χ ( 2 ) EE + χ ( 3) EEE − ...
In the media of inversion symmetric, these two equations have to be the same and then it
results χ ( 2 ) = 0 .

To generate the second-harmonic wave, the media have to be no inversion

symmetric.

χ ( 2) , the second order susceptibility is third rank tensor which is given as shown in
figure 2.9.1 depending on the symmetry of the system.

Because only χ ijk (j = k) term is

observable in the second-harmonic generation, the Sm-CAPF and Sm-CSPF structures are SHG
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active and Sm-CAPA and Sm-CSPA structures are SHG inactive.

Hence observation of SHG

signal is useful for characterization of polarity in the liquid crystal phase.

Figure 2.9.1.

The χ-tensor for the Sm-CP structures.

Molecules in here are

assumed to be achiral.

This method is very useful not only for the characterization of polarity but also for
determination of the symmetry of the media because χ has different combination of zero and
non-zero components depending on the symmetry of the system.

In this thesis, however, this

method was simply used for determination of the polarity in the phase.
geometry for the SHG measurement is shown in figure 2.9.2.
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Figure 2.9.2.

Optical geometry for the SHG measurement.

A Q-switch pulse

Nd-YAG laser is used as the fundamental wave.

A He-Ne laser is setted on the

same optical pass for adjusting optical alignment.

Black lines indicate the optical

pass of the fundamental 1064nm, green lines indicates the second harmonic wave.
Gran-laser prisms used for high power laser system and a quartz wave plate usually
generate large SHG signal.
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2.10 X-ray Diffraction
X-ray diffraction is useful and powerful method to investigate microscopic structure
of the material.

The positional and orientational ordering in the LC phases has been well

investigated by means of this x-ray diffraction.

Though liquid crystals are fluids and smectic

layer ordering is almost sinusoidal unlike the regular positional ordering in a crystal, electron
density wave along the layer normal direction give an enough high contrast to produce a sharp
diffraction (and harmonics) at the angle satisfied Bragg’s low, 2d sin θ = nλ where d is
wavelength of electron density function in the media, θ is diffraction angle, λ is wavelength of
x-ray and integer number n.
Since the smectic phases are particularly paid attention in this thesis, the important
characters investigated using x-ray diffraction are smectic layer thickness and layer orientation
in the liquid crystal cells.

Free surface films are used to measure the smectic layer thickness

in bulk sample using RU-200 (Rigaku).

Smectic layer orientation in well aligned liquid

crystal cells would be investigated using such x-ray system.

A well aligned domain, however,

is difficult to obtain in almost all bent-core liquid crystals and hence a small part of domains
have to be picked up and irradiated under x-ray.

These experiments were carried on a

micro-beam x-ray line BL-4A at Photon Factory in High Energy Accelerator Research
Organization (KEK, Tsukuba, Japan).
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3. The Sm-CP (B2) Phase of Achiral and Chiral Bent-core Molecules

3.1 Introduction
Electrooptic switching in the B2 phase of achiral bent-core molecules is remarkable
because these molecules do not contain any chiral groups in the chemical structures.

In the

achiral B2 phase, molecular tilt and spontaneous polarization lower the symmetry of a layer to
C2 and hence the smectic layer has handedness [see figure 1.4.7].

Molecules are achiral and

therefore free energies of (+) and (-) layer have to be the same.

In one of two

antiferroelectric states in the B2 phase, the Sm-CSPA state, the same number of (+) and (-)
layers would be found because the Sm-CSPA structure are build up with both (+) and (-) layers
stacked alternately.

Even in the B2 phase of Sm-CAPA ground state which contains smectic

layers of only one handedness, domains of both (+) and (-) handedness should be found in
equal probability.
Does molecular chirality effect to the ground state structure in the B2 phase?

If just

a small amount of chiral components is added to the system, the free energy of (+) and (-)
layers are no longer equal because whole the system becomes chiral.

The (+) or (-) layer is

not the mirror image of the other because of the chirality in the system, and then the free
energies of the (+) and (-) layer are not the same and hence layers of one handedness should
dominate to be observed.
In this chapter, relation between molecular chirality and the ground state structure of
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the Sm-CP phase will be discussed based on the experimental result in the Sm-CP phase of
(A) achiral bent-core molecules, (B) chiral bent-core molecules, (C) achiral bent-core
molecules with a chiral dopant, and (D) chiral bent-core molecules with a chiral dopant.
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3.2 Experiment
On the first part of this experiments, series of symmetric achiral bent-core molecules
PnOPIMB, 1,3-phenylene bis[4-(4-n-alkoxyphenyliminomethyl)-benzoate] and PnPIMB,
1,3-phenylene bis[4-(4-n-alkylphenyliminomethyl)-benzoate], one of extensively studied
conventional homologues[1],[2], were used for the electrooptic and dielectric characterizations.
Chemical structure and transition temperature of these compounds are shown in figure 3.2.1
and table 3.2.1.

Also, chiral bent-core homologue PnOPIMB(n-2)* used for the electrooptic

and dielectric characterization for the second part of this experiments are shown in figure 3.2.2
and table 3.2.2.

As a chiral dopant to add into these bent-core materials, (S)-MHPOBC [see

figure 3.2.3], an antiferroelectric rod-like liquid crystal compound was used.
For electrooptic characterization and determination of phase sequence, texture
observations in planar cells of 6-micron thick were carried on by using a polarized optical
microscope.

Polarity of the phase whether it is ferroelectric or antiferroelectric was

determined by means of dielectric measurement and SHG measurement.

Figure 3.2.1.

Chemical structures of achiral bent-core homologues used in these

experiments.
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Table 3.2.1

Phases and transition temperatures of PnOPIMB and PnPIMB

homologues.

Figure 3.2.2.

Chemical structures of chiral bent-core homologues, PnOPIMB(n-2)*.

Table 3.2.2

Phases and transition temperatures of PnOPIMB(n-2)* homologues.
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Figure 3.2.3.

Chemical structure and phase transition temperatures of (S)-MHPOBC.
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3.3 The Sm-CP Phase of Achiral Bent-core Molecules
3.3.1 Previous Work and Remarks
Niori et al.[1] reported that the highest temperature smectic phase, B2 phase, of
PnOPIMB homologue exhibited electrooptic response.

Observation by Link et al.[2]

indicated the existence of two distinct antiferroelectric states in this phase, (1) the ground state
Sm-CSPA “racemic” structure and (2) the Sm-CAPA “homogeneously chiral” structure.

Basic

properties in the B2 phase of PnOPIMB and PnPIMB homologues were reported in [3] and [4].

Dielectric measurement
Shown in figure 3.3.1 are dielectric dispersion spectra in each phases of P8OPIMB.
Temperature dependences of the dielectric constant are shown in figure 3.3.2.

Figure 3.3.1.

Dielectric dispersion spectrum in (a) isotropic at 175ºC, (b) B2 at 165ºC,

(c) B3 at 146ºC, and (d) B4 at the 142ºC, phases of achiral bent-core molecule
P8OPIMB.

(Closed circle: real part ε’, open triangle: imaginary part ε”)
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Figure 3.3.2.

Temperature dependence of

dielectric constant under (a) 5kHz oscillation
frequency and (b) 100kHz oscillation frequency.
(Closed circle: real part ε’, open triangle:
imaginary part ε”)

In the isotropic phase [see figure 3.3.1 (a)], a large relaxation at low frequency
(around 1kHz) and a small relaxation in higher frequency (under 10MHz) are observed.

The

relaxation in the low frequency range is not of a Debye-type or Cole-cole type and might due
to the contribution from conductivity in the imaginary part and the ionic bilayer mode in the
real part.

Another relaxation appeared in higher frequency is similar to that inspected as the

relaxation related with the rotation around the molecular long axis[5],[6],[7] or around molecular
short axis[8][see figure 3.3.3].
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In our case, however, the relaxation was observed in the isotropic phase and even in a
blank cell and therefore the relaxation is not originated from the molecular motion but related
to the resonance and relaxation of the circuit including the LC cell for the measurement.
Dielectric constant in the B2 phase was higher than that in isotropic phase but still
very low [see figure 3.3.1 (b)].

It is known that the ferroelectric polar order in fluid smectic

phases produces large dielectric constant at low frequency, which relaxes around few kHz
(Goldstone Mode).

Therefore the low dielectric constant indicates that the B2 phase does not

exhibit macroscopic polarization and it is consistent that that the phase is antiferroelectric.
The dielectric constant in the Sm-CAPA state was slightly larger than that in the Sm-CSPA state
in the B2 phase of the P10PIMB as shown in figure 3.3.4 though both states are
antiferroelectric.

Figure 3.3.4.

Dielectric dispersion spectrum in the B2 phase of P10PIMB.

Homogeneously chiral Sm-CAPA domains produced higher dielectric constant and
lower relaxation frequency as shown in (a) comparing to the racemic Sm-CSPA
domains shown in (b). Both (a) and (b) were measured in the same cell (6micronc
thick) at the same temperature, 150ºC.
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The relaxation at few hundreds kHz is not clear for its origin.

Several report

assigned the relaxation mode would related with the molecular rotations around molecular
long axis or short axis [see figure 3.3.3].

In our case, however, resonance and relaxation of

the circuit itself might generate the phenomena.
In the B3 phase and B4 phase, the ionic contribution at lower frequency disappears
while the relaxation at high frequency was still observable.

Polarization reversal current
Figure 3.3.5 shows a polarization reversal current curve under application of a
triangular wave voltage in the B2 phase of P8OPIMB.

The spontaneous polarization value

was around 420 nC/cm2 and almost independent of temperature.

Two current peaks were

observed in a half period of the applied voltage, which indicates tristable switching in the
antiferroelectric phase.

Figure 3.3.5.

Polarization

reversal

current in the B2 phase of P8OPIMB
measured in a 6micron cell under
application of 20Hz triangular wave
voltage.

Texture observations in cells
Both Sm-CSPA and Sm-CAPA were observed on cooling from the isotropic.
Photomicrographs of these domains in the B2 phase of P8OPIMB in a planar cell are shown in
figure 3.3.6.
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The Sm-CAPA domain exhibited low-birefringence and the apparent optic axes
(extinction brushes) were parallel and perpendicular to the layer normal direction without an
external field.

The domain switched to the field induced Sm-CSPF state under application of

an electric field larger than the threshold field.

Birefringence became higher and the apparent

optic axes (extinction brushes) were tilted from the layer normal direction in the field induced
Sm-CSPF state.

Figure 3.3.6.

Photomicrographs of focal conic domains in the B2 phase of P8OPIMB

in a 6micron thick cell (a) without an electric field and (b) under application of an
external electric field.

The ground state Sm-CSPA (yellow box) exhibited clear

extinction brushes parallel and perpendicular to the layer normal when an E field
drove the structure to the field-induced Sm-CAPF state as illustrated in (d).

The

Sm-CAPA domain (red box) exhibited extinction brushes parallel and perpendicular to
the layer normal without applied E field and the extinction rotated in the field-induced
Sm-CSPF state under an electric field as illustrated in (c).
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The Sm-CSPA domain was often associated with fine stripes along the layer and
apparent optic axes became unclear though the birefringence was slightly higher than the
Sm-CAPA domains.

These stripes have been thought to be defect lines between smectic

layers of opposite tilt direction of apparent optic axes [see schematics in figure 3.3.6].

The

Sm-CSPA domain switched to the field induced Sm-CAPF state under application of an electric
field.

Birefringence went down (the same of that in Sm-CAPA) and apparent optic axes

(extinction brushes) appeared along the layer normal direction in the field induced Sm-CAPA
state.
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Figure 3.3.7.

Photomicrographs of various focal conic circular domains in the B2

phase of P10PIMB in a 6-micron thick cell. Photomicrographs on the left or right
column were taken under application of positive or negative voltage, respectively.
Photo micrographs on center column were taken without application of an electric
field.

(a) An almost pure homogeneously chiral Sm-CAPA domain.

(b) A typical

racemic Sm-CSPA domain with high birefringent stripes at the zero-field state.

(c) A

racemic Sm-CSPA domain with too thin stripes to see high birefringence color
observed in (b2).

(c) A domain with areas of different “layer enantiomeric excess”.

Between homogeneously chiral structure and racemic structure, existence of
antiferroelectric structures of different mixing ratio of (+) and (-) chiral layers were
reported in [3] and [4]. (d) and (e) show domains with regular stripes observed
under an E. Two filaments with different mixing ratio of (+) and (-) layers nucleated
and wrapped around each other to form such domains.

Stripes of different

extinction can be seen in (d1) and (d3) but no clear extinction was observed in (e1)
and (e3) in which stripes were too fine to see optically.

In this case, these stripes

effected to incident light as a grating, and hence no clear extinctions were observed.
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In the B2 phase of P8OPIMB, the Sm-CAPA structure is not stable rather than
Sm-CSPA and gradually converted into the ground state Sm-CSPA structure.
Especially in a thin cell, several different textures are also observed.
domains of complex textures often make characterization of this phase difficult.
examples are shown in figure 3.3.7.

These
Several

Zennyoji et al. reported that the Sm-CAPA and Sm-CSPA

structure mix and organize “ferri”-like structures which exhibit extinction brushes under an
electric field tilted from the layer normal with a continuous change in apparent tilt direction
and birefringence color[3],[4].

Texture observations on freely suspended films
On a freely suspended film, however, the meta-stable structure Sm-CAPA was much
rare to be observed compare to textures in cells.
a freely suspended film.

Figure 3.3.8 shows the photomicrograph of

The area of odd-numbers of smectic layers responded to an electric

field while the area of even-numbers of smectic layers did not respond to the field.

These

observations indicate that the molecular orientation on this film was Sm-CSPA.

Figure 3.3.8.

Textures on a freely suspended film in the B2 phase of P8OPIMB. In a

domain on right-upper, 2π inversion walls (2π-walls) of c-director were formed as
polarization reoriented under application of external field while no response to
external field was observed in a domain of even-number layers thick.
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From dielectric measurement, polarization reversal current and texture observations
in cells and freely suspended films, the B2 phase of PnOPIMB (P8OPIMB) was confirmed to
be antiferroelectric and both the ground state structure Sm-CSPA and meta-stable state
Sm-CAPA was observed in cells.
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3.3.2 Effect of a Chiral Dopant in the Sm-CP Phase of
Achiral Bent-core Molecules
Texture observations and electric properties indicate that the Sm-CP phase (B2
phase) of the achiral bent-core molecules, PnOPIMB, is antiferroelectric and the most stable
structure in this phase is Sm-CSPA which is composed of the same number of (+) and (-) layers.
It is easy to expect that introduction of chirality into this system generates free-energy
difference between (+) and (-) chiral layers and hence one these will dominate.
An achiral bent-core molecule P8OPIMB was used for the host material.

As a

chiral dopant, (S)-MHPOBC, a well-known antiferroelectric rod-like liquid crystal was used.
These two mesogens were mixed in the isotropic state and dissolved into chloroform.

The

solution formed a soft gel and should be kept avoiding a light radiation which might initiate a
chemical reaction.

The mixture was obtained after evaporation of chloroform.

Texture observations in cells
Photomicrographs of the B2 phase of 3% (S)-MHPOBC mixture are shown in figure
3.3.9.

On fast cooling from the isotropic to the B2 phase, both racemic domains (Sm-CSPA*)

and homogeneously chiral domains (Sm-CAPA*) were observed.

Racemic domains were

gradually converted into homogeneously chiral structure under an applied electric field.
Homogeneously chiral Sm-CAPA* domains were also obtained easily by application of a
square wave voltage (E ~ 5V/micron) during the transition from the isotropic.

This field

induced change was also found in the pure achiral material, though differences between pure
material existed in that only one sign of layer chirality was observed in the chiral mixture, i.e.
all the extinction brushes tilt in the same direction under the applied electric field [see figure
3.3.9(e)].

The Sm-CAPA* domains were rather stable in the mixture with a chiral dopant

compared to the domains in the pure achiral B2 phase.
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Figure 3.3.9.

Photomicrographs

of focal conic domains in the B2 phase
of P8OPIMB with 3% (S)-MHPOBC,
in a planar 6-micron thick cell.

A

racemic Sm-CSPA* domain with high
birefringent stripes was obtained by
rapid cooling from isotropic shown in
(a).

The field-induced Sm-CAPF*

state is shown in

(b).

Under

application of a square wave voltage,
the Sm-CAPF* gradually turned into
the homogeneously chiral Sm-CSPF*
state. After few minutes application
of a square wave, birefringence of the domain became smaller and extinction brushes
became parallel and perpendicular to the layer normal in the field-off state as shown in (c),
which indicated the state was Sm-CAPA*.

By applying an electric field, field-induced

Sm-CSPF* state with higher birefringence and tilted extinctions was obtained as shown in
(d).

(e) and (f) show field-off and field-on states of Sm-CAPA* domains and extinction

brushes tilted to the same direction in almost all domains, indicating that the chiral dopant
force layers have the same handedness.

Although the sign of spontaneous polarization of the chiral dopant (S)-MHPOBC is
positive in the Sm-C* and Sm-CA* phase, the Sm-CAPA* state of the mixture exhibited
negative sign of spontaneous polarization.
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Texture observations on freely suspended films
Figure 3.3.10 shows the photomicrograph of a freely suspended film of the B2 phase
of the 3%-(S)-MHPOBC and P8OPIMB mixture.

The area of both odd-numbers and

even-numbers of smectic layers responded to an electric field, but the orientation direction of
c-director in these two domains were different, i.e., odd-number of layers exhibited transverse
polarization and even-number of layers exhibited longitudinal polarization.

These

observations indicate that the molecular orientation on this film was Sm-CAPA*.

Figure 3.3.10.

Photomicrograph of textures observed on a freely suspended film of the

B2 phase of P8OPIMB mixed with 3% (S)-MHPOBC.

Both even-number layers

thick and odd-number layers thick regions responded to an applied external field.
Dark- and bright-contrast between each region indicates that p and c are parallel or
perpendicular in the even-number layers region and the odd-number layers region,
respectively.

Molecular orientation on the film was Sm-CAPA*.

In conclusion, the chiral dopant (S)-MHPOBC stabilized the layer of negative polarization,
and ground state structure was changed to be Sm-CAPA* instead of Sm-CSPA in the pure
material.
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3.4 The Sm-CP Phase of Chiral Bent-core Molecules
In this section, the layer structure of the highest temperature smectic phase of chiral
bent-core materials will be discussed.

In a chiral bent-core material, P8OPIMB6* the ground

state of the highest temperature is Sm-CAPF*[9],[10].

This phase has a “racemic” layer

structure in which the same number of (+) and (-) handedness of layers exists despite being
composed of chiral molecules violating the rule that the handedness of chiral structures in
fluid phases be determined by the molecular chirality.

The ground state structure, however,

altered to be Sm-CSPA* in the highest temperature phase of homologous material
P7OPIMB5*[11].

3.4.1

(S,S)-P8OPIMB6*[9],[10]

Layer thickness

Figure 3.4.1.

Temperature dependence of smectic layer thickness of P8OPIMB6*

measured using x-ray diffraction from a free surface film of the material.

The

molecular length of P8OPIMB6* which was assumed to form all-trans conformation
is roughly 43Å and it matched well the layer thickness in the B3* phase in lower
temperature while the layer spacing is smaller than the molecular length in the
highest temperature smectic phase suggesting that the phase is tilt smectic phase.
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The temperature dependence of the layer thickness measured using x-ray diffraction
from a free surface film is shown in figure 3.4.1.

A layer thickness of 36.3Å was measured in

the highest and second highest temperature smectic phase and 42.4Å in the lowest temperature
smectic phase.

A simple estimation of molecular length of P8OPIMB6* molecule in an all-trans

conformation is 43Å.

From this estimated and measured layer thickness, the tilt angle of the

molecules with respect to the layer normal is estimated around 32º in the highest and second
highest smectic phase, and molecules do not tilt from the layer normal in the lowest temperature
phase.

Two tilted smectic phases are the Sm-CP* phase though no significant difference in layer

spacing and/or broadening of peak width which are often associated with the phase transition were
not observed between these two Sm-CP* phases.

Dielectric dispersion
The dielectric dispersion spectra of the isotropic, Sm-CP* and the lowest temperature
phase are shown in figure 3.4.2.
figure 3.4.3.

Temperature dependence of the dielectric constant is shown in

In the isotropic phase, there are a large relaxation at low frequency (around 1kHz)

and a small relaxation in higher frequency (under 10MHz).

The relaxation in the low frequency

range is not of a Debye-type, nor of a Cole-cole type.

This large relaxation is due to the

contribution from conductivity in the imaginary part and/or the ionic bilayer in the real part.
These contributions are described by the third or forth terms of
N

ε* = ε∞ + ∑
j =1

ε j −1 − ε j

{1 + i(ωτ ) }
β

j

aj

+

iA B
+ M ,
f
f

and in this case, the experimental data could not be fit well.
The origin of the relaxation at the higher frequency is not clear.

On first inspection,

it appeared that this relaxation was caused by some orientational polarizations because the
relaxation frequency range was similar to that of soft-mode relaxation in the rod-like molecule
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LCs.

The dielectric constant should remain high compared with n2 (the refractive index of

light in the visible frequency range) for the frequencies lower than that of visible light.
estimate for n2 is 2.25 from the assumption that n~1.5.

An

In this measurement, however, the

dielectric constant went to less than 1.0, which should not be possible.

Moreover, this

relaxation process was observed in almost the same frequency range even in empty cells.
From these considerations, it is most likely that this high frequency relaxation is not from an
orientational polarization but rather a relaxation associated with the ITO electrodes or a
resonance of the circuit that contains the liquid crystal cell.

Figure 3.4.2.

Dielectric dispersion spectrum in (a) the isotropic phase at 175ºC, (b)

the Sm-CP* phase at 160ºC, and (c) the B3* phase at 130ºC of P8OPIMB6* in a
6-micron capacitor type cell. (Closed circle: real part ε’ and open triangle: imaginary
part ε”)

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 109 -

electronic-Liquid Crystal Dissertations - October 27, 2006

3. Achiral and Chiral Bent-core Molecules

In the Sm-CP* phase [see figure 3.4.2 (b)], a relaxation mode was observed around
20kHz and a relaxation at high frequency (around 4MHz) was also observable.

Both of these

strongly deformed by ionic contributions and could not be fit to the function for the Cole-cole
process.

The relaxation at the higher frequency must be originated from the relaxation of

ITO electrode or resonance of the circuit.

The large relaxation in middle frequency is

comparable to Goldstone mode in the ferroelectric Sm-C* both on the strength and frequency.
In the lowest temperature phase [see figure 3.4.2 (c)], ionic contributions at lower
frequency disappeared below 130ºC and large Goldstone-like relaxation which was observed
in the Sm-CP* phase disappeared under the transition temperature, while the relaxation at high
frequency (5MHz) was still observable.

Figure 3.4.3.

Temperature dependence

of dielectric constant of P8OPIMB6* under
(a) 5kHz or (b) 100kHz oscillation voltages.
(Closed circle: real part ε’ and open triangle:
imaginary part ε”)

These results strongly suggested the ferroelectricity in the Sm-CP* phase.
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Polarization reversal current
The polarization reversal current in the Sm-CP* phase under a triangular wave field
is shown in figure 3.4.4.

A single current peak was observed in a half period of an applied

field around where the field changed its sign.

In many cases, the single polarization reversal

current peak is regarded as the strong evidence for ferroelectricity.

Current peaks, however,

are easily distorted by ionic impurities and exhibit some frequency dependences.

Hence it is

difficult to conclusively determine if a phase is ferroelectric based solely on the polarization
reversal current profiles.

Figure 3.4.4.

Polarization reversal current observed under application of a triangular

wave voltage of 20Hz. One large current peak was observed around where the
applied voltage crossing zero.

Texture observations in the Sm-CP* phase
Three possible states
On cooling from the isotropic to the highest temperature smectic phase, three types
of focal conic domains were observed to coexist in the cells [see figure 3.4.5].

The majority

of these domains were in the ground state Sm-CAPF* and had an apparent optic axis
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(extinction brushes) parallel to the layer normal [see figure 3.4.5 (a)].

In addition, domains

of two distinct meta-stable states, Sm-CSPF* and Sm-CSPA* were observed.

In the absence of

an electric field, the Sm-CSPF* state domains had no clear extinction when it placed between
crossed polarizer and analyzer [figure 3.4.5 (b)], while extinction brushes and a high
birefringence were observed for the Sm-CSPA* state domains [figure 3.4.5 (c)]

Figure 3.4.5.

Photomicrograph of focal conic domains in the highest temperature

smectic phase (Sm-CP* phase) of P8OPIMB6* in a 4-micron thick cell. Three types
of domains were observed under the same conditions before applying an electric
field.

(a) A domain of the Sm-CAPF* ground state, (b) a domain of the Sm-CSPF*

state, and (c) a domain of the Sm-CSPA* state were shown.

The Sm-CAPF* state
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A circular domain of Sm-CAPF* state and molecular orientation in the domain are
shown in figure 3.4.6. Extinction direction (apparent optic axes) did not change with or
without an external electric field.
Using the in-plane field technique, a large well-aligned domain was prepared as
shown in figure 3.4.7.

The domain has an apparent optic axis parallel to the layer normal

[see figure 3.4.7 (a) and (b)] and a low birefringence.

Figure 3.4.7.

Photomicrographs of a well aligned a ~18micron thick cell of

P8OPIMB6*.

The ground state Sm-CAPF* shows extinctions parallel and

perpendicular to the layer normal under crossed polarizers in the absence of an
external field. In (b) the same sample had been rotated 45º. Photomicrograph of
the same region under application of an electric field normal to the substrate (along
x) is shown in (c) and under application of an electric field in the plane of the
substrate (along y) is shown in (d).

Schematics below each photomicrographs

show the molecular orientation in each of these three cases. As field removed from
(c) or (d), the molecular orientation returned to the (b) with polarization splay (twist in
n) from the top to bottom of the cell.
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The birefringence as a function of wavelength is shown in figure 3.4.8.

The

birefringence decreases upon application of an electric field across the cell [see figure 3.4.7 (c)
and figure 3.4.8], while a slight increase in birefringence was indicated by the change in the
birefringence color when an electric field is applied in the plane of the cell [figure 3.4.7 (d)].
In all cases the optic axis remains parallel to the layer normal.

Figure 3.4.8.

Birefringence dispersion of both field-on and field-off states in the

Sm-CAPF* domains. Birefringence for each wavelength was measured using an
optical compensator and interference band-pass filters.
shows strong dispersion to wavelength.

The measured value

Birefringence always decreases under

application of electric field vertical to the cell substrate (along x).

Schematics below the photomicrographs of figure 3.4.7 indicate how the molecules
are organized in each state.

In the field-on states, assignment of the molecular orientation

was rather straightforward, since the polarization orients toward the electric field direction.
Based on the direction of polarization, the optic axis parallel to the layer normal and molecular
tilt in a layer, the structure was indicated to be Sm-CAPF*.

The molecular orientation shown

in figure 3.4.7 (d) is a candidate for the model structure, but this state has a slightly higher
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birefringence than the ground state in the absence of a field [figure 3.4.7 (b)].
ground state is similar to figure 3.4.7 (d), but should not be the same.

Hence the

Thus, we speculated a

model structure for the ground state, as shown in the illustration below.

Namely, the

polarization is splayed and the director is twisted from top to bottom of the cell.

Note that

the anticlinic ferroelectric structure requires the rotation direction of the c-director is the same
in adjacent layers and the twist sense of n-director alters layer to layer.

Hence the slow axis

of the index ellipsoid remains uniformly parallel to the layer normal throughout the cell in this
splayed state allowing for high contrast extinction under crossed polarizers despite the splayed
structure in polarization, as experimentally observed.

The Sm-CSPF* state
The one of the meta-stable states is the homogenously chiral Sm-CSPF* state shown
in figure 3.4.9.

This state is only observed on rapid cooling from the isotropic and occupies

the second largest percentage of the total cell area.

In the absence of an electric field this

state also has a polarization splayed structure (twist configuration of n-director) from the top
to bottom surface [see figure 3.4.9 (b)].

In a synclinic state, however, this splay in

polarization results in the optic axis rotating from + θ to –θ where θ is the tilt angle of
molecules with respect to the layer normal.

The polarization of incident light on this

structure is rotated and can pass through crossed polarizers.
extinction was observed for these domains.

Hence only low contrast

With crossed polarizers application of an electric

filed normal to the substrate resulted in high birefringence (∆n~0.15) and high contrast
extinction rotated by ±34º from the layer normal depending on the sign of field [see figure
3.4.9 (a) and (c)].

Schematics representing the organization of the molecules in each of the

field-on and field-off states are shown below the photomicrographs in figure 3.4.9.

The layer

structure in domains of this state is homogeneously chiral, while the ground state layer
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Two types of the Sm-CSPF* domains exhibiting

structure shown in figure 3.4.7 is racemic.

opposite rotation direction of extinction brushes under application of an electric field was
observed, indicating that homogeneously chiral domains of both handedness exist.

During

the application of an electric field, the Sm-CSPF* domains are slowly converted into the
ground state Sm-CAPF* structure passing through intermediate mixed states that exhibit a
reduction in both tilt angle and birefringence.

Figure 3.4.9.

Photomicrographs of a Sm-CSPF* domain in the Sm-CP* phase of

P8OPIMB6* in a 4-micron thick planar cell. The Sm-CSPF* state is homogeneously
chiral in which all smectic layers have the same handedness and thus extinction
direction rotated + or – θ under application of an electric field depending on the sign
of the field and sign of layer chirality.

In the absence of a field, shown in (b), high

contrast extinction can only be observed by uncrossing polarizer and analyzer
indicating a twisted orientation of molecules from the top to bottom substrate in the
cell as illustrated below the photomicrograph.
are sketched below the photomicrographs.
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The Sm-CSPA* state
The other type of domains, shown in figure 3.4.10, occupied the smallest area of the
cell on cooling from the isotropic.

Domains if this meta-stable state have the racemic layer

structure, Sm-CSPA*, as is consistent with the experimental observations described below.

Figure 3.4.10.

Photomicrographs of a Sm-CSPA* domain in the Sm-CP* phase of

P8OPIMB in a 4-micron thick planar cell.
chirality.

The Sm- CSPA* state is racemic in layer

In the absence of an electric field, shown in (a), the domain showed higher

birefringence and tilted apparent optic axes (extinction) from the layer normal
direction.

Application of an electric field drove the state into the Sm-CAPF*.

Since

the field-induced Sm-CAPF* state is the ground state structure in the phase, the
Sm-CSPA* state never came back even after removing the field.
orientation of these states are illustrated below each photomicrographs.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 117 -

Molecular

electronic-Liquid Crystal Dissertations - October 27, 2006

3. Achiral and Chiral Bent-core Molecules

The apparent optic axis was rotated by 34º with respect to the layer normal in the absence of
an electric field and birefringence of this state was ∆n~0.15 which was the same as that in the
field-on state of Sm-CSPF*.

Upon the first application of a |E| > Eth, this type of domain

switched into the ground state Sm-CAPF* [figure 3.2.10 (b)] and never returned to the original
Sm-CSPA* state.

Rather, upon removal of the field it formed the twisted Sm-CAPF* domain

[figure 3.2.10 (c)].

Note that when the domain was driven from the Sm-CSPA* state to the

Sm-CAPF* state the layer chirality does not change.
Both Sm-CSPF* and Sm-CSPA* states were only found to be produced on cooling
from the isotropic in the absence of an electric field.

Lowest temperature phase
Electrooptic response observed in the Sm-CP* phase was gone after the phase
transition to the B3* phase, and this lowest temperature phase did not exhibit any responses to
the field.

In the lowest temperature phase, only two types of domains were observed [see

figure 3.4.11].

Focal conic fan-shaped domains which are formed in the Sm-CP* phase did

not change much its shape through the transition.

At the time, fan-shaped domains were

divided into small domains with higher birefringence by stripes parallel to the layer and
extinction direction stayed parallel to the layer normal direction.

An applied voltage just

below the transition temperature produced homeotropically aligned domains.
exhibit relatively lower birefringence.

Textures observed in thin cell were the same as that in

the B3 phase.
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Figure 3.4.11.

Two types of domains in the lowest temperature B3* phase of

P8OPIMB6* in a 4-micron thick cell.

Photomicrographs shown in (a) and (b) were

taken on the same region of the cell placed between crossed polarizers rotated 45º
from the layer normal in (b).

The domain in the red box characterized by thin stripes

along the layer with high birefringence and the extinction direction parallel and
perpendicular to the layer normal.
aligned Sm-CP* domains.

This type of domain was obtained by cooling

The other domain with lower birefringence (in green box)

is nucleated in the phase and gradually grown.

This domain exhibited a clear

extinction and it is supposed that smectic layers in this domain homeotropically
aligned.

Texture observations on freely suspended films
Figure 3.4.12 shows textures of a freely suspended film in the Sm-CP* phase of
P8OPIMB6*.

Stripe textures were observed on the fresh films as shown in figure 3.4.12.

Similar stripes were observed in different systems[12],[13],[14],[15],[16] and explained by
polarization modulation.

Spontaneous polarization on a 2-D film organized a vector field.

The positive splay and negative splay of polarization are not equivalent on the vector field[see
figure 3.4.13].

Hence distortion energy for positive splay and negative splay in p should be

different and the difference produces spontaneous formation of modulation as the difference in
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the distortion energy of positive and negative twist in n produces helical structure in the Ch*
phase.

The stripes gradually became wide and disappeared and never appeared on the aged

film [see figure 3.4.14].

This could be explained by ionic contamination, i.e. ions screened

the polarization.

Figure 3.4.12.

Polarization splay stripes observed in a fresh freely suspended film of

the Sm-CP* phase of P8OPIMB6*. Width of the stripes changed by thickness of
film, i.e. stripes became thinner in the thinner thickness area.

Figure 3.4.13.

The c-director orientation in a 2π-wall with transverse dipole moment.

Positive and negative splay in P could have different free energy since these are not
equivalent.
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Figure 3.4.14.

Time

evolution

of

polarization

modulation stripes on a freely suspended film
of P8OPIMB6* (a)-(f) and the texture after all
stripes had disappeared shown in (g).

After the stripes disappeared[see figure 3.4.15], both odd and even numbers of layers
responded to an applied field.

Characteristic texture observed on the film was strongly

distorted inversion walls (2π-walls) which often observed in a film of high Ps material.

The

c-director orientation in a 2π-wall and 2π-walls on a low polarization film are shown in figure
3.4.16 (a) in which distance between extinction lines is almost the same.

On the other hand,

c-director orientation in the 2π-wall distorted by polarization[see figure 3.4.16 (b)], namely
the polarization splay costs free energy because of the polarization charge[17],[18] and produces
effective elastic constant of bend in c (splay in p) higher than that of splay in c (bend in p).
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Figure 3.4.15.

(a) A 2π inversion wall on a freely suspended film of Sm-CP* phase

P8OPIMB6* formed under application of an electric field, which was deformed
because of high polarization on the film.

As sign of applied field inversed, the

c-director reoriented with characteristic pattern often observed on films of high Ps
material as shown in (b).
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2π-walls observed

under application of an electric field
on freely suspended films of (a)
Sm-CA* phase of (S)-MHPOBC and
(b) Sm-CP* phase of P8OPIMB6*.
Free energy cost originated from
polarization charge on splay in P area
makes effective elastic constant for
splay in P higher than that of bend in
P area.

It results the bend in P area

squeezed as shown in (b).
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Such distorted 2π-walls indicate a large spontaneous polarization on the film.
Though almost all Sm-CP phases of bent-core molecules exhibit large spontaneous
polarization, such strongly distorted 2π-walls were rare to be observed on the film of
antiferroelectric structure because spontaneous polarization on the antiferroelectric film is
smaller than that of ferroelectric film in which net polarization on the film increases
proportional to the layer thickness.

Hence it would be concluded that the film was

ferroelectric.

Second harmonic generation
The Sm-CP* phase of P8OPIMB6* was SHG active and strong SHG signal was
observed even from the multi-domain texture.

Araoka et al. reported detailed SHG

investigation on the phase and conformed the ground state is Sm-CAPF*[19].
configuration suggested as the field-off state structure was confirmed [20].
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3.4.2 (S,S)-P7OPIMB5*[11]
Texture observations in the Sm-CP* phase
Both the Sm-CSPA* and Sm-CAPA* state were observed to be coexisted in the
Sm-CP* phase on cooling from isotropic.

Photomicrographs of Sm-CAPA* domains with

part of Sm-CSPA* state in a 6-micron thick planar cell are shown in figure 3.4.17.

Figure 3.4.17.

Photomicrographs of focal conic domains in the Sm-CP* phase of

P7OPIMB5* in a 6-micron thick planar cell.

By cooling from isotropic, relatively

large focal conic domains of Sm-CAPA* were obtained as shown in (a).

The

Sm-CSPA* state nucleated in these domains forming fine stripes with higher
birefringence (blue color).

Under application of electric field smaller than threshold,

the Sm-CAPA* domains exhibited small pre-transitional motion of extinction brushes
shown in (b).

All the domains turned into field induced Sm-CAPF* state instead

being field induced Sm-CSPF* state under an electric field larger than the threshold
voltage as shown in (c). By removing the field, Sm-CAPF* domains switched back to
the Sm-CSPA* state, shown in (d), of higher birefringent stripe texture.
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The Sm-CAPA* domain appeared low-birefringence and the apparent optic axes
(extinction brushes) were parallel and perpendicular to the layer normal direction without
external field.
state.

The Sm-CAPA* state is meta-stable and gradually turned into the Sm-CSPA*

Under application of an electric field lower than threshold voltage, small

pre-transitional rotation of extinction brushes was observed as shown in figure 3.4.17(b).
Once the applied electric field reached to the threshold (5V/micron), all domains turned into
the field-induced Sm-CAPF* [see figure 3.4.17 (c)] with apparent optic axes (extinction
directions) parallel and perpendicular to the layer normal and switched back to the Sm-CSPA*
state with fine domain-wall stripes of larger birefringence by removing the applied voltage
[see figure 3.4.17(d)].
The ground state structure in cell was Sm-CSPA* state which is the racemic
composed of the same number of (+) and (-) chirality layers though molecules are chiral.

Texture observations on freely suspended films

Figure 3.4.18.

Odd-even effect observed in a freely suspended film of the Sm-CP*

phase of P7OPIMB5*. Both odd and even-number layers thick area responded to
an electric field indicating that the molecular orientation on the film was Sm-CAPA*.
Even number layers thick area exhibited smaller Ps comparing to the odd-number
layers thick area and hence the width of 2p-wall was wider on the right side.
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Figure 3.4.18 shows photomicrographs of a freely suspended film of the Sm-CP*
phase of P7OPIMB5*.

Both odd-number of smectic layers and of even-numbers of smectic

layers responded to the applied electric field. On even-number of layers thick area exhibited
smaller polarization originated from the longitudinal polarization and odd-number of layers
thick area exhibited larger polarization from transverse dipole moment, which indicated that
the structure on this film was Sm-CAPA*.

It should be noted that polarization modulation

stripes which are observed in the film of P8OPIMB6* were not observed in films of
P7OPIMB5*.

In conclusion, a chiral P7OPIMB5* exhibits the Sm-CP* phase in which the ground
state structure is racemic antiferroelectric (Sm-CSPA*) in bulk or the chiral antiferroelectric
Sm-CAPA* on freely suspended films.
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3.4.3 Effect of a Chiral Dopant in the Sm-CP Phase of
Chiral Bent-core Molecules
Texture observations and electric properties indicate that the Sm-CP* phase of the
chiral bent-core molecule (S,S)-P8OPIMB6* is ferroelectric and the most stable structure in
this phase was Sm-CAPF* which is composed of the same number of (+) and (-) layers in
despite of molecular chirality.

It makes sense to expect that introduction of chirality into this

system generates free-energy difference between (+) and (-) layers and one handedness of
these two will dominate.
The chiral bent-core molecule P8OPIMB6* was used for the host material and as a
chiral dopant, (S)-MHPOBC was used.
state and dissolved into chloroform.

These two mesogens were mixed in the isotropic
The solution forms a soft gel and should be kept

avoiding any light radiation which might initiate a chemical reaction.

The mixture was

obtained after evaporation of chloroform.

Texture observations in cells
Photomicrographs of the Sm-CP* phase of 5% (S)-MHPOBC mixture are shown in
figure 3.4.19.

On cooling from the isotropic to the B2 phase, only chiral Sm-CSPF* domains

of twisted structure was observed.

The chiral domains were gradually converted into racemic

Sm-CAPA* structure under an applied electric field.

The Sm-CSPF* domains was enough

stable to stay around 1 hour without application of electric fields.

Twist sense and sign of

polarization in the Sm-CSPF* domains were perfectly uniform.

Although the sign of

spontaneous polarization of the chiral dopant (S)-MHPOBC is positive in the Sm-C* and
Sm-CA* phase, the Sm-CSPF* state of the mixture exhibited negative sign of spontaneous
polarization.
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Figure 3.4.19.

Photomicrographs of a focal conic domain in the Sm-CP* phase of

P8OPIMB6* mixed with 5% of (S)-MHPOBC in a 6-micron thick planar cell.
Domains with no extinction were obtained by cooling from isotropic as shown in (a).
Clear extinction brushes was observed to be tilted from the layer normal direction
around 35º under application of an electric field as shown in (b), which indicated that
the molecular orientation in the domain was Sm-CSPF*.

In conclusion, the chiral dopant (S)-MHPOBC stabilized the layer of negative
polarization, and ground state structure was changed to be Sm-CSPF* instead of Sm-CAPF* in
the pure material.
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3.5 Discussion
Ground state structures in the Sm-CP phase of P8OPIMB, P7OPIMB, mixture of
P8OPIMB with 3% (S)-MHPOBC, P8OPIMB6*, P7OPIMB5* and mixture of P8OPIMB6*
with 5% (S)-MHPOBC are summarized on the table 3.5.1.

Achiral homologue exhibited the

ground state structure Sm-CSPA in both odd and even numbers of carbons on the end-chain,
while chiral homologue exhibited the ground state structure Sm-CAPF* or Sm-CSPA*
depending on the end chain length.

Table 3.5.1.

The ground state and meta-stable states observed in the Sm-CP(*)

phases of bent-core PIMB homologues.

Introduction of chirality into the Sm-CP phase was expected to produce
homogeneously chiral ground state.

It was true in the mixture of achiral bent-core molecule

and chiral dopant (S)-MHPOBC although molecular chirality was nothing to do with the
chirality of the ground state structure of P8OPIMB6* (racemic Sm-CAPF* ground state) and
P7OPIMB5* (racemic Sm-CSPA* ground state in a cell).

The reason why these chiral tails

were not effective to select the layer chirality might be that the chiral center would be too far
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from the mesogenic core and could not produce effective free energy difference between (+)
and (-) layer chirality while 5% of (S)-MHPOBC does produce the difference.
Why does P8OPIMB6* exhibit the ferroelectric ground state structure?
theoretical study on the Sm-CAPF* ground state was done by J. Selinger[21].

A

But here, as it

was introduced in Chapter 1 section 4, we would like to pay attention on the molecular
clinicity on the polar plane [see figure 3.5.1 (a)]

[22],[23]

.

D. M. Walba et al. pointed out that

the key determining polarity in the Sm-CP phase of bent-core molecules would be the clinicity
of the end-tails of molecules in adjacent smectic layers[22],[23].

In the Sm-CP phase of

bent-core molecules, clinicity of end-tails of molecules in adjacent layers is projected onto
tilt-plane and polar-plane[see figure 3.5.1 (b)].

By looking clinicity on the polar-plane, the

synclinic state produces the antiferroelectric polar order while the anticlinic state produces
ferroelectric polar order in the Sm-CP phase of bent-core molecules.

D. M. Walba et al.

realized that a ferroelectric bent-core LC phase should be obtained by designing the molecule
which orients anticlinically in the polar-plane.

Even in the case of tilt smectic phases of

rod-like LC molecules, however, the synclinic phase (synclinic in tilt, Sm-C phase) is common
to be observed rather than anticlinic phase (anticlinic in tilt, Sm-CA phase).

Therefore, the

simple way to design a bent-core molecule exhibiting the ferroelectric phase would be that
attach end-tails which produces the anticlinic Sm-CA phase when it attached on a rod-like
mesogenic core.
What type of inter-molecular interaction does stabilize the anticlinic orientation of
end-chains at the layer interface?

The Sm-CA(*) phase of rod-like molecules have been

extensively studied on this view point[24],[25],[26],[27].
here.
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Figure 3.5.1.

The four Sm-CP structures give four different conditions to end-chains of

molecules at the interface of adjacent layers. In the Sm-CP phase, three planes, tilt
plane (xz), layer plane (xy) and polar plane (yz) are defined as shown in (a).
End-chains at the interface tilted synclinically (or anticlinically) in the tilt plane and the
polar plane as shown in (b).

the polar order of one Sm-CP state is described using

the relative tilt in polar plane; i.e., end chains tilted synclinically (or anticlinically) in
tow antiferroelectric states (or two ferroelectric states).
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One factor which has been thought to be important to produce the antiferroelectric
phase in the rod-like system is the “dipole-dipole interaction”[25],[28].

In the bent-core system,

the spontaneous polarization in each layer originates from close packing of bent-core
molecules which is strongly hindered for rotation around the long axis, so that the major
contribution to the polarization comes from two carbonyls in the central mesogenic core.
Hence, the in-layer polarization of P8OPIMB (antiferroelectric), P8OPIMB6* (ferroelectric)
and the mixtures should be almost the same.

In fact, the spontaneous polarization estimated

from the polarization reversal current does not show any significant difference between
P8OPIMB and P8OPIMB6*.

Therefore, we speculate that the dipole-dipole interaction

between adjacent layers does not significantly different between the Sm-CP phase of
P8OPIMB and P8OPIMB6* and does not effect to select the polar order in this case.
Next factor which should be noted is the “steric interaction” between end-chains on
the smectic layer interface.

I. Nishiyama et al. synthesized rod-like molecules with a

symmetric branched end-chain (swallow tail), which exhibited achiral Sm-CA phase[29].

The

end-chain of P8OPIMB6* is not exactly the same structure as the swallow tail but may have
the same effect at the layer interface to produce anticlinic orientation.

A problem is left

unsolved in this case, however, that the reason why P7OPIMB5*, the same chiral homologue
of P8OPIMB6* exhibits the antiferroelectric ground state.
Another model is based on the effect of “out-of-layer fluctuation[30],[31],[32],[33]”.
Smectic phases are fluids and the layer ordering is not perfect, i.e. the positional distribution of
mass center of molecules along the layer normal direction is not like a delta function as in a
crystal but like a sinusoidal function.

Molecules in smectic layers interdigitate to the

neighboring layer and the Sm-A phase and the Sm-C phase is stabilized by the large out of
layer fluctuation while the Sm-CA phase cannot exist under the large out of layer fluctuation.
To stabilize the Sm-CA state, the out of layer fluctuation has to be small.
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pointed it out[31] and C. Tschierske et al. synthesized several achiral bent-core molecules under
this concept[34].
units.

Namely, they synthesized bent-core molecules having its end-tail of siloxane

Since siloxane is not well miscible to the hydrocarbons, the tail group would segregate

at the layer interface.

Molecules would not be able to interdigitate to the neighboring layer

and it forces out-of-layer fluctuation become smaller.

The bent-core molecules with siloxane

tail unit exhibit the ferroelectric Sm-CP phases as expected[34].

Branched tail of the

P8OPIMB6* might obstruct the interdigitation of molecules between adjacent layers and
suppress the out-of-layer fluctuation.
Even if the steric interaction and/or out-of-layer fluctuation stabilizes anticlinic
orientation of end-tails between two adjacent layers and also stabilizes the anticlinic coupling
between neighboring layers (the Sm-CA structure of rod-like molecules and ferroelectric
structure of bent-core molecules), we should not ignore the fact that P7OPIMB5* exhibit the
antiferroelectric ground state structure although the chemical structure of the tail is almost the
same of that of P8OPIMB6*.

It is also found that this PnOPIMB(n-2)* homologue exhibits

odd-even effect on the tail length, i.e. the ground state is antiferroelectric when n is odd
number and ferroelectric when n is even number.

In terms of out-of-layer fluctuation, even if

the 5* tail would suppress the out-of-layer fluctuation, it should be the same as that 6* tail
would do and both 5* and 6* would produce the ferroelectric ground state.

The steric

interaction can avoid this problem, namely the branched end-chains should have different
orientation on the layer interface [see figure 3.5.1].

Just by simple assumption of all-trans

conformation on the end-chain, the odd and even number of carbons on the chain have the
branched methyl group points in the layer and points out the layer, respectively.
this difference, the odd-even effect in the homologue would be explained.
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Figure 3.5.1.

Illustrations of molecular end-chains assumed to rotate freely at the

alkoxy oxygen of P8OPIMB6* and P7OPIMB5*.

Therefore, we propose that the factor which selects the polarity in the Sm-CP phase
of PnOPIMB homologue is mainly the steric interaction between end-chains at the layer
interface.

Handedness of layers is controlled by introducing chiral dopant into the system.
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3.6 Conclusion
Ground state structures in the Sm-CP phase of PnOPIMB, P8OPIMB-3%
(S)-MHPOBC, P8OPIMB6*, P7OPIMB5* and P8OPIMB6*-5% (S) MHPOBC was discussed
in this chapter to understand the factor selecting the ground state structure in the Sm-CP
phases.
Introduction of chirality into the Sm-CP phase was expected to produce
homogeneously chiral ground state.

Chiral tails were not effective to select the layer chirality

because the chiral center would be too far from the mesogenic core and could not produce
effective free energy difference between (+) and (-) layer chirality while 5% of (S)-MHPOBC
did produce the difference.
After considering three factors, dipole interaction, the steric interaction and the
out-of-layer fluctuation that have been thought to stabilize anticlinic orientation between
molecular end-chains at the layer interface, we propose that the factor which selects the
polarity in the Sm-CP(*) phase of PnOPIMB homologue is mainly the steric interaction
between end-chains at the layer interface.
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4.1 Introduction
From the results shown in the last chapter, we suggested that the ground state
structure in the Sm-CP phase is governed by the (A) inter layer steric interaction and/or (B)
out-of-layer fluctuation.

In the PnOPIMB and PnOPIMB(n-2)* homologues, the inter layer

steric interaction could be more important than the out-of-layer fluctuation.
Are we able to control the inter layer interaction and/or out-of-layer fluctuation and
able to change the ground state structure in the Sm-CP phase?

Following this point, three

experiments will be presented in this section.
In the first experiment, we paid attention to the inter-layer steric interaction at the
layer interface.

If the branched end-tail of P8OPIMB6* produces inter-layer interaction

which stabilize the Sm-CAPF structure, the interaction will be reduced by mixing with
P8OPIMB whose end-chains are not branched.

The mixtures of various concentration of

P8OPIMB and P8OPIMB6* were prepared and examined based on this point[1].
In the next experiment, we paid attention to both the out-of-layer fluctuation and
inter-layer interaction.

Introduction of obstacles which highly segregate at the layer interface

would suppress the out-of-layer fluctuation and decrease inter-layer steric interaction.

If only

out-of-layer fluctuation would reduce the advantage of synclinic orientation of end-chains,
introduction of such obstacles into the Sm-CSPA state produces a change of stable-state while
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the Sm-CAPF state is not changed.

If the inter-layer steric interaction stabilizes the synclinic

or anticlinic orientation of molecular end-chains at the layer interface, introduction of the
obstacles produces a change of ground state structure in both the Sm-CAPF state and Sm-CSPA
state.

To examine this point, we mixed a hydrocarbon compound (normal alkane, n-alkane) into

the ferroelectric Sm-CP phase and antiferroelectric Sm-CP phase. Several reports pointed out
that such n-alkane molecules segregated from mesogenic molecules and localized at the layer
interface[2],[3] because of their poor miscibility with mesogenic core.

J. Yamamoto et al. mixed

n-alkane with rod-like mesogenic molecules and suggested that n-alkane molecules localized at the
layer interface and aligned parallel to the host rod-like LC molecules[2] in the Sm-A and Sm-C
phase.

A. Jakli et al. mixed n-alkane into the B2 phase of a bent-core compound and observed

growing of chiral crystal. They also claimed that n-alkane molecules segregated and localized at
the layer interface but aligned perpendicular to the end-chains of bent-core molecules[3].
In following experiment, n-alkane molecules were added to an antiferroelectric and a
ferroelectric bent-core compound to examine whether the added n-alkane molecules effect to the
ground state structure in the Sm-CP phase.
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4.2 Experiment
On the first part of this experiment, mixtures of an achiral bent-core molecule
P8OPIMB [see figure 4.2.1(a) and table 4.2.1] (Sm-CSPA ground state) and one of chiral
bent-core molecule P8OPIMB6* [see figure 4.2.1(b) and table 4.2.1] (Sm-CAPF* ground state)
were prepared for the dielectric and polarization reversal current measurements and texture
observations.

These two molecules mixed at the isotropic temperature, were dissolved into

chloroform.

Until chloroform was evaporated, the solution was kept out of any light

radiation to avoid chemical reactions.

50wt%, 38wt%, 33wt% and 27wt% (of chiral

molecule, 49mol%, 37mol%, 32mol%, and 26mol% respectively) mixtures were prepared.
On the second part of this experiment, n-heptadecane (n-C17H36) was mixed with an
achiral bent-core molecule P9OPIMB [see figure 4.2.1(c) and table 4.2.1] (Sm-CSPA ground
state) and a chiral bent-core molecule P8OPIMB6* (Sm-CAPF* ground state).

These

materials were dissolved into chloroform and gentry dried to avoid evaporation of n-C17H36.
For electrooptic characterization and determination of phase sequence, texture
observation in planar cells of 6-micron thick were carried out by using a polarized optical
microscope.

Polarity of the phase, ferroelectric or antiferroelectric, was determined by

means of dielectric measurement and polarization reversal current measurement.
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Table 4.2.1.

Phases and transition temperatures of PIMB homologues used in the

experiment.
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4.3 The Sm-CP Phase of P8OPIMB-P8OPIMB6*[3]
4.3.1 Electric properties
Dielectric measurement
As presented in the chapter 3, chiral P8OPIMB6* (Sm-CAPF* ground state) exhibits
ferroelectric Sm-CP* phase and a large dielectric relaxation at a frequency on the order of
several tens of kHz is observed, while achiral P8POIMB (Sm-CSPA ground state) exhibits
antiferroelectric Sm-CP phase and dielectric constant in the phase is very small.

Mixtures of

P8OPIMB6* and P8OPIMB produced different deferent behavior in their dielectric properties.
Shown in figure 4.3.1 are the temperature dependence of the dielectric response at 5 kHz and
100kHz for (a) pure P8OPIMB, (b) 26mol% of P8OPIMB6*, (c) 32mol% of P8OPIMB6*, (d)
37mol% of P8OPIMB6*, (e) 49mol% of P8OPIMB6* and (f) pure P8OPIMB6* in 6micron
thick cells.
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Figure 4.3.1.

Temperature

dependence

of

dielectric

constant

of

P8OPIMB-

P8OPIMB6* mixtures in 6-micron cells under 5kHz (upper figure in each (a) to (f)) or
100kHz (lower figure) oscillation voltages.

(a) Pure P8OPIMB, (b) 27mol% mixture,

(c) 32mol% mixture, (d) 38mol% mixture, (e) 49mol% mixture and (f) pure
P8OPIMB6*.

(Closed circle: real part ε’ and open triangle: imaginary part ε”)
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The Sm-CP(*) phase exhibited relatively large dielectric response (∆ε >15) in
comparison to the isotropic, B3(*) and B4(*) phases (∆ε ~ 3) and continuously existed in all
the mixing ratios.

While the dielectric constant in the Sm-CP(*) phase was almost the same

of that in the pure P8OPIMB until 32mol% P8OPIMB6* content mixture, it increased by
roughly a factor of 10 in the mixtures with higher P8OPIMB6* content.
that the Sm-CP* phase of P8OPIMB6* is ferroelectric.

It is consistent to

Transition temperature from B3* to

B4* was also obtained from small decrease of the dielectric constant.
Figure 4.3.2 shows dielectric dispersion spectra in the Sm-CP(*) phase of (a) pure
P8OPIMB, (b) 26mol% of P8OPIMB6*, (c) 32mol% of P8OPIMB6*, (d) 37mol% of
P8OPIMB6*, (e) 49mol% of P8OPIMB6* and (f) pure P8OPIMB6*.

The Sm-CP(*) phase

of each mixtures and pure materials showed different behavior.
In the lower P8OPIMB6* concentration mixture, 26mol%, dielectric dispersion
spectrum exhibited the same trend as that of pure achiral P8OPIMB [see Fig. 4.3.2 (a) and (b)].
Similarity was also found in the temperature dependence of dielectric constants shown in
figure 4.3.1 (a) and (b).

Both of them were characterized by small dielectric constant in the

frequency ranges from 1 to 100kHz, which indicates the ground state in the Sm-CP* phase of
the 26mol% mixture is antiferroelectric.
In the 32mol% mixture, the dielectric constant slightly increased in the low
frequency range (lower than 10 kHz)[see figure 4.3.2 (c)].

Significant difference between

pure P8OPIMB (antiferroelectric) was observed in figure 4.3.1 (c), namely imaginary part of
dielectric constant increased higher than that of pure P8OPIMB and decreased gradually as
temperature lowered.

The real part of dielectric constant, however, stayed low which was

almost the same of that in the antiferroelectric state.

Therefore the ground state in the

Sm-CP* phase of the 32mol% mixture is concluded to be still antiferroelectric.
relaxation around 0.1-kHz was probably due to the ionic contribution.
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Figure 4.3.2.

Dielectric dispersion spectrum in the Sm-CP(*) phase of (a) pure

P8OPIMB, (b) 26mol% mixture, (c) 32mol% mixture, (d) 37mol% mixture, (e)
49mol% mixture, and (f) pure P8OPIMB6* in 6-micron thick cells. (Closed circle:
real part ε’ and open triangle: imaginary part ε”)

Both temperature dependence and frequency dependence of the dielectric constant
showed totally different behavior in the 37mol% mixture.

As shown in figure 4.3.1 (d),

dielectric constant at both 5-kHz and 100-kHz increased at the transition temperature from
isotropic and gradually decreased when temperature was lowered.

The maximum value of

the dielectric constant was much higher than that of the antiferroelectric Sm-CP* state.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 148 -

A

electronic-Liquid Crystal Dissertations - October 27, 2006

4. Frustration between Four Sm-CP States

large relaxation at around 10-kHz was seen in the dielectric dispersion spectrum [see figure
4.3.2 (d)].

According to the temperature dependence of the dielectric constant, ferroelectric

state was stable in higher temperature range and antiferroelectric state dominate in lower
temperature range.

A large relaxation around 0.1-kHz was probably due to the ionic

contribution.
In higher concentration of P8OPIMB6* mixture, 49mol%, showed no difference
from pure P8OPIMB6* in both temperature dependence and frequency dependence as shown
in figure 4.3.1 (e) and (f), and figure 4.3.2 (e) and (f).

The large dielectric relaxation at

around 10-kHz was observed in all temperature range of the Sm-CP* phase which indicated
the ground state of the mixture is ferroelectric.
According to dielectric properties, a rough phase diagram in terms of polarity in the
Sm-CP(*) phase was determined as shown in figure 4.3.3.

The boundary between

antiferroelectric and ferroelectric seems to exist between 49mol% and 33mol% and to cross
over 37mol% mixture in the Sm-CP* temperature range.

Figure 4.3.3.

Binary phase diagram of the mixture composing of P8OPIMB and

P8OPIMB6*, determined by dielectric measurements.
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Polarization reversal current
Shown in figure 4.3.4 are the polarization reversal current curves in the Sm-CP(*)
phase of (a) pure P8OPIMB, (b) 26mol% of P8OPIMB6*, (c) 32mol% of P8OPIMB6*, (d)
37mol% of P8OPIMB6*, (e) 49mol% of P8OPIMB6* and (f) pure P8OPIMB6*, in 6micron
thick cells and under 20Hz triangular wave voltage.

Figure 4.3.4.

Polarization reversal current under application of 20Hz triangular wave

voltages in (a) the B2 phase of pure P8OPIMB, (b) the Sm-CP* phase of the 26mol%
mixture, (c) 32mol% mixture, (d) 37mol% mixture, (e) 49mol% mixture and (f) the
Sm-CAPF* of P8OPIMB6*.
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Two current peaks in a half period of applied triangular wave voltage was observed
in the Sm-CP (B2) phase of pure P8OPIMB and a single current peak was observed in the
Sm-CP* phase of pure P8OPIMB6*[see figure 4.3.4(a) and (f)].

In the Sm-CP* phase of

26mol% and 32mol% mixture, exhibited one sharp peak and another small broad peak, and the
area of the second broad peak was significantly smaller [see figure 4.3.4(b) and (c)].

It is

difficult to assign the second peak as a part of antiferroelectric switching, because ionic
impurities sometimes generate such small current peaks.

On the other hand, an

antiferroelectric phase with low threshold field sometimes exhibits just single current peak
under application of high frequency wave.

The reason is that in the antiferroelectric phase

having stable field-induced state, molecules switch from one field-induced state to the other by
rotating around the tilt-cone but skipping the antiferroelectric ground state as sign of applied
field reverses.
The threshold field was lowered by increasing P8OPIMB6* concentration and these
results suggest that the small and broad second current peak observed in the 26mol% and
32mol% mixture were not purely ionic effect but the polarization reversal response, namely
some domains in the cell switched from one field-induced ferroelectric state to the other state
by skipping the antiferroelectric ground state and generated current in the first sharp peak, and
other domains in the cell once switched back to the antiferroelectric state also generating
current at the first sharp peak and switched to the field-induced state later generating the
second small broad current peak.

The second small peak was no longer observed in 37mol%

and 49mol% mixtures [see figure 4.3.4 (d) and (e)].
Spontaneous polarization measured using a square wave electric field in these
mixtures is shown in figure 4.3.5.

There is no significant trend or dependencies on the

mixing rate.
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Figure 4.3.5.

The spontaneous polarization in the Sm-CP(*) phase of P8OPIMB –

P8OPIMB6* mixtures obtained from polarization reversal current under application of
a square wave voltages on 6-micron cells.
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4.3.2 Texture Observation in the Sm-CP* phase
Pure P8OPIMB
Two types of antiferroelectric Sm-CP states are known to exist in the B2 phase of
pure P8OPIMB and one of these, Sm-CSPA was the most stable ground state.

Detailed

observation and characterization were described in chapter 3.

26mol% mixture

Figure 4.3.6.

Photomicrographs of focal conic domains in the Sm-CP* phase of the

26mol% mixture in a 6-micron thick planar cell.

A homogeneously chiral Sm-CAPA*

domain and the field-induced Sm-CSPF* state are shown in (a) to (c). Racemic
Sm-CSPA* domains and the field-induced Sm-CAPF* state are shown in (d) to (f).
Molecular orientation in each state are shown below photomicrographs.
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Dielectric measurement indicated that the Sm-CP* phase of this mixture was
antiferroelectric.

Both the ground state racemic Sm-CSPA* and the meta-stable chiral

Sm-CAPA* states observed to coexist as same as in pure P8OPIMB [see figure 4.3.6].
A chiral Sm-CAPA* domain with apparent optic axes (extinction brushes) parallel and
perpendicular to the layer normal without an electric field [see figure 4.3.6(b)] switched to the
field induced Sm-CSPF* state in which extinction brushes rotated by +θ or –θ (θ ~ 34º) under
an electric field.

Orientation of molecules in these domains is illustrated below each

photograph.
A racemic Sm-CSPA* domain exhibited apparent optic axes (extinction brushes)
parallel and perpendicular to the layer normal under application of an electric field [see figure
4.3.6(d) and (f)].

Characteristic fine stripes along the smectic layer orientation were

observed when the field was removed.
It should be noted almost the same number of chiral Sm-CAPA* domains of both
handedness were found, even though 26mol% of molecules were chiral.

The threshold

voltage, Eth of the field induced transition from antiferro to ferro was around 8V/micron.

32mol% mixture
Several types of domains were observed in the Sm-CP* phase of the mixture.
cooling from the isotropic, racemic Sm-CSPA* domains occupied the largest area.
of Sm-CAPA* existed in small area [see figure 4.3.7 (a)].

On

Domains

Under a small electric field

(~3.5V/micron), the field induced transition from the Sm-CAPA* (low birefringent violet
domain) to Sm-CSPF* state (high birefringent pink domain) was observed associated with
rotating of the extinction brushes [see figure 4.3.7 (a)-(c)].
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Figure 4.3.7.

Photomicrographs of a focal conic domain in the Sm-CP* phase of the

32mol% mixture in a 6-micron thick planar cell. Reorientation process under
application of a triangular wave voltage is shown in (a) to (f).

A domain of the

homogeneously chiral Sm-CAPA* state, obtained by fast cooling from isotropic,
exhibited clear extinctions as shown in (a).

Apparent optic axes rotated with

increase of birefringence, shown in (b) where E~2V/micron and (c) where
E~4V/micron, by application of an electric field.

The field induced state of this

domain was Sm-CSPF* state. At around the zero-field, shown in (d), some area
switched back to the Sm-CAPA* but white domains with no extinction were also
observed. These white domains exhibited the rotation of brushes under an electric
field as shown in (e) and (f), indicating that the white area in (d) was the Sm-CSPF*
state with twist orientation of n-director.

All domains turned into the field-induced

racemic Sm-CAPF* state under application of a large electric field (~5V/micron) as
shown in (g).

The field-induced state switched back to the Sm-CSPA* state as

shown in (h) when the field removed.
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The most significant difference from the B2 phase of pure P8OPIMB was that the
field-induced ferroelectric states become increasingly stable and it took longer time to switch
back to the antiferroelectric structure after removing the field.

This observation explains why

the second peak in polarization reversal current was much smaller than the first peak.

The

stability of the field-induced Sm-CSPF* state became high enough to maintain the synclinic
ferroelectric structure with a twisted configuration of the n-director even at the zero-field
during switching process [see figure 4.3.7(d)].

Both low birefringence Sm-CAPA* and the

white twisted Sm-CSPF* switched to uniform Sm-CSPF* [see figure 4.3.7(e-f)] under
application of an electric field.

However, all the domains were converted into the Sm-CAPF*

state (low birefringence violet domain under E) under application of a large electric field
(5V/micron) and switched back the the Sm-CSPA* state when the electric field was removed
[see figure 4.3.7(g) and (h)].
The ground state structure was Sm-CSPA* and hence Sm-CAPA* or Sm-CSPF*
domains were not observed after application of a large electric field.

Threshold field, Eth of

the field-induced transition from antiferro to ferro was around 3.5V/micron.

37mol% mixture
Three types of domains were observed in the Sm-CP* phase of the mixture on
cooling from the isotropic in 6micron thick cells, those being the Sm-CAPA*, Sm-CSPA* and
Sm-CSPF* states.

Switching characteristics of these domains are shown in figure 4.3.8.

The largest area of the cell was occupied by fan shaped focal conic domains shown
in the middle of figure 4.3.8 (a)-(c).

The yellowish white region in this domain was

determined to be in the Sm-CSPF* twist state.

Uniformly oriented Sm-CSPF* states were

obtained by applying an electric field [see figure 4.3.8 (a) and (c)].
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Figure 4.3.8.

Photomicrographs of the domains in the Sm-CP* phase of 37mol%

mixture in a 6-micron thick planar cell.

The Sm-CAPA* state (in the solid box) and

the Sm-CSPF* state (in dashed box) coexisted.

In the absence of applied electric

field, shown in (b), the Sm-CAPA* state exhibited violet birefringence color and
extinction brushes parallel and perpendicular to the layer normal direction while the
Sm-CSPF* state exhibited white color and no extinction because of twist orientation.
Application of electric field drove both state to the field-induced Sm-CSPF* with
uniform director orientation from the top to bottom substrate showing higher
birefringence and apparent optic axes tilted from the layer normal.

The Sm-CAPA* domains observed to coexist with the Sm-CSPF* as shown in figure
4.3.8 (a)-(c).

This domain (region inside white solid line) showed apparent optic axes

(extinctions) parallel and perpendicular to the layer normal in the absence of a field and
exhibited low birefringent violet color.
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switched into the field-induced Sm-CSPF* state having extinction directions tilted form the
layer normal.

The extinction direction is apparent in figure 4.3.8(a), though it is not clear in

figure 4.3.8(c) because of opposite rotation with respect to figure 4.3.8 (a).

Birefringence

color changed from violet (∆n ~ 0.1) to bluish green (∆n ~ 0.2) under application of a field,
which consistent with this assignment, i.e., anticlinic in zero-field state and synclinic under the
field.

Note that the molecular tilt directions in the two fan shaped domains are opposite, so

that the brushes rotate with the opposite sense.

This means that these Sm-CSPF* and

Sm-CAPA* domains having opposite sign of layer chirality, despite being composed of
37mol% chiral molecules.

It should be noted that the Sm-CAPA* domains were slowly

converted into the Sm-CSPF* ground state with continued application of the field.
One of the interesting features of the Sm-CSPF* domains was that under application
of large electric fields these domains also switched into the Sm-CAPF* state.

Unlike the case

of 32mol% mixture, if the voltage was carefully adjusted, it was possible to observe the
situation where under application of a triangular wave field the domains switched between the
zero-field Sm-CSPF* and high filed Sm-CAPF* states.
figure 4.3.9.

This process is shown in detail in

In the absence of an electric field the Sm-CSPF* twist domains stood out as

bright white bands, indicated by blue and red arrowheads in figure 4.3.9(a).

These bands

have no extinction under crossed polarizers, but clear extinctions were obtained by uncrossing
the polarizer and analyzer as shown in figure 4.3.9 (b) and (c), indicating the opposite sense of
twisting in these two areas.

Between crossed polarizers and under low electric fields (±

3.5V/micron), extinction brushes rotated from the layer normal to opposite direction in these
two areas as shown in figure 4.3.9 (e) and (f). Schematics below figure 4.3.9 (e) and (f)
show the molecular orientation in these domains.

These observations indicated that these

two areas were Sm-CSPF* domains of opposite layer chirality and twisting sense of zero-field
state corresponded to the layer chirality.
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Figure 4.3.9.
thick cell.

Domains in the Sm-CP* phase of the 37mol% mixture in a 6-micron
White domains with no extinctions under crossed polarizers in the

absence of an electric field are shown in (a).
pointed by blue and red arrowheads.

There were two distinct domains

Clear extinctions appeared by uncrossing

polarizer and analyzer as shown in (b) and (c) and these two domains appeared to
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have opposite twisting direction as illustrated right in each photomicrographs.
Green arrows on top indicate the twisting direction from the bottom to the top of the
cell. Orange arrows indicate the polarization of the light of incident (dotted line) and
output (solid line).

Ein or Eout denotes electric field vector of incident or output

polarized light, respectively.

The linearly polarized light which incident to the twist

structure was changes it polarization from linear to elliptically and gets optical
rotation by Morgan following along the twist, and passes through the crossed
analyzer in the case of (a).

By the Morgan following along the twist structure,

linearly polarized light can pass the material through without changing its polarized
conditions except polarized direction, when the polarization of incident light is parallel
or perpendicular to the apparent optic axis in the bottom layer.

Polarization

direction of incident light rotates as the light passes through the twist structure and
the polarized light is cut by the analyzer which is rotated to opposite direction of the
twist sense by the twist angle and hence the domain exhibits clear extinction under
uncrossed polarizers (blue domain in (b) and red domain in (c)).

Two domains of

opposite twist sense also appeared to have opposite handedness of layer chirality.
White domains of twist state switched to the field-induced uniform state, with higher
birefringence and clear extinctions under an electric field (4V/micron) under the
crossed polarizers.

Apparent optic axes (extinction brushes) rotate in opposite

direction in the blue domain and red domain as shown in (e) and (f) indicating that
handedness of these domains are opposite as illustrated below (e) or (f).

One

feature could not be explained in this story was the field-induced Sm-CAPF* shown in
(g) obtained under a large electric field (20V/micron).

When applied field removed,

the field-induced Sm-CAPF* state did not relax back to the Sm-CSPA* or stay as it was
but switched back to the Sm-CSPF* twist domain, which might be a surface effect.
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On increasing the field strength, the field-induced transition to the Sm-CAPF* state in
which apparent optic axes were parallel and perpendicular the layer normal was observed as
shown in figure 4.3.9 (g).

Consistent with this interpretation, the birefringence dropped

down from around 0.2 to 0.1.

The arrowheads in the polarization reversal current plot in

figure 4.2.9 (h) show the sequence of the states as they appear during application of a
triangular wave field.
These observations indicated that the most stable state in this mixture is the
Sm-CSPF* state.

It should be noted, however, the both domains of positive and negative

signs of layer chirality existed in spite of 37mol% of chiral molecule content.

49mol% mixture

Figure 4.3.10.

Domains in the Sm-CP* phase of the 49mol% mixture in a 6-micron

thick planar cell.

Almost all the area was occupied by Sm-CAPF* (violet) domains.

Sm-CSPF* domains were found in a small area, which appeared to be white in the
absence of electric fields in (b) or with tilted extinctions under the field in (a) and (b).
(d) All domains turned into Sm-CAPF* after application of E for few minutes.
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Dielectric measurement indicated that the Sm-CP* phase of this mixture is
ferroelectric.

Two ferroelectric states, the Sm-CAPF* and Sm-CSPF* coexisted[see figure

4.3.10 (a)-(d)] in this mixture just as like in the Sm-CP* phase of pure P8OPIMB6*.

In

mixtures of even higher concentration of P8OPIMB6*, 49mol% or larger, there was no
significant difference between pure P8OPIMB6* and these mixtures.
structure was Sm-CAPF* with minority domains of Sm-CSPF*.

The ground state

The meta-stable Sm-CSPF*

domains were rapidly converted to Sm-CAPF* under application of an electric field.
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4.3.3 The B3* Phase and the B4* phase
Photomicrographs of the B3(*) phase and the B4(*) of these pure materials and
mixtures are shown in figure 4.3.11. The textures of the B3 phase did not change their
appearance in all the mixtures and pure materials.

It is known that the B4 phase exhibits a

chiral structure and the handedness of domains is distinguished by microscope observations
with uncrossed polarizers.
domains was observed.

In 26mol% and 32mol% mixtures, only one handedness of

The B4* phase could not be obtained at temperatures down to room

temperature when the chiral content of the mixture increased to higher than 49mol%.

Figure 4.3.11.
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phase of P8OPIMB – M8OPIMB6* mixtures in 6-micron
thick cells. It should be noted that 50mol% mixture and
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temperature.
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4.3.4 Discussion and Remarks
The measurement of the dielectric response and polarization reversal current
combined with detailed texture observations as described above lead to the binary mixture
phase diagram of achiral P8OPIMB (antiferroelectric ground state in the Sm-CP phase) and
chiral P8OPIMB6* (ferroelectric ground state in the Sm-CP* phase) bent-core molecules, as
shown in figure 4.3.12(a).

The highest temperature smectic phase of this diagram consists of

all of the four basic Sm-CP states.

Figure 4.3.12.

The binary phase diagram of the mixture composing of P8OPIMB and

P8OPIMB6*, determined by the dielectric measurements and texture observations.
The boundary between ferroelectric and antiferroelectric state was clearly obtained
by dielectric measurement.

Although it was difficult to obtain the boundary between

synclinic and anticlinic state, it seems to exist as shown in (b) by dotted line.
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In the 37mol% mixture, a particularly rich variety of Sm-CP* states appeared.

The

stability of these four states depends on concentration of P8OPIMB6* and temperature
resulting in the large temperature dependence of the dielectric constants observed in the
37mol% mixture.

Though no clear transition was observed between these states both in

dielectric measurement and texture observations, in general, we found that the ferroelectric
states are dominant in the high P8OPIMB6* content and higher temperature range.
It seems consistent to that the ferroelectric Sm-C* phase usually appears in higher
temperature than the antiferroelectric Sm-CA* phase in rod-like LC systems.

Based on the

“out of layer fluctuation” model, the synclinic state (Sm-C of rod-like LCs) has to appear in
higher temperature than the anticlinic state (Sm-CA of rod-like LCs) because large fluctuation
in high temperature stabilizes synclinic orientation of molecules at the interface of two
adjacent layers.

If the model would be true in the Sm-CP phase of bent-core molecules, the

synclinic orientation of molecular end-chains projected onto the polar plane which forms the
antiferroelectric polar order (Sm-CPA) would appear in higher temperature than the anticlinic
orientation (Sm-CPF), namely, the antiferroelectric state would be appear than higher
temperature than the ferroelectric state.

In the binaly system, P8OPIMB and P8OPIMB6*,

however, the antiferroelectric phase appears in lower temperature than the ferroelectric phase,
though clinicity in molecular tilt-direction is synclinic in higher temperature and anticlinic in
lower temperature.

Hence, it is difficult to conclude that the out-of-layer fluctuation plays a

role on determination of polarity in the system.
The B3* phase did not change its appearance.

The addition of P8OPIMB6*

stabilized the B3* phase with respect to the B4* phase and the B4* phase disappeared at
49mol%.

Domains of one handedness were found to dominate in the B4* phase as the chiral

content increased.

The molecular chirality of P8OPIMB6* does govern the handedness in

the B4* phase although it does not determine the chirality in the SmCP* phase.
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4.4 The Sm-CP Phase in Mixtures of n-C17H36 and Bent-core Molecules
The n-C17H36 is not well miscible to both P9OPIMB and P8OPIMB6*.

Keeping in

the high temperature around the range of Sm-CP(*) phase results in evaporation of solvent and
phase separation.

Hence microscope observation has to be done in sufficiently short time.

The evaporation and phase separation of solvent makes all quantitative experiments difficult.
Namely, concentration of solvent could be different even in the same mixture of just after
mixing and after filled into the cell. Also phase separation between Sm-CP phase (less
solvent phase) and isotropic (solvent rich phase) was often observed and it means that the
concentration of solvent is not uniform even in a cell.

So that, it should be noted that the

concentration of solvent described here is the concentration at the moment when the solvent
was mixed into the bent-core molecules and the real concentration in the cell could be lower
than that.
A distinct difference, however, was observed by adding solvent into the Sm-CP(*)
phase of these bent-core molecules.

4.4.1 Texture Observation in Mixtures of n-C17H36 and P9OPIMB
Pure P9OPIMB
Two types of antiferroelectric Sm-CP states are known to exist in the B2 phase of
pure P9OPIMB and one of these, Sm-CSPA was the most stable ground state.

Detailed

observation and characterization about these states were described in chapter 3.

Mixture
Figure 4.4.1 shows the rough phase diagram of this system.

Highest concentration

mixture (~57mol%) only exhibited the isotropic to B4 phase transition.

Clearing point was

suppressed and transition temperature to the B4 phase became higher.

Next two highest

concentration mixture (~40mol% and ~25mol%) exhibited both the Sm-CP (B2) phase and B4
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phase.

Clearing point (Iso-B2 transition) was still lower than that of the pure material and

textures in cells were not perfectly uniform, so that phase separation and co-existance of the
isotropic and Sm-CP phase was observed.

The B3 phase was still lost in these mixtures and it

recovered in lowest concentration mixture of ~10mol% n-C17H36.

Figure 4.4.1.

The binary phase diagram of the mixture composing of an achiral

bent-core molecule P9OPIMB and solvent n-C17H36.

As concentration of solvent

increased, temperature range of the B3 phase and the Sm-CP (B2) phase decreased
and finally disappeared in the highest concentration mixture.

In the Sm-CP (B2) phase of these mixtures, fan-shaped focal conic domains of
homogeneously chiral Sm-CAPA dominate to be observed after cooling from the isotropic [see
figure 4.4.2].

These domains of Sm-CAPA state and its field-induced Sm-CSPF state were

stable under an applied electric field around the threshold voltage (~3.5V/µm).

All the

domains however turned into the field-induced racemic Sm-CAPF state under application of
higher voltage (E > 4V/µm) and switched back to the Sm-CSPA state by removing the applied
voltage, which was the same trend observed in the B2 phase of the pure P9OPIMB.

Unlike

the pure P9OPIMB, some of domains of field-induced Sm-CAPF turned back to the Sm-CSPF
state by application of much higher voltage (E > 10V/µm) as shown in figure 4.4.2 (e).
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Figure 4.4.2.

Photomicrographs of the focal conic domains in the Sm-CP phase of

P9OPIMB mixed with ~30mol% solvent.

On cooling from isotropic, Sm-CAPA domains of

low birefringence (violet) and extinction direction parallel and perpendicular to the layer
normal were mainly formed as shown in (a).

(b) Under application of electric field (E~Eth

3.5V/micron), field-induced Sm-CSPF state with higher birefringence (blue ~ green) started
to appear.

(c) As the applied voltage increased over the threshold (E~4V/micron), all

domains turned into the Sm-CAPF state with low birefringence (purple) and extinctions
parallel and perpendicular to the layer normal.

The Sm-CAPF state switched back to the

Sm-CSPA state, shown in (d), with fine stripy texture by removing the field.

Unlike the

pure P9OPIMB, field-induced Sm-CSPF state came back again taking over the Sm-CAPF
state under application of larger voltage (E > 10V/micron) as shown in (e).

Preliminary texture observations indicated that the homogeneously chiral Sm-CAPA
state became more stable in the Sm-CP phase of n-alkane mixtures than that in the pure
P9OPIMB.
Clearing temperature, the transition temperature to isotropic suppressed by adding
the solvent, though the transition temperature to the B4 phase rose.
and B3 phase became unstable by adding the solvent, n-C17H36.
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4.4.2 Texture Observation in Mixtures of n-C17H36 and P8OPIMB6*
Pure P8OPIMB6*
Two types of ferroelectric Sm-CP states are known to exist in the Sm-CP* phase of
pure P8OPIMB6* and one of these, Sm-CAPF* was the most stable ground state and the other,
Sm-CSPF* was much unstable.

Detailed observation and characterization about these states

were described in chapter 3.

Mixture
Figure 4.4.3 shows the phase diagram of this system.

Highest concentration

mixture (~57mol%) lost the Sm-CP* phase and direct transition from the isotropic to B3 phase
was observed.

Though pure P8OPIMB6* does not exhibit the B4 phase, the highest

concentration mixture induces the B4 phase in lower temperature range.

In the next highest

concentration mixture, B2 phase appeared and the B4 phase still existed at room temperature.
In the lowest concentration mixture, the B4 phase disappeared.

Figure 4.4.3.

The binary phase diagram of the mixture composing of an achiral

bent-core molecule P8OPIMB6* and solvent n-C17H36.

As concentration of solvent

increased, temperature range of the Sm-CP* phase decreased and disappeared in
the highest concentration mixture.

It should be noted that solvents induced the B4

phase below the 100ºC in the mixture of solvent concentration higher than 20mol%.
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In the Sm-CP* phase of these mixtuires, circular focal conic domains with no
extinction were formed on cooling from the isotropic phase [see figure 4.4.4(a)].
Photomicrographs of these domains and other domains of meta-stable states are also shown in
figure 4.4.4.

Figure 4.4.4.

Focal conic domains formed on cooling from isotropic in the Sm-CP*

phase of P8OPIMB6* with 20mol% solvent.

The majority in the phase was the Sm-CSPF*

state as shown in (a). The Sm-CSPF* domains exhibited no extinction as shown in (b).
Several domains of meta-stable states were there but much rare to be observed.

(c) a

Sm-CAPF* domain, (d) a Sm-CAPA* domain, (e) a Sm-CSPA* domain, (f) a Sm-CSPA*
domain and (g) Sm-CSPF* domain which did not exhibit extinction even under uncrossed
polarizers.
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By uncrossing polarizer and analyzer around 45º, clear extinction brushes were
obtained and it indicated that these bright domains were the Sm-CSPF* state with twist
orientation of n from the top to bottom of the cell [see figure 4.4.5 (a) and (b)].

These twist

domains switched to the uniform Sm-CSPF* state with high birefringence and tilted extinction
brushes under application of an electric field and this observation conformed that the
molecular orientation in these domains were Sm-CSPF* [see figure 4.4.5 (c) and (d)].

Figure 4.4.5.

A focal conic Sm-CSPF* domain in the Sm-CP* phase of P8OPIMB6*

with 20mol% solvent.

In the absence of applied voltage, the domain exhibited no

extinction as shown in (a) while clear extinctions were obtained by uncrossing
polarizers by 45º as shown in (b), indicating twist orientation from the top to bottom of
the cell.

By application of an electric field (E~2V/micron), field induced uniform

state with higher birefringence and tilted apparent optic axes (extinction brushes)
were obtained as shown in (c).

(d) The twist state recovered by removing the

electric field.

Before applying an electric field, the Sm-CSPF* domains occupied almost all the area
in the cell.

The Sm-CSPF* domains were stable under a smaller electric field (E <

1V/micron) but all of them were converted to the Sm-CAPF* state under a larger dc field (E >
3V/micron) and the same effect observed in pure P8OPIMB6*.

Unlike the Sm-CP* phase of

pure P8OPIMB6*, the Sm-CAPF* state was not stable without large electric field and gradually
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relaxed back to the Sm-CSPF* state by keeping without applying electric field or under
applying small triangular wave voltage (E < 0.5V/micron) [see figure 4.4.6].

These results

indicate that the most stable state in these mixtures was Sm-CSPF*.

Figure 4.4.6.

A focal conic Sm-CAPF* domain in the Sm-CP* phase of P8OPIMB6*

with 20mol% solvent. Though the Sm-CSPF* domains were the majority in the cell
after cooling from isotropic and under low voltage, all domains turned into Sm-CAPF*
state by application of large electric field (E>3.5V/micron).

The Sm-CAPF* domain

exhibited clear extinctions parallel and perpendicular to the layer normal even in the
absence of an electric field as shown in (a).

Unlike in the Sm-CP* phase of pure

P8OPIMB6*, the Sm-CAPF* state was not stable and gradually relaxed back to the
Sm-CSPF* twist state as shown in (b) and (c).

Tilted extinctions in (d) under

application of an electric field (E~3V/micron) indicated that a part in the domain
turned back to the Sm-CSPF* state.

Primary texture observations indicated that the Sm-CSPF* state became the most
stable in the Sm-CP* phase of n-alkane mixtures while the Sm-CAPF* was the ground state in
pure P8OPIMB6*.

Adding solvent induced the B4* phase though the clearing temperature

was suppressed and the transition temperature to the B3* phase slightly rose up.

The

Sm-CP* phase became unstable by adding the solvent, n-C17H36 , while the B3* and B4*
phases were stabilized.
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4.4.3 Discussion
The phase diagrams of P9OPIMB – n-C17H36 mixture and P8OPIMB6* – n-C17H36
mixture are shown in figure 4.4.7.

Figure 4.4.7.

Binary phase diagram of the

mixtures composing of (a) P9OPIMB and

n-C17H36, and (b) P8OPIMB6* and n-C17H36.

First of all, we have to consider about the location of solvent molecules in the system.
Several reports suggested that such hydrocarbon solvent were highly localized at the layer
interface because the smectic layer thickness swelled compared to the pure material

[2],[3],[4]

.

Although we do not have any evidences for the layer swelling in this system, both the host
material and the solvent used here were similar to that used by A. Jakli et al. in [3] Hence we
can assumed that such segregation of solvent at the layer interface happens in this system.

C.

Bowman et al. reported that the solvent molecules lied parallel onto the smectic layer based on
the Polarized IR spectroscopy[4] and A. Jakli et al. reported the same based on the smectic
layer thickness measurement[3] while J. Yamamoto et al. reported that the solvent molecules
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were parallel to the end-chains of liquid crystal molecules[2].

Since the system prepared here

was similar to that of A. Jakli et al. reported, the orientation of solvent molecules could be
regarded to be the same as their case.
The effect of solvent (n-C17H36) is summarized on following points.

Namely, in the

antiferroelectric Sm-CP phase of P9OPIMB in which the Sm-CSPA was the ground state,
introduction of the solvent made the meta-stable Sm-CAPA state more stable.

In the

ferroelectric Sm-CP phase of P8OPIMB6* in which the Sm-CAPF* was the ground state,
introduction of the solvent made the meta-stable Sm-CSPF* as the most stable ground state.
It also should be noted that the B4 phase was stabilized or induced by adding solvent.

Detail

about the effect of solvent in terms of the factor that produced the change of ground state
structure in the Sm-CP phase will be discussed in section 4.4.
Next point of consideration is the reason why Sm-CAPF* state was more stable than
Sm-CSPF* ground state under application of large electric field.

Although external electric

field generates a free energy term by coupling to the spontaneous polarization, the ferroelectric
term should be the same in the Sm-CSPF* and Sm-CAPF* state if we assume that the
spontaneous polarization was almost the same in these states.

Since the P8OPIMB6*

molecule is itself chiral, the spontaneous polarization might be even higher in the Sm-CSPF*
state than that in the Sm-CAPF* in which half of layers would be less favorable in the system.
Therefore it is hard to understand why Sm-CAPF* become stable rather than Sm-CSPF* under a
large electric field even though Sm-CSPF* is the ground state without external field.
There are two possible reasons for that, (A) phase separation induced by application
of an electric field and (B) difference in free energy produced from coupling to the dielectric
anisotropy and applied electric field.

Namely, phase separation of solvent n-alkane

molecules from the host bent-core molecules might be enhanced under an electric field and the
Sm-CSPF* state becomes unstable as solvent concentration in the domain decreases.
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dielectric anisotropy might produce the free energy gain for Sm-CAPF* under an applied
electric field.
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4.5 Discussion
In the first part of this experiment, the ground state structure in the Sm-CP* phase of
P8OPIMB-P8OPIMB6* mixtures was characterized by means of dielectric measurement,
polarization reversal current and texture observations.

Pure P8OPIMB and P8OPIMB6*

exhibit the ground state structure Sm-CSPA and Sm-CAPF* respectively in the Sm-CP(*) phase.
In mixtures of these two molecules, the Sm-CP* phase exhibited all variety of four Sm-CP*
structures.

Particularly in the mixture of 32mol% and 37mol% P8OPIMB6* content,

antiferroelectric states and ferroelectric states seem to have almost the same stability and
compete each other to produce frustrations between these Sm-CP* variations.

Since two

pure materials exhibit different ground states in terms of both polarity and clinicity, i.e. the
Sm-CSPA and Sm-CAPF* have different polar order, antiferroelectric and ferroelectric, and
different clinicity in tilt direction, synclinic and anticlinic, the appearance of all of four Sm-CP
variations is not a big surprising.
In the second experiment, a hydrocarbon solvent n-C17H36 was mixed into the
P9OPIMB and P8OPIMB6* to produce segregation of solvent molecules at the layer interface.
By adding the solvent, the ground state Sm-CSPA structure in the Sm-CP phase of P9OPIMB
does not change but the meta-stable Sm-CAPA structure become slightly stable compared to
pure P9OPIMB.

Significant change was observed in mixtures of the solvent and

P8OPIMB6*, where the Sm-CSPF* state became stable and take the place of Sm-CAPF* to be
the ground state.
From the results shown in the last chapter, we suggested that the ground state
structure in the Sm-CP phase is determined by the (A) inter layer steric interaction and/or (B)
out-of-layer fluctuation.

In the PnOPIMB and PnOPIMB(n-2)* homologues, inter layer

steric interaction is thought to be more important than the out-of-layer fluctuation.
keep discussing on this point based on the results shown in this chapter.
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The anticlinic orientation of molecular end-chains at the layer interface stabilizes
ferroelectric state (anticlinic on the polar-plane) compared to the antiferroelectric state
(synclinic on the polar plane), and stabilizes anticlinic orientation compared to synclinic
orientation in the tilt plane.

In this sense, the most stable state could be Sm-CAPF, less stable

Sm-CSPF and Sm-CAPA and not stable Sm-CSPA.
First, let us assume that the out-of-layer fluctuation is the main factor to stabilize
anticlinic orientation of molecular end-chains at the layer interface[5],[6],[7].

If solvent

molecules would segregate to the layer interface and suppress the out-of-layer fluctuation, the
Sm-CSPA ground state of P9OPIMB would be replaced by one of Sm-CAPA, Sm-CSPF or
Sm-CAPF while the Sm-CAPF* ground state of P8OPIMB6* would not be changed by adding
the solvent.
Next, let us assume that not the out-of-layer fluctuation but the inter-layer steric
interaction is the main factor that stabilizes anticlinic orientation of molecular end-chains at
the layer interface, namely the branched tail of P8OPIMB6* stabilized anticlinic orientation.
If solvent molecules would segregate and localize at the layer interface, it neutralized the
inter-layer steric interactions and the Sm-CSPA ground state of P9OPIMB would not be
changed much while the Sm-CAPF* ground state would be replaced by one of Sm-CSPF*,
Sm-CAPA* or Sm-CSPA* by adding the solvent.
Which assumption does agree better with the experimental results?

Stability of the

Sm-CAPA seemed to increase slightly by adding the solvent into the Sm-CP phase of Sm-CSPA
ground state but more drastic change was observed in the Sm-CP* phase of Sm-CAPF* ground
state in which the ground state was replaced by the Sm-CSPF* state by adding solvent.

The

result in the Sm-CAPF* and Sm-CSPF* case well agrees with the effect of the inter-layer steric
interaction and less agrees with the out-of-layer fluctuation effect.

The Sm-CSPA and

Sm-CAPA case seems to be understood either by inter-layer steric interaction or out-of-layer
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fluctuation since the stabilization of Sm-CAPA seemed to happen but just slightly.
Therefore, we propose that the factor which selects the polarity in the Sm-CP phase
of PnOPIMB homologue is mainly the steric interaction between end-chains at the layer
interface.
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4.6 Conclusion
Ground state structures in the Sm-CP phase of mixtures, P8OPIMB and P8OPIMB6*,
P9OPIMB and n-C17H36, and P8OPIMB6* and n-C17H36 were discussed in this chapter to
understand the factor stabilizing one of Sm-CP structure to be the ground state.

By mixing bent-core compounds showing the Sm-CP phase of different ground state
structures, Sm-CSPA and Sm-CAPF*, the stability of these four Sm-CP states became close and
frustration between these four states was observed in terms of both polarity and clinicity.
Introduction of solvent which would be segregated at the smectic layer interface and
produce suppression of out-of-layer fluctuation and neutralization of inter-layer steric
interaction was examined on both Sm-CSPF ground state and Sm-CAPF* ground state.

From

these results we propose that the factor which stabilize the anticlinic orientation of end-chains
at the layer interface in the Sm-CP(*) phase of PnOPIMB homologue is mainly the steric
interaction between end-chains at the layer interface.
However, the out-of-layer fluctuation could be also the factor to stabilize anticlinic
orientation at the layer interface as M. Glaser et al. and D. M. Walba et al. pointed out[5],[6],[7],[8]
in the case of molecules that C. Tschierske et al. synthesized[9].

It will be worthy to do the

same experiment, adding solvent into the Sm-CP phase of their system to understand detail
about this effect.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 179 -

electronic-Liquid Crystal Dissertations - October 27, 2006

4. Frustration between Four Sm-CP States

References in Chapter 4

[Number] Authors, Journal name, vol, page (year), “title”, introduction

[1] M. Nakata, D. R. Link, J. Thisayukta, Y. Takanishi, K. Ishikawa, J. Watanabe and H.
Takezoe, J. Mater. Chem., 11, 2694 (2001), “Frustration of polarity and chirality in a
binary mixture of bent-core mesogens”

[2] J. Yamamoto, E. Nishiyama, T. Niori, I. Nishiyama and H. Yokoyama, Abstracts of the 8th
International Conference on Ferroelectric Liquid Crystals (Washington, D.C., U.S.A,
2001), “Swollen thermotropic liquid crystals”
[3] M. Y. M. Huang, A. M. Pedreira, O. G. Martins, A. M. Figueiredo Neto and A. Jakli, Phys.
Rev. E , 66, 031708 (2002), “Nanophase segregation of nonpolar solvents in
smectic liquid crystals of bent-shape molecules”

[4] C. A. Guymon, E. N. Hoggan, N. A. Clark, T. P. Rieker, D. M. Walba and C. N. Bowman,
Science, 275, 57 (1997), “Effects of monomer structure on their organization and
polymerization in a smectic liquid crystal”

[5] M. A. Glaser and N. A. Clark, Phys. Rev. E., 66, 021711 (2002), “Fluctuations and
clinicity in tilted smectic liquid crystals”

[6] D. M. Walba, in Topics in Stereochemistry, Materials-Chirality (Edited by M. M. Green, R.
J. M. Nolte, E. W. Meijer and S. E. Denmark, Wiley, Vol. 24, pp 607, 2003),
“Ferroelectric liquid crystal conglomerates”

[7] P. K. Maiti, Y. Lansac, M. A. Glaser, N. A. Clark, Abstracts of the 8th International
Conference on Ferroelectric Liquid Crystals (Washington, D.C., U.S.A, 2001), 48
(2001), “Ordering of bent-core molecules in a smectic solvent”

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 180 -

electronic-Liquid Crystal Dissertations - October 27, 2006

4. Frustration between Four Sm-CP States

[8] Y. Lansac, P. K. Maiti, N. A. Clark and M. A. Glaser, Phys. Rev. E., 67, 011703 (2003),
“Phase behavior of bent-core molecules”

[9] G. Dantlgraber, A. Eremin. S. Diele, A. Hauser, H. Kresse, G. Pelzl and C. Tschierske,
Angew. Chem. Int. Ed., 41, 2408 (2002), “Chirality and macroscopic polar order in a
ferroelectric smectic liquid crystalline phase formed by achiral polyphilic
bent-core molecules”

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 181 -

electronic-Liquid Crystal Dissertations - October 27, 2006

5. Switching of Layer Chirality in the Sm-CP phase

5. Switching of Layer Chirality in the Sm-CP Phase

In tilted polar smectic LC phases, for example the Sm-C*, Sm-CA* or Sm-CP phase,
molecules rotate around the tilt-cone to switch the spontaneous polarization as applied external
field reverses, and hence the system never switches its handedness.

In this chapter, the first

observed switching of layer chirality and the mechanical model for this switching will be
presented and discussed.

5.1 Introduction
From the symmetry requirement, 10 of 32 point groups satisfy the condition
allowing the existence of spontaneous polarization in a smectic layer.

5 of these 10 point

groups, C1, C2, C3, C4 and C6 have no mirror plane and hence the structure with one of these 5
point groups has handedness, i.e., the structure is chiral.
For an example of the chiral ferroelectric state, in the ferroelectric phase of an
inorganic ferroelectric crystal Lead Germinate, Pb5Ge3O11 whose space group is P3 belonging
to the C3 point group, two chiral crystal domains of opposite handedness and opposite optical
rotation were observed[1].

Shown in figure 5.1.1 is the local crystal structure in the

ferroelectric phase of Pb5Ge3O11.

Spontaneous polarization is along c-axis and switches by

displacement of Pb atom +c or –c direction.

If only this displacement of Pb happened under

the electric field, the structure would switch its handedness at the moment of polarization
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reversal[2].

It, in fact, never happens in this system because the GeO4 tetrahedrons turn

around in the plane perpendicular to the c-axis as the spontaneous polarization reverses and it
results the handedness of the system maintained[see figure 5.1.1].

Figure 5.1.1.
Pb5Ge3O11.
tetragons.

Local crystal structure of the ferroelectric phase of Lead Germanate
A Pb atom located on the three hold axis is surrounded by three GeO4
The local symmetry of this structure is C3 and two crystal structures of

opposite chirality exist as shown in left and center.

In the ferroelectric phase,

spontaneous polarization is produced by the Pb atom shifting up or down from plane
of these three tetragons.

Spontaneous polarization switches under application of

electric field as the Pb atom shifts up or down.

If only the Pb atom would change the

position from –c to +c (from center to left), the chirality of this crystal would be changed.
But in truth, three tetragons rotate in the plane normal to the c-axis as spontaneous
polarization reverses (from center to right), and hence the handedness of the crystal is
always maintained during polarization reversal process.
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Polar smectic phases of rod-like molecules are the other example of chiral
ferroelectric (or antiferroelectric) structure and the local symmetry of one smectic layer is
given as the C2 point group.

Since chirality is introduced into the system by molecular

chirality to achieve ferroelectricity (or antiferroelectricity), handedness of the system is
uniquely determined by handedness of chiral molecules.

As a result, handedness of the

layers (observed as sign of the spontaneous polarization) is never changed as the polarization
reverses.

Molecules rotate π around the tilt cone during the polarization reversal process

under application of an electric field and the motion maintains the handedness of layers.
On the other hand, handedness of smectic layers has possibility to change in a chiral
phase composed of achiral molecules; the Sm-CP phase of achiral bent-core molecules.

The

local symmetry of one smectic layer is also C2 and the handedness of one layer is defined as
the layer chirality [see chapter 1 or 3].

Since molecules are not chiral themselves, + and –

layers have the same free energy and nucleate on the equal probability.

Four Sm-CP

structures are known to exist, Sm-CSPF, Sm-CAPF, Sm-CSPA and Sm-CAPA.
Although the + and – layers have the same free energy, the four Sm-CP states have,
of course, different stability and hence domains of a meta-stable state are gradually converted
into the most stable structure.

Two experiments that investigate such relaxation process in

the B2 phase have been known.

A. Jakli et al. reported that the field induced state Sm-CAPF

structure turned into the Sm-CSPF state by increasing amplitude of applied voltages[3].

G.

Pelzl et al. reported similar but different results that the field-induced Sm-CSPF state turned
into the Sm-CSPA by removing applied field slowly while the field induced Sm-CSPF state
switched back to the Sm-CAPA state when the applied voltage was switched off[4].
processes, half of layers have to change their handedness.

In these

However, these two results are

both the slow relaxation processes between one of Sm-CP states to the other and are not
directly related to the polarization reversal process.
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Eremin et al. that they observed the switching of optical rotation direction of domains in the
undefined Sm-X* phase of an achiral bent-core molecules[5], but both the molecular orientation
and switching mechanism were not investigated well.
There was no experimental result which indicates switching of handedness
accompanied with polarization reversal between two states having the same symmetry but
opposite handedness even in the Sm-CP phase of achiral bent-core molecules.

To change the

layer chirality, molecules rotate 180º around their long axis while molecules usually rotate
180º around the tilt cone as the spontaneous polarization reverses under an electric field[see
figure 5.1.2].

In the Sm-CP phase of bent-core molecule the rotation around the molecular

long axis is thought to be strongly hindered because of bent molecular shape and excluded
volume effect as the phase becomes polar.

That could be the reason why switching of layer

chirality is not usually observed in the Sm-CP phase of achiral bent-core molecules.

Figure 5.1.2.
Two possible molecular motions
to

switch

the

spontaneous

polarization under application of
electric field onto the Sm-CSPF
state. Both rotation around a tilt cone and rotation around molecular long axis reverses
polarization direction with either changing tilting direction (left) or handedness (right).

In this chapter, the first observation of switching of layer chirality by application of
an electric field will be reported.

The switching mechanism is also well understood and well

represented by a dynamic model which will be discussed in this chapter.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 185 -

electronic-Liquid Crystal Dissertations - October 27, 2006

5. Switching of Layer Chirality in the Sm-CP phase

5.2 Modeling of Polarization Reversal Process
In order to discuss the polarization reversal process, the equation of motion of a
bent-core molecule under application of an electric field is described and discussed in this
chapter.

To obtain the equation of motions, first let us summarize the properties needed in

the model.
Molecules in a smectic layer are tilted by an angle θ from the layer normal direction
z and have a spontaneous polarization Ps normal to the tilt plane [see figure 5.2.1].
molecule tilts toward the –y-direction and then Ps points to the x-direction.
field is anti-parallel to the x-direction at the initial condition.

One

Applied electric

The molecule rotates around

the tilt cone keeping the tilt angle and/or rotates around its long axis keeping both the tilt
angle and the azimuthal angle [see figure 5.2.2].

Figure 5.2.1.

Coordinate axes and notations of a molecule in a smectic layer of

Sm-CP state.

The molecule tilts from the layer normal direction z by θ.

The

spontaneous polarization Ps is perpendicular to the molecular long axis (same as
orientation director) n and parallel to the bent-direction.

To indicates molecular tilt

direction and polarization direction in x-y plane, tilt director c and polarization
director P are defined as projection of n and Ps onto the x-y plane, respectively.
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Figure 5.2.2.

Two molecular rotation modes produces rotation of polarization in the

Sm-CP phase.

(a) By rotation around the molecular tilt cone, the molecule keeps P

perpendicular to c, while rotation round the molecular long axis keeps c and lets only
P rotate.

With the rotation around the tilt cone, Ps is always perpendicular to the tilt plane.
The rotation angle α is the same as the azimuthal orientation angle, which is defined as the
angle between –y and molecular tilt-director c[see figure 5.2.2 (a)].

The rotation is only

associated with the rotational viscosity, ηA .
With the other rotation, rotation around the molecular long axis, Ps changes its
direction and the direction is no longer perpendicular to the tilt plane or on the layer plane
(xy-plane) [see 5.2.2 (b)].

The rotation angle around the molecular long axis β is not equal to

the rotation angle of Ps except the point β = 0, nπ/2 and nπ but the difference is not significant
when θ is small.

The rotation is associated with not only the rotational viscosity, ηB but also

an intrinsic potential barrier of the hindered rotation.

Namely, bent-core molecules strongly

tend to stay at the position where β=0 or π because these two positions give the smallest
packing volume.

On the other hand, to be at the position of β = π/2 and 3π/2, the smectic

layer thickness has to be expanded since the volume of one layer is expanded by the molecular
orientation comparing that of β = 0 or π [see 5.2.3].

Hence the positions of β = 0 and π are

the lowest energy states and the positions of β = π/2 and 3π/2 are the highest energy states.
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Let us assume that the potential energy is given as

U b = Fbarrier sin 2 β

…… (5.2.1)

[see figure 5.2.3].

Figure 5.2.3.

Ub as a function of β.

Since Ps is going out of xy-plane by the β-rotation, the projection of Ps onto the
xy-plane has to be regarded as the net polarization and it is given by

{

P = Ps cos 2 β (1 − cos θ ) + cos θ

}

…… (5.2.2)

Figure 5.2.4.

[see figure 5.2.4.].

|P| as a function of β.

Total rotation angle of Ps is now given by φ = α + β and the coupling of external
field E and rotation angle φ gives the torque for the molecule to rotate.
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5.2.1 Equations of Motion from Torque Balance Equation
The simplest method to obtain the equation of motion for the molecular reorientation
is the use of torque balance equation.

To simplify the situation, here we assume that the

molecular orientation in the cell is always uniform.
and E is given by U e = P ⋅ E .
here[see figure 5.2.5].

The ferroelectric coupling between P

E = −x E and P is the projection of Ps onto the xy-plane

Then the energy is given by

U e = P ⋅ E = P ⋅ E cos φ

…… (5.2.3)

where φ is the angle between P and x-axis.
By considering (5.2.2), the (5.2.3) is given using Ps and E by

{

}

U e = P ⋅ E = P ⋅ E cos φ = Ps ⋅ E cos 2 β (1 − cos θ ) + cos θ cos φ

…… (5.2.4)

The torque from the external field is then given by the derivative of (5.2.4) as

{

}

⎡(− sin φ ) cos 2 β (1 − cos θ ) + cos θ
⎤
dU e
= Ps ⋅ E ⎢
Fe = P × E =
⎥
dφ
+ cos φ {(− sin β ) ⋅ 2 ⋅ cos β (1 − cos θ )}⎦
⎣
…… (5.2.5)
The torque forces the molecule to rotate both for α with viscosity ηA and for β with viscosity

ηB and the force from the potential barrier given by (5.2.1). The force from Ub is given by
the derivative of (5.2.1) as

Fb =

dU b
= 2 Fbarrier sin β cos β = F ' barrier sin β cos β
dβ

…… (5.2.6)

By assuming that these two rotations, α and β, are independent, torque balance equations for
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each of those rotations are given by

Fe = η A

dα
dt

Fe = η B

dβ
+ Fb
dt

…… (5.2.7)

and

…… (5.2.8).

Equations of motions for rotation α and β are then given by solving following differential
equations,

dα Fe
=
dt η A

…… (5.2.9)

dβ Fe − Fb
=
dt
ηB

and

…… (5.2.10).

where Fe and Fb are given by (5.2.5) and (5.2.6).

Since these differential equations cannot be

solved analytically, analytical solutions were obtained by Euler-Cauchy method [see appendix
III].
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5.2.2 Equations of Motion from Rayleigh Dissipation
Though we assumed that two rotations α and β as independent of each other in 5.2.1,
it is not exactly true because the rotation axis for α and β (z-axis and molecular long axis
respectively) are not perpendicular to the other.

To obtain more precise equations of motion,

first we have to choose proper coordinate axes.

Figure 5.2.1.

Coordinate axes and notations of a molecule in a smectic layer of

Sm-CP state.

Molecular coordinates are defined as shown in figure 5.2.5.

Combination of two

independent rotations ϕl and ϕs (around z’ and y’ respectively) produces any orientation
direction of Ps in the coordinate.

Layer coordinates and rotations, α and β are defined as the

same as that in figure 5.2.1 and figure 5.2.2.

Ps is the vector given by Ps(Px, Py, Pz ) where

Px = Ps ⋅ (cos α cos β − sin α sin β cos θ )

Py = Ps ⋅ (cos α sin β cos θ + sin α cos β )
Pz = − Ps ⋅ sin θ sin β

…… (5.2.11)

Torque generated by the coupling of Ps and E is τ = P × E .

Under an electric

field, E = −x E , the torque around each coordinate axis is given by

τx = 0
τ y = − Pz × E = Ps ⋅ E sin θ sin β

…… (5.2.12)

τ z = Py × E = Ps ⋅ E (cos α sin β cosθ + sin α cos β )
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These torques are transferred onto the molecular coordinate as torque around z’ and y’ as
follows,

τ l = τ z sin θ + τ y cos α sin θ

…… (5.2.14)

τ s = −τ z cos θ + τ y cos α cos θ

…… (5.2.15)

where τl and τs is the torque around z’ (rotation angle ϕl) and around y’ (rotation angle ϕs)
respectively.

These rotation angles are transferred to the layer coordinates as follows,

ϕ l = α cos θ + β
ϕ s = α sin θ

…… (5.2.16)
…… (5.2.17)

To obtain the equation of motion, here we start from the Rayleigh dissipation.

This

system have two potential energies UE and Ub generated from the ferroelectric coupling
between E and Ps and the intrinsic potential energy around the rotation β, respectively.

Then

total internal energy in this system is given by

U = U E +Ub

…… (5.2.18)

where Ub is given by (5.2.1) and UE is given as follows,

U E = P ⋅ E = Px ⋅ E = Ps ⋅ E (cos α cos β − sin α sin β cosθ )

…… (5.2.19)

Here, Rayleigh dissipation function is given by

D=

{

1
η l ϕ& l2 + η sϕ& s2
2

}

…… (5.2.20),

where ηl and ηs is the rotational viscosity for the rotation around z’ and y’, respectively.
These rotational viscosities are transferred onto the rotation in the layer coordinate, α and β as
follows,

η A = η s sin 2 θ + η l cos 2 θ

η B = ηl

…… (5.2.21)

…… (5.2.22)

By subscribing (5.2.16) and (5.2.17), the (5.2.20) is given as follows,
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(

1
D = η l α& cos θ + β&
2

)

2

1
2
+ η s (α& sin θ )
2

…… (5.2.23)

Under an external force Fi, Lagrangian L = T – U satisfies following Lagrange’s equation,

d ⎛ ∂L
⎜
dt ⎜⎝ ∂q& i

⎞ ∂L ∂D
⎟⎟ −
+
⎠ ∂qi ∂q& i
d ⎛ ∂T ∂U ⎞ ⎛ ∂T ∂U
⎟−⎜
−
−
= ⎜⎜
dt ⎝ ∂q& i ∂q& i ⎟⎠ ⎜⎝ ∂qi ∂qi

Fi =

⎞ ∂D
⎟⎟ +
⎠ ∂q& i

…… (5.2.24)

In our system, Fi is zero, the kinetic energy T is constant everywhere in the system, and U
does not depend on the velocity.

If we assume the situation where the velocity is almost

constant, then (5.2.24) can be simplified as follows,

−

∂U ∂D
=
∂qi ∂q& i

…… (5.2.25)

Here qi represents any coordinates and can be replaced by α and β.

Then the differential

equation is obtained from (5.2.25) for each rotation,

−

∂U E ∂D
=
∂α&
∂α

−

∂U E ∂U b ∂D
=
−
∂β
∂β
∂β&

…… (5.2.26)

…… (5.2.27)

By subscribing (5.2.19), (5.2.21), (5.2.22) and (5.2.23) into (5.2.26) following equation is
obtained,

− Ps ⋅ E (− sin α cos β − cos α sin β cos θ )
= η l α& cos θ + β& cos θ + η s (α& sin θ )sin θ
= α& η cos 2 θ + η sin 2 θ + η β& cos θ

(
(

)

l

s

)

……(5.2.28)

l

= η Aα& + η B β& cos θ
By doing the same on (5.2.27),

(

)

− Ps ⋅ E (− cos α sin β − sin α cos β cos θ ) − dU b dβ = η B α& cos θ + β& …… (5.2.29)
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From (5.2.28),

sin α cos β + cos α sin β cos θ =

1 ⎛ dα
dβ ⎞
+ η B cos θ
⎜η A
⎟
Ps ⋅ E ⎝
dt
dt ⎠

…… (5.2.30)

And from (5.2.29),

cos α sin β + sin α cos β cos θ =

1 ⎛
dα
dβ dU b
⎜⎜η B cos θ
+ηB
+
Ps ⋅ E ⎝
dt
dt
dβ

⎞
⎟⎟ …… (5.2.31)
⎠

By (5.2.30) – (5.2.31) cosθ ,

(

)

sin α cos β 1 − cos 2 θ =

dU b
⎫
1 ⎧ dα
η A − η B cos 2 θ +
cos θ ⎬
⎨
Ps ⋅ E ⎩ dt
dβ
⎭

(

)

……

(5.2.32)
Then the equations of motion for each α and β rotation are given by following differential
equations,

dα Ps ⋅ E sin α cos β sin 2 θ + (dU b dβ ) cos θ
=
dt
η A − η B cos 2 θ

…… (5.2.33)

dβ Ps ⋅ E (cos α sin β + sin α cos β cos θ ) − (dU b dβ ) dα
−
cosθ …… (5.2.34)
=
dt
ηB
dt
Since these differential equations cannot be solved analytically, analytical solutions
were obtained by Euler-Cauchy method [see appendix III].
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5.3 Calculated Results and Discussion
The calculation needs following parameter; spontaneous polarization value
Ps, tilt angle θ, viscosity for the rotation around the molecular tilt cone ηA, viscosity for the
rotation around the molecular long axis ηB, potential energy barrier Fbarrier, and external
electric field E.

The Ps value is fixed at 400nC/cm2 and θ is fixed at 15º.

At the initial

condition, Ps points to the x-direction which is anti-parallel to the external field.

As the

calculation step increases, molecule starts rotating and finally stops the rotation when Ps
finishes rotating 180º.

Rotation would be completed either on the tilt cone or around the

long axis (or both) and these two rotation angles are followed by equations of motions given
at the previous section.
unit is arbitrary.

Thus calculation steps here have the same dimension of time, but the

Hence units for several different parameters which is related to time

constant on the system become arbitrary; ηA, ηB, Fbarrier and E.

5.3.1 Numerical Solutions and Differences in Two Models
Numerical solutions of the equations of motions (5.2.7) and (5.2.8) under several
different conditions are shown in figure 5.3.1.
As time increases from the initial condition, polarization starts to reorient by rotating
both around the tilt cone and along the molecular long axis.

Even after the total rotation

angle reaches 180º, molecule still keeps rotating to minimize the energy from intrinsic
potential barrier which has minima at the β = 0 or π.

With the same rotational viscosity for

the rotation around the tilt cone (α) and the molecular long axis (β) [see figure 5.3.1 (a) and
(b)], the α-rotation always dominates to occur under application of both low and high E field.
Though both rotations α and β go up to the π/2 almost the same time and rotation angle of Ps
has reached to π, α keeps going while β goes back because the position costs highest energy
for β.

Finally, the α rotation reaches to the π and the β rotation goes back to the zero.
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Figure 5.3.1.

Calculated rotation angles α (blue line) and β (red line) as a function of

time under different conditions.

Ps, θ and Fbarrier are the same in all calculations

(Ps=400, θ=15º and Fbarrier = 2000).
and E=80.

(a) ηA = ηB = 50 and E=10.

(c) ηA = 50, ηB = 48 and E=10.

(b) ηA = ηB = 50

(d) ηA = 50, ηB = 48 and E=80.

On the other hand, smaller viscosity for the β-rotation compared with that for the

α-rotation [see figure 5.3.1 (c) and (d)] causes difference in the reorientation behavior.
Under a low field, the α-rotation still dominates almost the same of that in the same viscosity
case, while β-rotation takes it over under the high field.

In this case, the β rotates more than

π/2 before the total rotation angle of Ps reaches to π.

Once the β-rotation takes over the

potential barrier at β = π/2, then β rotation keep going up to π which is another lowest energy
state for β and hence α goes back to 0 to maintain the Ps direction at π.

In this situation,

rotation around the molecular long axis might be observed under a high electric field while
molecule would rotate around the tilt cone under a low electric field.
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Numerical solutions of equations of motions (5.2.33) and (5.2.34) under almost the
same conditions in figure 5.3.1 are shown in figure 5.3.2.

Figure 5.3.2.

Calculated rotation angles α (blue line) and β (red line) as a function of

time under several different conditions.

Ps, θ and Fbarrier are the same in all

calculations (Ps=400, θ=15º and Fbarrier = 10000).
(b) ηA = ηB = 50 and E=80.

(a) ηA = ηB = 50 and E=10.

(c) ηA = 50, ηB = 48 and E=10.

(d) ηA = 50, ηB = 48

and E=80.

With the same rotational viscosity for the rotation around the tilt cone (α) and the
molecular long axis (β), the rotation α dominates under both low field and high field.

As

found in the results shown in figure 5.3.1, smaller viscosity for β-rotation causes difference in
the reorientation behavior.

Under a low E field, the α-rotation still dominates almost the

same of that in the same viscosity case, while β-rotation takes it over under the high field.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 197 -

In

electronic-Liquid Crystal Dissertations - October 27, 2006

5. Switching of Layer Chirality in the Sm-CP phase

this situation, rotation around the molecular long axis might be observed under a high electric
field while molecule would rotate around the tilt cone under a low electric field.
Both the simple torque balance model and the energy dissipation model give almost
the same results for molecular reorientation behavior, namely the rotation around the tilt cone
(α) always dominates when the rotational viscosities are the same for both rotations, and the
rotation around the molecular long axis (β) takes α over under the high field if the rotational
viscosity is lower for the β rotation.
two models.

Several differences are found between results in these

The energy dissipation model seems more sensitive to the potential barrier and

viscosity difference and it is reasonable for the α rotation which contains β rotation partially.
For following detailed discussion, equations of motions obtained from the energy dissipation
model, (5.2.33) and (5.2.34) are used for the calculation.
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5.3.2 Discussion for the Calculated Results
Figure 5.3.3 shows the numerical solutions of (5.2.33) and (5.2.34) as a function of
time under a varieties of applied field.

The potential barrier Fbarrier and viscosities are fixed

and only the field strength is different.

As the field strength increases, the switching time

(the time needed for the 180º rotation of Ps) decreases.

Around the critical voltage Ec, two

rotations balances at π, since almost no force available at the top of the potential maximum.

Figure 5.3.3.

Calculated rotation angles α (blue line) and β (red line) as a function of

time under different applied field strength.

Ps, θ, ηA, ηB and Fbarrier are the same in

all calculations (Ps=400, θ=15º, ηA = 50, ηB = 48 and Fbarrier = 10000).
(a) E = 10 << Ec.

(b) E = 60 < Ec.
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Shown in Figure 5.3.4 is the field strength dependence of the switching time linearly
plotted in (a) and plotted on the double log scale in (b).

Figure 5.3.4.

Calculated switching time (time needed to complete P rotation) as a

function of applied field strength (a) in linear scale and (b) in log scale.
(Ps=400, θ=15º, ηA = 50, ηB = 48 and Fbarrier = 10000)

In the system with constant viscosity, the switching time is linear to viscosity and
inverse E.

Since two different switching modes with different viscosity exist and switches

by field strength, a change in the switching time is expected to be observed at the critical
voltage.

However, no significant change is observed at the critical voltage as shown in

figure 5.3.4 (b).

It is understood by considering the coupling of these two rotation modes,

namely both of these two rotations happen until Ps rotates 180º around the critical voltage and
the switching time is given by effective viscosity generated by coupling of two rotational
viscosities.

Hence no first order change is observed at the critical voltage though switching

mode is changed at the point critically from rotation around the tilt cone (α) to the rotation
around the molecular long axis (β).

At least, the difference in the switching time should be

observed between at the lower voltage limit and the higher voltage where one of these two
rotation modes perfectly dominates to the other.
5.3.5(b) where viscosity difference is large enough.
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Figure 5.3.5.

Calculated switching time (time needed to complete P rotation) as a

function of applied field strength (a) in linear scale and (b) in log scale.
(Ps=400, θ=15º, ηA = 50, ηB = 10 and Fbarrier = 10000)

Let us summarize the condition which causes the rotation around the molecular long
axis instead the rotation around the tilt cone during reorientation of Ps under application of an
electric field.

The rotation around the molecular long axis (β) occurs in the system with

smaller viscosity for the rotation than rotation around the tilt cone (α).

Figure 5.3.6 shows

the phase diagram in terms of switching mode and ratio of two viscosities.

If the ratio of

viscosity (ηB/ηA) is larger than 1, Ec goes infinite and the rotation around the molecular long
axis is never observed even under application of high E voltage.

Ec goes down

exponentially when ηB/ηA decreases, and the rotation around the molecular long axis
dominates through whole voltage range.

The trend seems reasonable since the rotation

around the molecular long axis would become easy to happen with lower viscosity.
Ec also depends on the potential barrier Fbarrier as shown in figure 5.3.7.
increases linearly when Fbarrier increases.

It is also reasonable that the rotation around the

molecular long axis needs higher voltage to take over the potential wall at β = π/2.
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Figure 5.3.6.

Calculated critical E field and diagram of the switching mode as a

function of ratio of two viscosities, ηA and ηB.

Figure 5.3.7.

(Ps=400, θ=15º and Fbarrier = 10000)

Calculated critical E field and diagram of the switching mode as a

function of potential barrier, Fbarrier.

(Ps=400, θ=15º ηA = 50 and ηB = 48).

From these results, we conclude that the reorientation of Ps under an electric field will
be achieved by the rotation around the molecular long axis in the achiral Sm-CP phase in
which the rotational viscosity for the rotation is smaller than that of rotation around the tilt
cone and the potential barrier for the hindered rotation around the long axis is sufficiently
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small.

The reason why such switching has not been observed in usual Sm-CP phases of

achiral bent-core molecules is that the rotation around the molecular long axis is strongly
hindered and the potential wall is high enough not to allow such rotation during the switching.
In other words, it would be observed in the system with lower potential barrier for the rotation
around the molecular long axis, which results in the switching of handedness of smectic layers
by the application of an electric field.
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5.4 Experiment
A bent-core material H91 [see figure 5.4.1] synthesized by W. Weissflog et al.[6] was
used for the experiment.

The bent-core material exhibits the Sm-A and Sm-C phase in higher

temperature and the B2 phase in lower temperature while many of known bent-core molecules
exhibit the B2 phase only as the highest temperature LC phase.
The LC material was filled into thin capacitor type cells of 2 to 4 micron thick with
two substrates coated with the alignment layer polyimide and rubbed.

Observations of

textures and electrooptic response in the cell were carried out using an optical polarized
microscope.

Polarization reversal current was measured using a current-voltage converter

and recorded using a digital oscilloscope.

Figure 5.4.1.

Chemical structure and transition temperature of H91.
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5.5 Experimental Results
5.5.1 Sm-A phase
Shown in figure 5.5.1 are photomicrographs of domains in the Sm-A phase of H91
observed in a 2-micron thick cell with rubbed alignment substrates.

Though many small

diamond defects (focal conic defects) were found, molecules were surprisingly well aligned
on the rubbed surface while almost all bent-core molecules exhibiting B2 phase never align on
the rubbed polymer surfaces.

Layer normal direction seemed to be parallel to the rubbing

direction as suspected from layer undulation lines and direction of apparent optic axes
(extinction directions) which were parallel and perpendicular to the rubbing direction as well.
Layer normal direction was uniform in all the area of the cell and no surface electroclinic
effect was observed.

Figure 5.5.1.

Photomicrograph of aligned domain and

diamond defects in the Sm-A phase of H91, in a 2-micron
thick rubbing cell.

Even the Sm-A phase can be polar (ferroelectric or antiferroelectric) and/or biaxial in
the bent-core system as several experimental results are known[7], [8].

In the Sm-A phase of

H91, however, no electrooptic response was observed even under a high voltage
(~37V/micron).

Hence the Sm-A phase was at least non-polar and it is not investigated if the

phase is biaxal or not.
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5.5.2 Sm-C phase
Shown in figure 5.5.2 are photomicrographs of the Sm-C phase of H91 observed in a
2-micron thick cell with rubbed alignment substrates.

Aligned Sm-A domains broke up to

two types of domains with different orientation of apparent optic axes, i.e. two types of
domains in which extinction direction was tilted +10º or -10º from the layer normal direction
were observed in the Sm-C phase.

Suspected molecular orientation in these domains was

illustrated below the photomicrograph.

Figure 5.5.2.

Photomicrographs of Sm-C phase in a 2-micron thick cell.

Apparent

optic axis is tilted from the layer normal direction as shown in (a) and (b).

Two

types of domains of opposite tilting direction are visualized when the sample is
rotated as shown in (b).

Domains are deformed under application of electric field

as shown in (c), but no optical response are observed.

No electrooptic response was observed except small ionic flows which deformed
domains slightly [see figure 5.5.2 (c)].
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under application of triangular wave voltage on the Sm-C phase.

Ions caused non-linear

background current and no clear polarization reversal current peak was observed.

The result

is consistent to the microscope observations.

Figure 5.5.3.

Polarization

reversal current profile in the Sm-C
phase of H91 under application of
triangular wave electric field.

Though the Sm-C phase is non-polar, it would be possible to have molecules in the
phase to be biaxial, i.e. three types of non-polar Sm-C structures are possible to exist as shown
in figure 5.5.4.

In (a) molecules are assumed to rotate freely around their long axes while the

rotation is already hindered in (b) and (c).

Unfortunately, it is impossible to distinguish if

one of these would be the case in the Sm-C phase of H91 based on the optical microscopy on
the cell.
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5.5.3 Sm-CP phase
Shown in figure 5.5.5 are photomicrographs of an aligned domain of the Sm-CP (B2)
phase in a 2-micron thick cell.

The transition from the Sm-C to Sm-CP was the first order

and hence the Sm-C phase was able to exist in super cooled condition more than 5ºC and
stayed until an electric field applied.
disappeared after the transition.

Two domains of opposite tilt in the Sm-C phase
Extinction direction was uniformly parallel and

perpendicular to the layer normal (rubbing) direction without applied voltage.

Figure 5.5.5.

Photomicrographs of aligned domain in the B2 (Sm-CAPA) phase of H91.

Apparent optic axis is parallel and perpendicular to the layer normal direction as
shown in (a) and (b).

Under application of electric field, the ground state Sm-CAPA

switches to the field-induced state Sm-CSPF as shown in (c) and (d).

Since H91 is

an achiral molecule, two types of domains of opposite chirality are observed.
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Observations under application of triangular wave voltages
Application of an electric field causes switching to the field induced state as shown
in figure 5.5.5 (c) and (d).

Two types of domains of opposite rotation of apparent optic axes

around 15º were observed under the electric field.

Dark domains (or bright domains) in (c)

switched to be bright (or dark) in (d) and the behavior indicated that the field induced state
was the Sm-CSPF and hence the field-off state could be Sm-CAPA.
switching behavior in a focal conic domain in a 4 micron thick cell.

Figure 5.5.6 shows
Extinction direction at

the zero field state was parallel and perpendicular to the layer normal direction while it rotated
around 15º clockwise and counter-clockwise under the field with increase of birefringence
from first order green (∆n ~ 0.21) to the second order orange (∆n ~ 0.23).

By assuming no ~

1.5, birefringence in the anticlinic state is estimated from the birefringence in the Sm-CSPF
state (0.23) and apparent tilt angle (15º) as 0.207.

The estimated value well agree with the

measured birefringence in the field off state (∆n ~ 0.21) and hence it was concluded that the
ground state structure is Sm-CAP (anticlinic Sm-CP structure).

Figure 5.5.6.

Photomicrographs of a circular domain in the B2 (Sm-CAPA) phase of

H91, in a 4-micron thick cell.

Extinction direction is parallel and perpendicular to

the layer normal direction in the ground state as shown in (b).

Under application of

an electric field, the extinction direction rotates with increase of birefringence as
shown in (a) and (c), which indicates the field induced state is Sm-CSPF.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 209 -

electronic-Liquid Crystal Dissertations - October 27, 2006

5. Switching of Layer Chirality in the Sm-CP phase

Shown in figure 5.5.7 is polarization reversal current under application of triangular
wave on the Sm-CP phase.

Two sharp current peaks were observed in a half period of

applied field, which is characteristic in the antiferroelectric tristable switching.
These results clearly indicate the ground state structure in the Sm-CP phase is
antiferroelectric Sm-CAPA.

Threshold field for the field induced transition from Sm-CAPA to

field induced Sm-CSPF was around 10V/micron.

The ground state Sm-CAPA was quite stable

and any meta-stable state domains were not observed.

Figure 5.5.7.

Polarization

reversal current profile in the B2
(Sm-CAPA) phase of H91 under
application

of

triangular

wave

electric field.

Observations under application of square wave voltages
Under application of a square wave larger than the threshold field, the structure stays
in the field induced state during the switching.

In this case, molecules switch from one

field-induced state with Ps parallel to x to another field-induced state with Ps anti-parallel to x.
Figure 5.5.8 shows switching behavior under application of square wave voltages in a
4-micron thick cell.

All bright (or dark) domains in figure 5.5.8 (a) became dark (or bright)

in figure 5.5.8 (b) as the sign of applied field was inversed, which indicated molecular
orientation in both states as illustrated below the photomicrographs.
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domains stopped optical response under larger square field as shown in figure 5.5.8 (c) and (d).
In left half of these photomicrographs, both dark and bright domains did not switch optically
while domains in right half switched.

As applied voltage was increased further, finally all

domains in the cell stopped optical responses.

Figure 5.5.8.

Photomicrographs of field-induced Sm-CSPF state in the B2 phase of

H91 in a 4-micron thick cell.

Under application of a lower electric field (13V/micron),

shown in (a) and (b), all domains switches the extinction direction as applied field is
reverses, while domains in left side does not change the extinction direction under
application of an larger electric field (35V/micron) as shown in (c) and (d).
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The critical voltage Vc (or field Ec) was then defined as the highest voltage (or field)
which produced clear optical response.
figure 5.5.9.

Figure 5.5.9.

Temperature dependence of Ec and Eth are shown in

Ec increased gradually as temperature decreased.

Temperature dependence of threshold field Eth and critical field Ec.

Both Eth and Ec decrease with increase of temperature in the B2 phase of H91, in a
2-micron thick cell.

Figure 5.5.10.

Temperature dependence of spontaneous polarization measured using

low (25V/micron) and high (72V/micron) voltage square wave.
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As shown in figure 5.5.10, Ps value did not exhibit significant dependence to the
temperature.

Polarization reversal current profiles under application of square wave voltages

are shown in figure 5.5.11.

Under lower voltage (E < Ec) the reversal current peak was

relatively broad and became slightly narrow and higher under higher (E > Ec) voltage.

It is

not unusual behavior since higher voltage force molecules switching faster.

Figure 5.5.11.

Polarization reversal current profile under application of square wave

fields, (a) 13V/micron and (b) 35V/micron.

Figure 5.5.12.

Spontaneous

polarization

measured as a function of applied electric field
using square wave.

Moreover, the Ps value measured as the total current in the peak showed no
significant voltage dependence as shown in figure 5.5.12.

Switching time measured from

position of polarization reversal current peak showed normal voltage dependence as described
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by τ ∝ η Ps ⋅ E as shown in figure 5.5.13.

These electric properties suggested that

reorientation of Ps still happened under higher voltage (V > Vc) without optical responses.

Figure 5.5.13.

Switching time under application of square wave field measured as a

function of field strength, plotted in (a) linear and (b) log scale.

Experimental evidence for switching of layer chirality
To keep the optical orientation of Sm-CP domains the same when Ps reverses,
molecules have to rotate around their long axis not around the tilt cone.

The switching mode

results in the switching of handedness of layers as Ps reverses.
Direct method to determine the handedness of layer chirality is the optical
observation.

Following observation was made to prove switching of handedness of layers.

As we mentioned, optical response was observed under application triangular wave even the
voltage was high because molecules switched back to the ground state Sm-CAPA state during
switching.

Therefore, handedness of layer chirality could be determined by applying

triangular wave voltage.

Shown in figure 5.5.14 is the applied wave form to determine layer

chirality after and before the switching with no optical response.
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domains was determined by the first triangular wave part followed by one step of square wave
which caused switching with no optical response and the last triangular wave part to
determine handedness of the domains after the switching.

Figure 5.5.14.

Applied wave form to determine handedness of domains.

After

determination of initial handedness of domains under triangular wave (from first to
t1), voltage is changed stepwise, and handedness of domains after application of the
step is determined by triangular wave again.

Total time from t1 to t4 is the same as

one period (1/f).

Photomicrographs in Figure 5.5.15 shows optical behavior in an aligned domain
under application of the wave voltage shown in figure 5.5.14.

By application of one step of

square wave, handedness of domains switches while handedness of domains were kept by
application of two step of square wave.
From these observations, we concluded that molecules rotated around their long axis
and hence handedness of layers switched under application of a high voltage square wave.
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Figure 5.5.15.

Photomicrographs and switching schematics under application of an

electric field shown in (a).

The area in the red box changes the chirality by

application of step function, while handedness of domains is kept the same in the
white box.

Scheme in (b) and (c) show molecular orientation during the process for

red-box area and white-box area, respectively.
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5.6 Effect of Chirality
The + and – chiral layers exist in the same probability in the Sm-CP phase of achiral
bent-core molecules while the handedness of the layers uniquely defined by molecular
chirality in the ferroelectric Sm-C* or antiferroelectric Sm-CA* phase of rod-like molecules.
Hence, switching of layer chirality is possible to happen in the Sm-CP phase of achiral
bent-core molecules but should not occur in the Sm-C* or Sm-CA* phase.
From this consideration, switching of layer chirality observed in the Sm-CP phase of
H91 will be suppressed enabled by adding chiral molecules, since introduction of chirality
favors one handedness of smectic layers even in the Sm-CP* phase.

5.6.1 Equations of Motions and Simulated Results
Effect of chirality was introduced into the model discussed in the section 5.2 by an
additional term in (5.2.1).
chiral system.

Free energy could be different for a molecule at the β = 0 or π in a

This free energy difference is expressed by adding a term linear to cosβ into

(5.2.1) as shown below.

(

U bc = Fbarrier sin 2 β + k cos β

)

……(5.6.1)

where k is the parameter from -1 to 1, which equals to zero in the achiral system.

The layer

chirality in the initial condition is the favorable state for molecular chirality when k is larger
than 0 and the layer chirality at the initial condition is unfavorable when k is smaller than 0
Ubc calculated for

while both + or – layer chirality has equal potential energy when k is 0.
several different k is shown in figure 5.6.1.
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(blue) and 1 (violet).

By using (5.6.1), equations of motion (5.6.2) and (5.6.3) shown below are solved
numerically as well.

dα Ps ⋅ E sin α cos β sin 2 θ + (dU bc dβ ) cos θ
=
dt
η A − η B cos 2 θ

…… (5.6.2)

dβ Ps ⋅ E (cos α sin β + sin α cos β cos θ ) − (dU bc dβ ) dα
=
−
cos θ …… (5.6.3)
dt
dt
ηB
Shown in figure 5.6.2 are calculated results of the rotation angle α and β during the
polarization reorientation process under different k condition.

Figure 5.6.2.

Calculated rotation angles α (blue-solid line) and β (red-dash line) as a

function of time.

Ps, θ, ηA = ηB, Fbarrier and E are the same in all (Ps=400, θ=15º,

ηA = 50, ηB = 48, Fbarrier = 10000 and E=80). (a) k = -0.5, (b) k = 0 and (c) k = 0.5.
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Under a low voltage that makes molecules rotating around the tilt cone in k = 0
condition, positive k suppresses the pre-transitional molecular motion going to rotate around
its long axis and negative k produces the molecular rotation around its long axis.

Under a

high voltage that makes molecules rotating around the long axis in k = 0 condition, positive k
produces molecular rotation around its long axis instead the tilt cone and negative k
suppresses the pre-transitional molecular motion going to rotate around its long axis.
critical field Ec is plotted as a function of k on figure 5.6.3.
and increases as k goes positive value.

The

Ec decreases as k goes negative

Introduction of chirality suppresses the molecular

rotation around its long axis when the initial layer chirality is stabilized by the chiral
parameter.

On the other hand, the chiral parameter enhances molecular rotation around the

long axis when initial layer chirality is not favorable for the chiral parameter.

Since even the

layer of unfavorable handedness is allowed to have spontaneous polarization unlike the
situation of chiral rod-like systems, switching of layer chirality still occurs when k equals to 1
under higher voltage.

Figure 5.6.3.

Calculated critical field as a function of chiral parameter k.

(a), negative k enhances switching of handedness in this case.

As shown in

Averaged Ec for +

and –k, shown in (b), which could be regarded as the averaged Ec for positive and
negative step of applied square voltages, increases as k increases.
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5.6.2 Experimental Results
The bent-core material H91 [see figure 5.4.1] was used for this experiment.
Enantiomeric Cholesteryl-octanate (Ch8*) was added as a chiral dopant to introduce chirality
to the system.

Transition temperature, polarization reversal current, threshold field (Eth),

and critical field (Ec) were measured under the same procedure as explained in the previous
section.

Sm-A* phase
The Sm-A(*) phase was observed until concentration of the chiral component
exceeded 10wt%.
cells.

Well aligned domains were obtained in 2-micron thick parallel rubbed

It is well known that some of the Sm-A* phase exhibits chiral polar response under

application of an electric field, the electro-clinic effect.

In the Sm-A* phase of mixtures,

however, no electrooptic response was observed even under a high field (~75V/micron).

Sm-C* phase
The Sm-C* phase is expected to be polar more or less from the symmetry
requirement even if the bent-core molecules would not be polar-packed.

As expected, the

Sm-C* phase of H91 becomes polar when the chiral dopant is added to the system.
Shown in figure 5.6.4 are photomicrographs of the Sm-C* phase of H91 with 3.8%
chiral dopant observed in a 2-micron thick cell with parallel rubbed alignment substrates.
Layer normal direction aligns uniformly along the rubbing direction in all the area but three
types of domains are observed before application of an electric field [see figure 5.6.4 (a)].
Yellow domains and dark domains pointed by arrows (a) and (b) respectively are the uniform
domains in which molecules align on one side of the tilt cone uniformly from the top to
bottom of the cell [see figure 5.6.4 (a) and (b)], and of course, domain (a) and (b) could be
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dark and yellow respectively when the cell was rotated.

Another type of domains pointed by

an arrow (c) is the twist domains in which molecules change the orientation direction from the
top to bottom of the cell as shown in figure 5.6.4 (c).

Good extinction was never obtained in

the domain by rotating the cell.

Figure 5.6.4.

Photomicrograph of the domains observed in aligned Sm-C* phase of

H91 with 3.8% chiral dopant.

Schematics (a) and (b) present the molecular

orientations in domains of two uniform states shown in the photomicrograph.

In

scheme (c), molecules form the twist state.

By application of an electric field, all domains switch to the uniform state as shown
in figure 5.6.5 (a) or (c) and handedness is all uniform in the whole area.

Around the

zero-field state, the Sm-C* phase exhibits bistability as shown in figure 5.6.5 (b).
Though the Sm-C* phase clearly exhibited a ferroelectric response in electrooptics,
the polarization reversal current was not observed under both triangular and square wave
voltages.

The switching time observed electrooptically was very slow (~100msec).

These

results suggest that a spontaneous polarization exists in the phase but too small to be observed.
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Figure 5.6.5.

Photomicrographs of an aligned domain observed in aligned Sm-C*

phase of H91 with 3.8% chiral dopant in a 2-micron thick rubbed cell.

Under

application of electric field, all the area switches to the uniform state and extinction
direction of the domain changes as application of electric field produces the
ferroelectric switching.

The aligned domain shows bistable switching.

The Sm-C* phase exists in the mixture until the concentration of chiral dopant
exceeds ~9wt%.

With increase of the chiral dopant, transition temperature between Sm-A

and Sm-C decreases and finally the Sm-C* phase disappears in the 10wt% mixture.

Sm-CP* phase
Ground state structure of the Sm-CP phase of pure H91 was Sm-CAPA and the
switching of the layer chirality was observed in the phase under application of a square wave
voltages.

Introduction of chirality is expected to stabilize one handedness of layer chirality

and hence the switching of layer chirality seemed unlikely to happen.

That was what also

expected to be so from the simulated results described in the previous section.
After the transition from the Sm-C* phase, the ground state structure of the Sm-CP*
phase is Sm-CAPA* the same as that in the pure material.

The handedness of layers is found

to be uniform under application of triangular wave voltages.
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wave voltages, the switching of layer chirality is still observed even in the mixture with
10wt% chiral molecules though the critical field (Ec, the electric field strength needed to
cause the switching of layer chirality) decreases slightly.

Ec and Eth is plotted against the

temperature in figure 5.6.6 (a) for both pure H91 and a mixture with 3.8wt% of chiral
molecules.

Temperature dependence of Ps is shown in figure 5.6.7 and voltage dependencies

of Ps and switching time are shown in figure 5.6.8.

Only the switching time shows

significant difference between the pure H91 and the mixture, i.e., the switching time is much
faster in the mixture which may suggest the lower viscosity in the mixture than pure H91.

Figure 5.6.6.

Eth and Ec measured as a function of temperature, (a) in pure H91 and

(b) in the 3.8% chiral doped mixture.
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Figure 5.6.8.

Voltage dependence of (a) spontaneous polarization and (b) switching

time measured under application of square wave voltage in the Sm-CP* phase of
3.8% chiral doped mixture.

Effect of introduction of chirality was not clear for switching of layer chirality and Ec,
but the effect does exist, i.e., one of two sign (plus or minus) of layer chirality is stable
compared to the other.

After switching of layer chirality from the stable handedness to the

unstable handedness, small domains of stable handedness nucleate and all the area is gradually
converted to the stable state as time passes.
domain area of stable handedness.

Shown in figure 5.6.9 is the time evolution of

All the area was unstable handedness at zero, just after

switching of layer chirality and completely converted to the stable handedness after 8 seconds.
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Figure 5.6.7.

Time evolution of domain area after handedness of domains reverses

from stable handedness to unstable handedness.
stays in the unstable handedness.

Just after the reverse 100% area

Soon after, domains of stable handedness

nucleate and grow until whole the area converted to the stable handedness.

Effect of chirality does exist in both the Sm-C* and Sm-CP* phase, i.e the Sm-C*
phase became polar ferroelectric and Sm-CP* phase tended to be uniform handedness.
However, switching of layer chirality was still observed in the Sm-CP* phase unlike the result
expected from the simulation.
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5.7 Discussion
It was expected that bent-shaped molecules could rotate either around the tilt cone or
around the molecular long axis in polarization reversal process.

Simulated results using

equations of motions described in section 5.2 and 5.3 indicated that the rotation around the
molecular long axis would occur under application of higher voltages, while the rotation
around the tilt cone would take the place under lower voltages.
Rotation around the molecular long axis never happens in the polar smectic phases
of rod-like molecules.

If molecules in one smectic layer rotate π around their long axis with

rotation of the spontaneous polarization, the rotation switches handedness of layers (the same
as that sign of spontaneous polarization or layer chirality).

Handedness of layers in the

system is uniquely defined by molecular chirality and hence rotation around the molecular
long axis should not be observed in the polarization reversal process because of the symmetry
requirement.
In the Sm-CP phase of achiral bent-core molecules, both + and – chiral layers exist
in equal probability and hence the rotation around the molecular long axis is expected to be
observed.

G. Pelzl et al. reported that a field induced Sm-CSPF state of achiral B2 phase

switched back to the Sm-CSPA state by molecular rotation around the long axis by slow
removal of applied electric field[4].

This sounds like a similar situation that we expected

from the simulation but it is totally different in truth.

The structure and the symmetry class

are completely different between two states after and before the switching, Sm-CSPF (C2) and
Sm-CSPA (S2) in their system, while we expected to observe switching between two states of
the same symmetry.

However, such switching process had not been observed in the

conventional B2 phase.
The switching process in which molecules rotate around their long axis was observed
in the B2 phase of an achiral bent-core molecule H91.
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phase is Sm-CAPA and the switching process is observed under application of high square
voltages, i.e. molecules rotate around the long axis in the polarization reversal process
between two field induced Sm-CSPF states (up P and down P), and the switching changes sign
of layer chirality.

Why such switching had not been observed in the B2 phase of known

materials and why it is observed in H91?

According to the simulated results, molecular

rotation around the long axis happens under higher fields compare to the molecular rotation
around the tilt-cone.
could not be observed.

If the critical field would be very high, rotation around the long axis
It has been regarded that the rotation around the molecular long axis

is strongly hindered in the Sm-CP phase of bent-core molecules, and it also means that the
potential barrier around the rotation is very high.
increasing the critical field.

High potential barrier, however, results in

That could be the case in known materials except H91.

H91

exhibits the calamitic Sm-A and Sm-C phases that usually are not observed in the material
forming the Sm-CP phase.

According to the NMR measurement, W. Weissflog et al.

reported that the bend-angle of bent-core molecules which exhibits calamitic LC phases (N,
Sm-A, and/or Sm-C) is wider (130~145º)[9], [10] than that of usual bent-core materials (~120º).
Also, chloro- and fluoro-substituents on the mesogenic core might obstruct closed packing of
molecules in a smectic layer.

It is speculated that the rotation around the molecular long axis

becomes less hindered because of the wider bend-angle, i.e. the potential barrier for the
rotation becomes lower in such system.

As the potential barrier decreases, the critical field

decreases and the switching becomes easy to be observed.

The π rotation of molecules around their long axis with rotation of the spontaneous
polarization changes handedness of layer chirality (switching of layer chirality).

Hence it

was also expected that introduction of chirality will suppresses switching of layer chirality
because introduced chirality would uniquely define stable handedness of layer chirality in the
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system as like in the chiral Sm-C phase.

According to the simulated results, the critical field

Ec increases as the chiral parameter increases.

In experiments mixing chiral dopants into the

Sm-CP phase of H91, however, switching of layer chirality was still observed just with small
increase in Ec even in the mixture with 10wt% of chiral components and that was what
unexpected.

The layer chirality in the Sm-CP* phase tended to be uniform handedness in

these mixtures.
at least.

Therefore it was clear that the chiral dopant did effect on the layer chirality,

The reason why the switching of layer chirality was still observed in the chiral

mixtures would be explained by decrease of viscosity in the system.
switching time was clearly faster than that in pure H91.

In chiral mixtures, the

Since the spontaneous polarization

value was not different so much between the chiral mixture and pure H91, faster switching
time indicates the lower viscosity in the chiral mixture.

According to the simulated result

that the critical field decreases as the viscosity lowers, the lower viscosity in the chiral
mixture might enhance switching of layer chirality although the chiral components did exist.
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5.8 Conclusion
It has been known that LC molecules in tilted polar smectic phases (Sm-C*, Sm-CA*,
Sm-C* sub-phases, and Sm-CP phase) rotate π around the tilt cone as spontaneous
polarization reverses under application of an external electric field.
well understood both experimentally and theoretically.

The process has been

We found, however, a new molecular

motion during the polarization reversal process in the Sm-CP phase of an achiral bent-core
molecule H91; i. e. molecules rotate not around the tilt-cone, but around molecular long axis
with keeping the tilt direction and switching the handedness of layers.
That molecular motion, switching of layer chirality, is well explained by equations of
motions delivered from the energy dissipation.

According to the simulated results using

these equations of motions, it was expected that the switching of layer chirality would be
observed in the Sm-CP phase of achiral bent-core molecules with smaller viscosity for
molecular motion and lower potential barrier for rotation around molecular long axis.

H91,

an achiral bent-core molecule which exhibits calamitic Sm-A and Sm-C phase unlike
conventional bent-core molecules showing B2 phase, was supposed to have relatively wide
bending angle because of its chemical structure and hence suppose to have some degree of
freedom for rotation around the molecular long axis, lower than rod-like molecules but higher
than known bent-core molecules.

Switching of layer chirality was observed in the Sm-CP

phase of H91 under application of square wave voltages.
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6. Polarization Modulated Phases

Ferroelectric and antiferroelectric smectic LC phases create many interesting
features as a 2-dimentional polar fluid.

The polarization P is free to rotate continuously in

the layer plane in response to surface, electric and elastic torques in polar fluidic LC phases
while the P vector field of spontaneous polarization is almost fixed in the lattice of crystal in
solid state polar crystals.

Because of this orientational freedom, the 2-dimentional vector

field of P easily deforms and form a modulated structure in response to the internal local field
generated from P itself.

Such polarization modulated structure has been proposed and

observed in variety of liquid crystals on interfacial structures, such as freely suspended films
[1-8]

, Langmuir monolayers[9],[10] and phospholipids tubules[11].

But the polarization

modulated structures were rare to be observed in bulk, because the electrostatic energy from P
is usually very weak compare to the bulk elastic energy even in the ferroelectric smectic phase.
In this chapter, polarization modulated phase which is recently found to exist in bent-shaped
molecular LC systems will be presented and discussed.

6.1 Introduction
The B7 phase was first reported by G. Pelzl et al. in 1999[12].

Upon cooling from the

isotropic, the B7 phase grows in various types of domains with different morphology, twisted
helical filaments, focal conic circular domains of various birefringence colors with stripes
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either parallel or perpendicular to the smectic layers, leaf domains with straight shape and
uniform color, chess board texture [see figure 1.4.6], and freely suspended filaments.

The B7

phase has been characterized by such “B7 textures” and powder x-ray patterns that exhibit
multiple peaks (usually 4 peaks or more) in the small angle region around smectic layer
ordering[13].
It is clear that the phase is not the simple smectic according to the x-ray diffraction.
However the layer structure and polar structure in the B7 phase was not clear though a lot of
work had been done to investigate the phase structure.

Electrooptic responses that are

regarded as a useful method to determine the polar structure in liquid crystal phases, were
very complicated in the B7 phase.

According to the electrooptic responses and polarization

reversal current measurements, the B7 phase was thought to be ferroelectric, at least after
application of electric field[14-16].

Some of B7 materials, however, thought to have

antiferroelectric ground state upon cooling from the isotropic, because of high threshold field
for field induced transition to the ferroelectric state.
Since these features in the B7 phase were completely different from those observed
in the B2 (Sm-CP) phase, new model for molecular orientation in a smectic layer was
employed to explain the B7 features.

Namely, averaged molecular long axis n is tilted from

the layer normal direction (Sm-CP) and also molecular bend direction b is rotated the out of
layer plane (Sm-CG)[see figure 6.1.1][17].

A. Jakli et al. explained some of B7 features using

this Sm-CG model[18], but it is not clear yet whether the Sm-CG model is really necessary to
explain the B7 structure or not.

Figure 6.1.1.

Molecular orientation producing the Sm-CG layer of C1 symmetry.
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Based on x-ray measurements, texture observations of cells and freely suspended
films, and observations of freeze fractures, the layer structure in the B7 phase has been
investigated to form undulated layer structure as shown in figure 6.1.2

[13]

.

To produce such

undulated layer structure, the spontaneous polarization and polarization modulation are
thought to play an important role.

Figure 6.1.2.

Structure of the undulated smectic phase proposed as a model of layer

structure in the B7 phase.

As a point charge generates radial electric vector field, a splay configuration of
dipole moments creates image charge given by

q ∝ ∫ (∇ ⋅ P ) .
As P increases, the energy density increases and hence splay in P usually costs higher energy
than bend in P[8].

Also, symmetry requires inequality for positive and negative splay in P.

Therefore local energy density of the P field contains a term U = ∇ ⋅ P − c0 , where c0 is a
constant stabilizing finite splay of P.

Even if the splay in P is the lowest energy state, the

splay configuration of one sign cannot fill whole the space without line and/or point defects.
Because such defects cost larger energy than free energy gain of splay in P, such splay
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modulation is not observed usually in bulk.

In the B7 phase, however, such splay modulation

is though to build up stable regular structure of splay and defect lines as shown in figure 6.1.3
(a).

Around the defect line, the smectic layer spacing becomes thicker than the uniform

splay area [see figure 6.1.3 (b)].

To stack these smectic layers with modulated thickness,

layer structure has to be deformed like either shown in figure 6.1.3 (c), (d) or (e).

The

structure in (c) and (d) are similar to that of the B1 phase and these three are distinguishable in
x-ray diffraction pattern [see figure 6.1.4 (a)-(c)].

X-ray diffraction patterns in figure 6.1.4

(a) and (b) were found in the B1 phase[19] and powder patterns of (c) and also (b) were found
in the B7 phase[20].

Figure 6.1.2.

(a) Polarization splay in a layer produces defect lines since the splay

configuration cannot fill the space.
defect line.
layer.

(b) Smectic layer, then, becomes thicker at the

Three possible stacking ways that satisfy thickness modulated in a

(c) frustrated-B1 type, (b) frustrated-tilted B 1 type and (e) B7 type.
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Figure 6.1.3.

Model of layer structures and expected x-ray diffraction patterns for

these three possible structures producing the thickness modulation.

These polarization modulated layer structures could explain complicated x-ray
patterns observed in the B7 phase, but the electrooptic behavior in the phase has not
understood well.

In this chapter, the layer structure and the electrooptic behavior in the B7

phase of a chiral bent-core material Citronellyl-OPIMB will be presented and discussed.
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6.2 Experiment
A chiral bent-core molecule (R)-Citronellyl-OPIMB[21],[22] [shown in figure 6.2.1],
(S)-Citronellyl-OPIMB, and a racemic mixture were used for the first experiment.

Texture

observation and optical second harmonic measurements were carried out using thin capacitor
type cells of 4-10 micron gap.

For x-ray measurements, a freely suspended droplet was used

as well as capacitor type cells of extra thin glass (50-80 micron).

Liquid crystal was

introduced into the cell gap by capillary action in the isotropic phase.

Figure 6.2.1.

Chemical structure and transition temperature of (R)-Citronellyl-OPIMB.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 237 -

electronic-Liquid Crystal Dissertations - October 27, 2006

6. Polarization Modulated Phases

6.3 Sm-CP and PM-Sm-CP State of Citronellyl-OPIMB
6.3.1 Texture Observations, Electrooptics and SHG
The highest temperature LC phase of citronellyl-OPIMB nucleates in two different
states depending on sample preparation.

On fast cooling from the isotropic, meta-stable

grainy yellow domains fill the cell [see figure 6.3.1].

On slow cooling from the isotropic, or

upon annealing the meta-stable yellow domains, the ground state with lower birefringence
color (white) nucleates and forms the B7 texture [see figure 6.3.1(b)].

Figure 6.3.1.

Photomicrographs of the highest temperature smectic phase of

Citronellyl-OPIMB.

(a) Grainy high-birefringent domains obtained by fast cooling

from the isotropic, (b) nucleation of ground state domain (white) and (c) ground state
domains after annealing (a) for 1 minute.

(d) The B7 texture obtained by slow

cooling from the isotropic. (In a 6-micron thick cell)

Figure 6.3.2.

Photomicrographs of (a) the ground state and (b) meta-stable state in

the B7 phase of Citronellyl-OPIMB after application of electric field.
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Under application of an electric field, grainy domains of these two state re-orient to
form focal conic fan-shaped domains [see figure 6.3.2].

The meta-stable state exhibits

higher birefringence and extinction brushes tilted from the layer normal direction while the
ground state exhibits lower birefringence and extinctions parallel and perpendicular to the
layer normal direction.
In order to investigate the polar order in the meta-stable yellow domain and the
ground state B7 domain, optical microscope observation, electrooptic response measurements
and SHG measurements were carried out.

According to these optical observations and

measurements, the highest temperature smectic phase of Citronellyl-OPIMB was found to be
the B7 phase with polarization modulated smectic layers, PM-Sm-CSPF*, and the phase
exhibits the meta-stable Sm-CSPF* state.

Meta-stable Sm-CSPF* State
Domains of the meta-stable state formed on fast cooling from the isotropic phase are
too fine and grainy to observe layer orientations and extinctions as shown in figure 6.3.1 (a).
These domains exhibit strong optical activity even in a thin cell (~2 micron).

Two domains

with opposite sense of optical rotation are observed in the racemic mixture[see figure 6.3.3],
while the handedness of domains is all uniform in enantiomerically pure materials.
To investigate the polar order in the phase, optical second harmonic measurements
were carried out in the same cell used for optical microscope observations.

The grainy

domains of the meta-stable state generate strong SHG signal under irradiation of fundamental
light (1064nm) propagating normally to the substrate with both parallel and crossed polarizers.
By rotating the cell 45 degree to the fundamental light pass, SHG signal intensity increases by
about a factor of 1.2, which indicates that orientation of domains was almost perfectly
random.
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Figure 6.3.3.

Photomicrographs of the ground state and meta-stable state in the B7 of

racemic mixture of Citronellyl-OPIMB.

Ground state domains appear to be bright and

metastable state is dark under cross polarizers.

By uncrossing polarizer and analyzer

two types of domains of opposite optical rotation are found in the meta-stable domains.

Under application of an electric field, grainy domains start to reorient with
increasing of birefringence without clear threshold.

SHG intensity decreases as the

birefringence increases under normal incident fundamental light, while the SHG intensity
increases under an obliquely incident fundamental light.
By application of square wave voltage for a long time (E ~ 50V/micron, ~ 20
minutes), grainy domains completely reorients forming focal conic fan-shaped domains [see
figure 6.3.2 (a)].

Extinction directions of these domains are tilted from the layer normal

around 44º, and rotate as polarity of applied field reverses.

The handedness of domains is all

uniform, which was conformed by polarized optical microscope observations using an optical
retardation plate.

Figure 6.3.4 shows polarization reversal current and photomicrographs

taken under application of triangular wave.

No SHG signal is observed under normally

incident fundamental light, while the SHG intensity increases as the cell is rotated to 45º.
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Figure 6.3.4.

Polarization reversal current profile (red dots) under application of

triangular wave voltage (black dots) and photomicrographs of an aligned domain
during the polarization reversal process.

Not only the direction of apparent optic

axis but also birefringence changes a lot in the process.

Most-stable PM-Sm-CSPF* State
Domains of the ground state form B7 texture of low birefringence upon slow cooling
from the isotropic phase or upon annealing the grainy texture of meta-stable state as shown in
figure 6.3.1 (b).

Optical activity of the domains is not distinguishable under polarized

optical microscope as shown in figure 6.3.3.

The ground state generates no SHG signal

under either normal incidence or oblique incidence of the fundamental light.
Under application of an electric field, B7 domains start to reorient forming
focal-conic fan-shaped domains with small increasing in birefringence [see figure 6.3.2 (b)].
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Extinction directions of these domains are parallel and perpendicular to the layer normal
direction.

Small electro-clinic like rotation of extinction brushes is observed under

application of triangular wave (smaller than 50V/micron) or square wave (smaller than
20V/micron).

As applied field strength is increased higher than threshold field, the ground

state switches to the field-induced state which is the same as the meta-stable state, Sm-CSPF*.
These observations were not enough to determine polarity and layer structure in the
ground state.

The ground state B7 phase could be either polarization modulated Sm-CSPF*

state or antiferroelectric Sm-CAPA* state.

Relaxation between the Ground State and Meta-stable State
The grainy texture of the meta-stable Sm-CSPF* state gradually relaxed back to the
ground state B7 phase by annealing in temperature just below the clearing point.

Since only

the meta-stable Sm-CSPF* state is SHG active, the relaxation process is monitored by
observing SHG intensity.
annealing time.

Shown in figure 6.3.5 is the SHG intensity plotted against the

SHG intensity increases at the transition from the isotropic state to the

meta-stable Sm-CSPF* state and gradually decreases as the meta-stable domains relax to the
ground state.

Relaxation time becomes longer when the annealing temperature decreases, as

shown in figure 6.3.6.

Figure 6.3.5.

Nucleation-grow

process

of meta-stable state and ground state
monitored using SHG signal.

No signal is

observed in isotropic (0s~), SHG intensity
increases as meta-stable domain grows (50~) and decays as ground state grows (180~).
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The meta-stable Sm-CSPF* state also exists as the field-induced state under
application of electric field larger than threshold field (Eth ~ 50V/micron for triangular wave,
Eth ~ 20V/micron for square wave).

As shown in figure 6.3.6, the relaxation time is very

long compare to the other field-induced state, such as the field-induced Sm-CSPF* state in
antiferroelectric liquid crystals.
cutting the applied field off.

Hence the field-induced meta-stable state stays even after

The meta-stable state, however, is not stable under application

of electric field smaller than the threshold field and quickly relaxes back to the ground state
structure.

Photomicrographs shown in figure 6.3.7 present the relaxation process from the

field-induced meta-stable Sm-CSPF* to the ground state.

Figure 6.3.7.

Relaxation process from field-induced meta-stable Sm-CSPF* state to

the ground state observed in a 4-micron thick cell under application of small
triangular wave voltage (5V/micron).
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Texture Observation of Freely Suspended Films
Observations of textures and electrooptic responses on freely suspended films (FSFs)
are effective way to characterize the smectic phases.

It is not easy, however, to determine the

molecular orientation sometimes especially for the polarization modulated phases, because
these phases tend to form freely suspended filaments instead of films[23], [24].

The highest

temperature smectic phase of (R)-Citronellyl-OPIMB tends to form the freely suspended
filament as shown in figure 6.3.8 (a).
shown in figure 6.3.8 (b).

FSFs were also obtained by gentle preparation as

Focal conic textures are observed instead of Schlieren textures

that are usually found in FSFs of tilted smectic phases, which indicate the highest temperature
phase has smectic layers with the polarization modulation[13].

Because of the tight pitch

modulation (even smaller than the resolution limit of the optical microscope), the FSF did not
respond to applied electric field.

Based on these results, the ground state in the B7 phase is

not the antiferroelectric Sm-CAPA* state but the polarization modulated Sm-CSPF* state
(PM-Sm-CSPF*).

Figure 6.3.8.

Photomicrographs of (a) Freely suspended filaments and (b) a freely

suspended film.

(a – transmitted illumination, b – refracted illumination)
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According to these optical observations and measurements, the highest temperature
smectic phase of Citronellyl-OPIMB is the B7 phase with polarization modulated smectic
layers, PM-Sm-CSPF*, and the phase exhibits the meta-stable Sm-CSPF* state produced upon
fast cooling from the isotropic or by application of an electric field.
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6.3.2 X-ray Diffraction Measurement
The key evidence indicating the ground state with polarization modulated smectic
layers but not an antiferroelectric state with simple smectic layers was found in x-ray
scattering experiments.
Figure 6.3.9 shows powder x-ray scattering intensity as a function of scattering angle
in the ground state B7 phase of (R)-citronellyl-OPIMB.

At least, three diffraction peaks are

observed in small angle region suggesting 2D ordering[13],[25-28].

Figure 6.3.9.
measured

Powder x-ray scattering intensity as a function of scattering angle
in

a

bulk

sample

of

the

highest

temperature

B7

Citronellyl-OPIMB, scanned three times on different sample position.
each profiles fitted using the Lorentz function.
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To obtain x-ray diffraction from the meta-stable Sm-CSPF* state and the ground state
B7 phase separately, x-ray microbeam were used to select a domain in cells.

Shown in figure

6.3.10 are x-ray powder diffraction profiles for the meta-stable Sm-CSPF* state and the ground
state B7 phase in a 10 micron thick cell just after cooling from the isotropic.

Only a single

peak is observed on the meta-stable Sm-CSPF* state domains while multiple peaks are
observed in the domains of the B7 phase.

The single peak in the meta-stable state is clearly

distinguishable from the multiple peaks in the B7 state.

Figure 6.3.10.

Powder x-ray scattering intensity as a function of scattering angle

measured in the meta-stable Sm-CSPF* state and ground state in the highest
temperature B7 phase of Citronellyl-OPIMB in a 10 micron thick cell. (b) and (c) show
each profiles fitted using the Lorentz function.
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To determine the layer structure of these two states, two-dimensional x-ray scattering
patterns were obtained from the focal conic fan-shaped textures after application of an electric
field.

Shown in figure 6.3.11 are photomicrographs and area detector (CCD) images of x-ray

scattering intensity with the microbeam illumination within a circled area on a focal-conic
fan-shaped domain in a 4-micron thick cell.

Figure 6.3.11.

Photomicrographs of (a) ground state and (b) meta-stable Sm-CSPF*

state and 2-dimensional x-ray diffraction patterns of (c) ground state and (d)
meta-stable Sm-CSPF* state obtained using microbeam x-ray illumination onto the
aligned area (red-circle).

The scattering pattern on the meta-stable Sm-CSPF* state [see figure 6.3.11 (c)] taken
on a domain [see figure 6.3.11 (a)] in a 4-micron thick cell after application of square wave (E
~ 35V/micron, 5Hz) shows only one reflection located along z.
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scattering intensity profile integrated along diffraction angle determined from the 2D pattern
on figure 6.3.11 (c).

The peak position in the profile corresponds to the layer reflection in

the powder pattern obtained from the meta-stable Sm-CSPF* shown in figure 6.3.10 (a), which
indicates the meta-stable state has a simple smectic layer structure without modulation.
layer thickness is estimated to be 36.5Å.

The

From the layer thickness and extended molecular

length (49Å), the x-ray tilt angle is estimated to be 41.8º which is close to the optical tilt angle,
44º.

Figure 6.3.12.

X-ray scattering intensity as a function of scattering angle obtained by

circular-integration of 2D-scattering pattern shown in figure 6.3.11(a) and (b), in the
meta-stable Sm-CSPF* state and ground state in the highest temperature B7 phase
of Citronellyl-OPIMB in a 4-micron thick cell. (b) and (c) show each profiles fitted
using the Lorentz function.
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The scattering pattern on the ground state [see figure 6.3.11 (d)] taken on the same
domain [see figure 6.3.11 (b)] after application of triangular wave (E ~ 30V/micron, 5Hz)
shows two different reflections, a reflection located along z and two reflection spots located
off axes either z or x.

These out-of-plane peaks are indicative of a modulation within the

smectic layer plane consistent with a recently proposed model that the PM-Sm-CSPF* (B7 )
phase.

Shown in figure 6.3.12 (b) is scattering intensity profile integrated along diffraction

angle determined from the 2D pattern on figure 6.3.11 (d).

Two peaks in the profile

correspond to the 0th order (s=1, m=0) and first order peak (s=1, m=±1) in the B7 powder
pattern shown in figure 6.3.10 (b).

The modulation periodicity is estimated to be around

150Å and the amplitude is estimated to be around 19Å.

More detailed two-dimensional

x-ray scattering pattern on the ground state, which was obtained in a thicker cell (6-micron
thick cell) after application of square wave (E ~ 25V/micron, 5Hz), is shown in figure 6.3.13.
On the image, at least 7 spots (s=1, m=0, ±1, ±2, ±3) are distinguished, which well agree with
the expected reflection pattern on the undulated smectic layer structure [see figure 6.1.4 (c)][13].
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Scattering peaks observed in the meta-stable Sm-CSPF* state and ground state
PM-Sm- CSPF* of the B7 phase of (R)-Citronellyl-OPIMB are summarized on the table 6.3.1.

Table 6.3.1.

Diffraction peaks observed in the B7 phase of (R)-Citronellyl-OPIMB.
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6.4 Discussion
The polarization modulated smectic layer structure found in the B7 phase might
suggest the same mechanism forming another 2-dimensional structure found in the B1 phase.
As shown in figure 6.1.4, these B7 type and B1 type layers are modulated in the plane of
smectic layers.
the B7 type.

The B1 phase usually exhibits a texture which is clearly distinguishable from
These two phases are also distinguishable by means of small angle x-ray

diffraction measurements.

On the other hand, the tilted B1 phase of n-OAM5[29] exhibits

polarization splay modulation on freely suspended films[30] and B7 type textures in thin cells,
even these phases exhibit different characters on the small angle x-ray diffraction signature
shown in Ref [13] [see Appendix IV].

These results suggest that the tilted B1 phase are

formed under the same mechanism of that in the B7 phase, i.e. polarization modulation
produces such undulated layer structures.
According to the small angle x-ray diffraction signature, the highest temperature
smectic phase of Citronellyl-OPIMB is not tilted-B1 but B7.

Short modulation periodicity

found in both x-ray diffraction patterns and freely suspended films suggests a strong tendency
to form such polarization modulation in this phase.

In the meta-stable Sm-CSPF* state,

however, smectic layers were found to be not modulated in thickness or structures.

Instead,

the meta-stable state exhibits “dark-conglomerate” texture consisting of low birefringent
domains having an large optical rotation.

The “dark-conglomerate” texture[31] is often

observed in the B7 materials[32], B2 materials with high tilt angle[33-35] and in the B4 phase[36].
The structure is not well understood both in the B7 materials and B2 materials, while the B4
phase has been thought to have TGB-like helical structure.

One possible speculation for

structures in the “dark-conglomerate” texture of the B7 phase is that these are not the
PM-Sm-CSPF but the meta-stable Sm-CSPF state as like observed in the highest temperature
smectic phase of Citronellyl-OPIMB.
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undulated in the B7 phase might produces helically distorted layers instead having thickness
modulation.

To form one sign of polarization splay with keeping layer thickness constant,

either s=+1 point disclination in a smectic layer or a screw dislocation running along the layer
normal direction has to be formed.

Detail x-ray diffraction measurements and observation of

freeze fractures will help to investigate the structure in the “dark-conglomerate” state.
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6.5 Conclusion
The highest temperature smectic phase of Citronellyl-OPIMB was examined by
means of texture observations, optical second harmonic measurements and x-ray diffraction
measurements.

The highest temperature phase exhibits the meta-stable Sm-CSPF* state and

the ground state, polarization modulated Sm-CSPF* state.

In the enantiomerically pure

materials, handedness of the meta-stable Sm-CSPF* domains is all uniform and it suggests that
the layer chirality might be uniform even in the ground state PM-Sm- CSPF* [see figure 6.5.1]
as well, unlike the first proposed layer structure of the B7 phase which consists of the same
number of + and – chiral layers [see figure 6.1.2].

Figure 6.5.1.

Structure of the undulated smectic phase organized by layers of uniform

handedness.
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7. Chirality Transfer and Induced Blue Phase

The emergence of the blue phases (BPs) I and II that are thought to exist in highly chiral
systems, has been found in chiral nematic liquid crystals (N*LCs) by adding non-chiral
bent-shaped liquid crystals.

7.1 Introduction
The introduction of chirality to liquid crystal systems changes their physical
properties and structures by breaking the mirror symmetry.
the helical structure found in the chiral nematic (N*) phase.

An example of such changes is
In the achiral nematic phase,

molecules have a long-range orientational order with their average long axis along the nematic
director n, but have only a short-range positional order.

The n-director changes its direction

by twisting along an axis perpendicular to n and forms a helix when introduction of chirality
breaks equivalence of free energy between clockwise and counter clockwise rotation.

In

almost all cases, the pitch of the helix becomes shorter when the concentration of chiral
component increases or when the enantiomeric excess of the material increases.
When the N* phase appears from the isotropic phase, infinite numbers of helical axis
directions are possible under the condition that helical axis must be perpendicular to a
particular molecule.

Normally one of these axes is chosen and a one-dimensional helical

structure with a long range order is formed.
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could have two helical axes perpendicular to the local n-director, resulting in
three-dimensional lattice called the blue phase (BP).

It is known that there exist three BPs;

BPI, BPII and BPIII, in which the molecules organize into double twisted cylinders [See
figure 7.1.1] building up three dimensional structures with lattice of defects[1]-[6].

Detailed

structures of these phases were studied extensively using the Kossel diagram method, optical
microscope observations of crystallite morphology of single crystals of the blue phases and
electron microscopy of freeze fractures[6]-[8].

Two of these phases, BPI and BPII, have cubic

symmetry with a three-dimensional periodic orientational order and no positional order of
molecules[see figure 7.1.2].

In the BPIII phase, the orientational order of molecules is not

periodic and the symmetry of this phase is the same as that of the isotropic phase[3]-[8].

Figure 7.1.1.
cylinder.

Molecular orientation in the double-twist

The director is parallel to the tube axis at the

center, twisting along any radius. The distortion energy of
such a configuration is lower than for twist in a single
direction, but only near the center.

In a double twist

cylinder, the molecular orientation at the edge is around 45º from tube axis.

Figure 7.1.2.

Models of cubic blue phases.

(a)-1 Arrangement of double-twist

cylinders for the sc O2 structure and (a)-2 corresponding unit cell of defect lines.

(b)

Arrangement of double-twist cylinders for the bcc O8- structure and (b)-2 defect lines.
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Theoretically, the increase in total free energy due to the existence of the lattice of
defects should be compensated by some interaction energies to stabilize these BPs.

Several

theories suggested the factors stabilizing BPs.

According to the Landau theory,[2],[9]-[11]

increasing chiral parameter allows BPs to exist.

On the other hand, the defect theory[12]

suggests that the free energy cost around these defects decreases by the introduction of surface
elasticity.

In both cases, the helical twisting power originated from chirality of molecules

should be strong to build up the double twist cylinder in these BPs.
Experimentally, BPs are known to appear in a narrow temperature range above the
N* phase with relatively short helical pitches.

Stegemeyer et al. studied the relation between

the helical pitch in the N* phase and the temperature range of BPs in several binary mixture
systems6 and found that in almost all cases the temperature range of BPs decreases when the
helical pitch is elongated.

BPs disappear when the helical twisting power decreases by

adding non-chiral components or by decreasing optical purity of the mixtures.
have been thought to be consistent with the theoretical consideration.

These results

Here we report

surprising experimental observations that BPs are induced by adding non-chiral molecules to
the N* liquid crystals inherently showing no BPs, although the helical pitch in the N* phase
was elongated.
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7.2 Experiment
On the first part of this experiment, chiral TFMHPDBC [see figure 7.2.1(a)] were
chosen as a host material.
visible wavelength.

This compound exhibits Sm-CA* phase whose helical pitch is in

As a non-chiral guest material, bent-core liquid crystal P10OPIMB [see

figure 7.2.1(b)] was used.
On the second part of this experiment, mixtures of a NLC ZLI-2293 (Merck) and a
chiral dopant MLC6248 (Merck) [see figure 7.2.1(c)] were prepared as host materials for the
following experiments.

Four host mixtures with various concentration of the chiral dopant

were prepared; 25.03% (YR25), 23.00% (YR23), 21.04% (YR21) and 18.01% (YR18).
N* phase of all these host materials melt to isotropic at 82ºC.

The

Planar aligned texture changed

to the focal conic texture because the helical pitch of this material was short especially in high
chiral content host materials.

As a non-chiral guest material, rod-like nematic liquid crystal

TBBA, bent-core liquid crystal P8PIMB and rod-like liquid crystal racemic MHPOBC were
mixed into the host materials.

Chemical structures and transition temperatures of these

materials are shown in Figure 7.2.1 (d-f).
To determine the helical pitch, selective reflection wavelength from planarly aligned
liquid crystal cells of the N* phase or thick freely suspended films of Sm-CA* phase were
measured using a visible light spectrometer with a microscope (ORC TFM-120AFT).
Transition temperatures and phase sequences were obtained by polarized light optical
microscope observations.
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Figure 7.2.1.

Chemical structures and phase sequences for the molecules used in

these experiments.
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7.3 Results
7.3.1 Mixing Bent-core Molecules into the Chiral Sm-CA Phase
The shortening of the helical pitch by adding bent-core material to the N*[13] and
Sm-C*[14] phase were recently reported.

Bent-core molecules are thought to form a twisted

chiral conformation but, of course, molecules are achiral itself and hence number of molecules
having R handedness and L handedness has to be the same.

In the chiral environment,

however, chemical potential of the R conformer and L conformer should be different and it
results that one of these two chiral conformers will dominate.

In such system, bent-core

molecules would effect as a chiral dopant in this system[14].
First experiment was done to obtain this effect in the Sm-CA* phase.

Figure 7.3.1

shows the temperature dependence of selective reflection wavelength in the Sm-CA* phase in
mixtures of different concentration of P10OPIMB.

To consider change in transition

temperature, the helical pitch at the same degrees below the transition temperature in each
mixture was plotted in figure 7.3.2. Clearly, the helical pitch in the Sm-CA* phase was
shortened by adding the bent-core molecule.
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Figure 7.3.2.

Selective reflection wave

length at the temperature 5, 10 and 15ºC
below the Sm-A to Sm-CA* transition
plotted against the concentration of
P10OPIMB.

7.3.2 Mixing Non-chiral Molecules into the Chiral Nematic Phase
Pure Host Materials
The selective reflection wavelength (pop) of the host materials was measured in the
N* phase at 25°C and at T-TI-N = -5K, where TI-N is the transition temperature between
isotropic and N*[see figure 7.3.3(a)].

The inverse of pop, that is proportional to the twisting

power, is plotted as a function of concentration of the chiral component in figure 7.3.3(b).
The data clearly show a straight line passing through the origin, indicating that the twisting
power is proportional to the concentration of the chiral component.

At a temperature close to

TI-N, a focal-conic texture with a 2-D lattice of point disclinations was observed, as shown in
figures 7.3.4., where textures in a wedge cell of YR25 are shown.
seen in figure 7.3.4(a).
isotropic and N* phases.

Grandjan-cano lines were

Figures 7.3.4(c) and (d) also indicate that no BPs emerge between the
It was also confirmed that all of the host materials with the chiral

component lower than 26wt% did not exhibit any BPs although the same host material with
28wt% of chiral component exhibit the BPII phase in very narrow temperature range.
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Figure 7.3.3.

(a) Selective reflection

wavelength and (b) the inverse of the
wavelength of the host materials with
different concentraion of chiral dopant
measured at 25ºC (open triangle) and
at T-TI-N=-5K (closed triangle).

Figure 7.3.4.

Photomicrographs of pure host material YR25.

(a) Photomicrographs

of Grandjean texture in a wedge cell, (b) nucleation of focal conic domains at 80ºC, (c)
focal conic texture (also called as polygonal texture) at 80.5ºC, and (d) melting to the
isotropic at 81ºC in a 6-micron thick planar cell.
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Mixtures of P8PIMB (Bent-core molecules)
From the result in the mixtures of the Sm-CA* material and bent-core material,
shortening of helical pitch in the N* material was also expected to be observed.

The phase

diagrams and pitch changes in the P8PIMB/YR(23, 21, 18) systems are shown in figure 7.3.5.
The selective reflection wavelength at T-TI-N = -5K or at T-TBP-N = -5K increases
unlike the Ch* case reported in [13].

In the mixtures with the host YR18, the helical pitch in

the N* phase was longer than 850 nm.

Figure 7.3.5.

Phase diagram and selective reflection wavelength of mixtures with

P8PIMB, (a) P8PIMB/YR23, (b) P8PIMB/YR21 and (c) P8PIMB/YR18.
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Interesting result found in here was that the Blue phases were induced in all the
mixtures when P8PIMB molecules are added.

In YR23, 2wt% of P8PIMB was enough to

induce BP, although too much doping than 6wt% was not possible, because of low miscibility
of P8PIMB to YR23.

Small increase (YR21) and even decrease (YR18) of the transition

temperature between isotropic and BP was observed, indicating low miscibility of the host and
dopant.

In YR21, BP emerges in a wide range of P8PIMB content at least from 5 to 20wt%.

In the mixture of lower concentration of P8PIMB, only one BP assignable to BPII by texture
observation was induced.

In the mixture of higher concentration of P8PIMB, at least two

BPs, i.e., BPI and BPII, were confirmed.
more than 10wt%.

In YR18, BP is also induced by adding P8PIMB of

The identification of BPs was made by texture observations as shown in

figure 7.3.6, where the textures of 15wt% P8PIMB/YR21 are shown.

The texture under a

temperature gradient (left around 77ºC and right around 83ºC) shown in figure 7.3.6 (a) clearly
reveals the existence of BPII and BPI between the isotropic and N* phases.
BPII and BPI are respectively shown in figure 7.3.6 (b) and (c).

The textures of

Platelet texture with various

colors was observed in the BPII phase [see figure 7.3.6 (b)] and fine stripes appeared in the
plate after the transition to BPI[6].

The temperature range of BPs was over 4K in the 15%

P8PIMB/YR21 mixture.
Several different bent-core and bent-shaped molecules were examined and the
induced BPs were observed as well as the result reported above even the helical pitch was
elongated in all of these case.

Bent-core and bent-shaped molecules tested are shown in

figure 7.3.7 and results are summarized in table 7.3.1.
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Figure 7.3.6.

Photomicrographs of the Blue phases found in the mixture of 15wt%

P8PIMB/YR21.

(a) Texture under a temperature gradient covering the transition

between N*, Blue and isotropic. Left side (around 77ºC) of the cell is cooler than right
side (around 83ºC).

(b) BPII phase (at 81ºC) obtained by cooling from isotropic and

(c) BPI phase (at 79ºC) obtained by cooling from (b).

Table 7.3.1.

List of bent-shaped molecules examined whether or not they induce BPs

when mixed into the host chiral nematic materials.

“no data” means the mixtures

were never made, “not mixed” means bad miscibility with the host.
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Figure 7.3.7.

Chemical structures of bent-shaped molecules examined.

(a) does not exhibit any liquid crystal phases.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

- 270 -

Azo-8O in

electronic-Liquid Crystal Dissertations - October 27, 2006

7. Induced Blue Phase

Mixtures of racemic MHPOBC
If the bent-core molecule would form a twist conformation of one handedness and
effect as a chiral dopant for inducing the BPs in this system, non-chiral rod-like molecules
would not produce the same effect.

To examine this point, racemic MHPOBC was used as

the second dopant.

Figure 7.3.8.

Phase diagram and selective reflection wavelength of mixtures with

racemic MHPOBC, (a) MHPOBC /YR23, (b) MHPOBC /YR21 and (c) MHPOBC
/YR18.
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It was surprising that BPs were also induced by adding a racemic liquid crystal
material MHPOBC to the host materials, as shown in figure 7.3.8.

Like in the phase

diagrams in P8PIMB/YR mixtures, BP is easily induced in the mixture with high chiral
content; YR23 exhibits BP at least at 4wt% of MHPOBC, 10wt% in YR21 and more than
10wt% in YR18.

The BP temperature range becomes wider with increasing dopant ratio.

It

is also noted that TI-BP or TI-N increases, when the concentration of racemic MHPOBC
increases, indicating that the racemic MHPOBC has better miscibility to the host than
P8PIMB.

The helical pitch in the N* phase at T-TI-N = -5K or at T-TBP-N = -5K was elongated,

as shown in figure 7.3.8.
longer than 850nm.

In the mixtures with the host YR18, the helical pitch in N* was

Photomicrographs of BPs are shown in figure 7.3.9.

The texture under

a temperature gradient shown in figure 7.3.9 (a) clearly shows the existence of at least two
BPs, BPI and BPII.

Figure 7.3.9.

The respective textures are shown in figure 7.3.9 (c) and (b).

Photo-micrographs of the BPII and BPI phases in the mixture of 15wt%

MHPOBC/YR21.

(a) Texture under a temperature gradient covering the transition

between N* and the blue phases.
right side (around 88ºC).

Left side (around 82ºC) of the cell is cooler than

(b) BPII phase (at 86ºC) obtained by cooling from

isotropic and (c) BPI (at 84ºC) phase obtained by cooling from (b).
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Mixtures of TBBA
As the last non-chiral dopant, an achiral liquid crystal TBBA was used, which
exhibits the N phase with TI-N higher than that of the host materials.

Figure 7.3.10 shows the

phase diagrams of the mixtures with different concentration of TBBA molecules.
selective reflection wavelength in the N* phase at T-TI-N = -5K is also shown.

The

As found in

these phase diagrams, no additional phases emerge and only a shift of TI-N was observed,
although miscibility became worse, or becomes lower in YR23 with higher concentration of
TBBA.

Because measurable range of the selective reflection wavelength was shorter than

800 nm, the helical pitch measurements were possible only for YR23 and YR21.
Nevertheless, it is clear in figure 7.3.10 that the helical pitch in the N* phase was elongated by
adding TBBA on all of these three host materials.
systems mentioned above were just as expected.
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Figure 7.3.10.

Phase diagram and selective reflection wavelength of mixtures with

TBBA, (a) TBBA /YR23, (b) TBBA /YR21 and (c) TBBA /YR18.
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7.4 Discussion
It is known that BPs appear above the N* phase with relatively short helical pitch (<
~500 nm), and disappear when the helical twisting power is decreased by adding non-chiral
components or decreasing optical purity of the mixture.

However, BPs were induced by

adding non-chiral mesogens into N* liquid crystals that do not exhibit any BPs.

The key to

interpret this phenomenon is that bent-core achiral P8PIMB and racemic MHPOBC are
effective to show the phenomenon, while not in achiral TBBA.
These added non-chiral molecules can be classified from the two viewpoints of
molecular chirality and molecular shape.

It is important to note that the bent-core achiral

molecules are known to form chiral conformations[15]-[17] and to be segregated into two chiral
domains[18]-[20].

In this sense, achiral bent-core mesogens might be regarded as inherently

racemic with equal numbers of R and S molecules.
experiments is also racemic.

MHPOBC used in the present

This point is definitely different from TBBA that is an achial

molecule and has no chiral conformers when the time averaged and space averaged
conformations were paid attentions.
Also the difference in molecular shape should be noted.

P8PIMB molecules are

clearly of bent shape because of the chemical structure of the molecule.

Chiral MHPOBC,

the first antiferroelectric LC[21], has been extensively studied from many viewpoints and
several experiments such as FT-IR[22] and NMR[23] suggested that the chiral end is largely bent
with respect to the core direction of MHPOBC, and MOPAC calculation[24],[25] also supports
the stable bent conformation.

Hence, not only P8PIMB but also racemic MHPOBC might

have bent shapes, while TBBA is a straight shape (rod-like) molecule.
Then which or both of chirality and/or shape do play a role to give rise to the present
surprising phenomenon, induced BPs by adding non-chiral mesogens?

Before the detailed

discussion, an interesting doping effect of bent-core mesogens, namely the enhancement of
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twisting power (shortening of helical pitch) by doping chiral host with achiral bent-core
mesogens should be reminded.

The effect was observed in both N*[13] and chiral smectic

phases (Sm-C* and Sm-CA*)[14].

In the former case, cholesteryl 4-formylbenzoate was used

as a host N* material.

The doping of bent-core mesogens induced shortening of their helical

pitch, although TBBA lengthened the pitch[13].

This enhanced chirality was explained

qualitatively that one of the chiral conformations is preferentially realized in chiral systems
and acts as chiral dopant. In the latter case, shortening of helical pitch in Sm-C* and Sm-CA*
was also observed by adding achiral bent-core mesogens[26].

Theoretical treatment was made

to explain the phenomenon; the essence of the interpretation is chirality transfer between host
and bent-core mesogens, the same as in the N* system.

Achiral bent-shaped molecules

become structurally chiral due to the interactions with the chiral host that induces tilt and polar
order of bent-core molecules. The induced chirality is then transferred back to the host.

In

this theoretical interpretation, importance of bent shape is included in addition to chiral
conformations.
In the present experiments, slight elongation of the helical pitch was observed even
when banana mesogen was chosen as a non-chiral dopant in contradiction to the previous
results mentioned above.

We tested another pure chiral host material, cholesteryl decanoate,

having a similar chemical structure with that used in [13].

By mixing bent-shaped molecules

P8PIMB, the helical pitch was slightly shortened as same as the case reported in [13] but BPs
were not induced in this system even though the selective reflection wavelength was shorter
than 400nm.

The following three explanations are possible to account for the opposite pitch

changes in the present and previous works.

(1) The use of different host molecules.

The

host materials used in the previous work[13],[14] are purely chiral systems, while those in the
present study are mixtures with chiral dopant.

This brings about less chiral interactions

between the host and bent-shaped molecules because the number of chiral molecules in the
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system was small.

(2) Different ability of chiral transfer.

It is known that racemic domains

and/or equal fractions of chiral domains are usually formed in achiral banana phases[26], and
chiral dopants sometimes can produce unbalance of chirality;[19],[27] i.e., chiral transfer from
guest to host.

We found that chiral analogues of PnOPIMB, chiral MHPOBC, cholesteryl

4-formylbenzoate and cholesteryl decanoate have a strong ability of the chiral transfer, while
MLC6248 does not, when achiral PnPIMB is doped with these chiral dopants.
miscibility between chiral molecules and bent-shaped molecules.

(3) Different

The cholesteryl derivatives

showed better miscibility with bent-shaped molecules than MLC6248.

This could be

explained by the chemical structure; namely, the chiral material, MLC6248, used in our
experiments haves two phenyl rings and a cyclo-hexane ring straightly connected to each other
in its mesogenic part while cholesteryl derivatives could form slightly bent conformation
because of the chemical structure of their mesogenic core.

The difference in the above three

viewpoints brings about less chiral interaction between MLC6248 (chiral dopant) and the
chiral conformers of the present non-chiral dopants, resulting in weaker chiral enhancement.
From these results, we conclude the following points.

(1) Ability of chiral transfer would be

high between a host and a guest material with high miscibility. (2) A host chiral material
showing better miscibility to an achiral dopant could have better ability to transfer chirality but
no blue phase was induced.

On the other hand, a host showing lower miscibility to a

non-chiral dopant could have lower ability to transfer chirality but blue phases were induced.
Thus, it is clear that the “chirality” of the non-chiral dopant which is transferred from the
chiral host does not significantly influence to induce Blue phases, and some other factors than
the transferred chirality play a role to induce the blue phases.

However, the effect of

bent-core might exist even in the present result, as clearly seen by weaker pitch changes
against P8PIMB content.
Let us consider the origin of induced BPs from the chirality viewpoint.
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consider the hypothesis as a strong prerequisite that BPs emerge only in highly chiral systems.
As mentioned above, P8PIMB and MHPOBC might have chiral conformations, although the
content ratio of plus and minus chirality is 50/50.
chirality of the system as a whole.

Hence these dopant molecules decrease the

However, if the same conformer as the host more strongly

interacts with the host than the opposite conformer does, the chiral parameter, that governs the
emergence of BPs in the Landou theory, would effectively increase by elongation of the
coherence length which canceled that compensates the increase of the helical pitch.

In case

of TBBA, no chiral conformation exists, so that no effect results.
Another viewpoint that we should examine is the shape of molecules.
molecules could be segregated from the host and could make defect cores stable.

Doped
Also

decrease of bend-elastic constant in a nematic liquid crystal system by adding bent-core
molecules was reported by M. R. Dodge et. al[28].

Thus, it is necessary to consider a

reduction in the free energy cost for defects and double twist cylinders for stabilizing BPs.
As described in the defect theory, surface elastic constants are not cancelled out around the
double twist cylinders in BPs while they should be equal to zero in bulk systems.

There is a

possibility that doped molecules make the surface elastic constant K24 lower or stabilize defect
cores because of the bent molecular shape in P8PIMB and MHPOBC, while a straight
molecule, TBBA, does not induce any BPs.
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7.5 Conclusion
It was found that the cholesteric BPs are induced by doping N*LC having no BPs
with non-chiral molecules, that have inherently chiral conformers and bent shape.

In order to

interprete the phenomenon, chirality and shape of the dopant molecules are examined.

Both

bent-core mesogens and racemic MHPOBC have chiral conformations and bent shape in
contrast to straight-shaped achiral TBBA.
to induce BPs in N*LCs.

Therefore, both or either of them must play a role

Namely chiral molecular interaction among molecules with the

same chirality in host and dopant and/or the descend of the K24 surface elastic constant by
adding bent shaped molecules may play a major role in the present surprising phenomenon.
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Although numerous number of bent-core materials were synthesized and extensively
studied, it is not clear why achiral bent-core molecules produce polar liquid crystal phases
without mirror symmetry.

Many of liquid crystalline phases of bent-core molecules have

been investigated in terms of structure and physical properties but it has been remained
unanswered why bent-core molecules form these various liquid crystalline phases that are
never observed in rod-like molecular systems.

We cannot answer all of these problems, but

here, we would like to try to answer some of unsolved problems and introduce new properties
in the liquid crystalline phase of bent-core molecules.

8.1 Polar Structures in the Sm-CP Phase of Bent-core Molecules
Almost all Sm-CP phase of achiral bent-core molecules exhibits two antiferroelectric
structures, the Sm-CSPA and Sm-CAPA.

Just a few bent-core materials are known to exhibit

the ferroelectric Sm-CSPF or Sm-CAPF.

Experimental results described in chapter 3 and 4

suggest that the inter-layer molecular interaction is very effective to select the ground state as
antiferroelectric or ferroelectric in the Sm-CP phase.
PnOPIMB, a homologous series of bent-core molecules with straight end-chains
exhibits the antiferroelectric phase while P8OPIMB6* which has the end-chain branched at
the end exhibits the ferroelectric phase.
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two antiferroelectric and two ferroelectric Sm-CP states became close and frustration between
these four states was observed in terms of both polarity and clinicity.
To change the inter-layer interaction, a solvent which is expected to localize at the
layer interface was introduced in the Sm-CP phase of PnOPIMB (Sm-CSPA ground state) and
P8OPIMB6* (Sm-CAPF ground state).

Introduction of solvent which would be segregated at

the smectic layer interface and produce suppression of out-of-layer fluctuation and
neutralization of inter-layer steric interaction was examined on both Sm-CSPF ground state and
Sm-CAPF* ground state.

From these results we propose that the factor which stabilize the

anticlinic orientation of end-chains at the layer interface in the Sm-CP(*) phase of PnOPIMB
homologue is mainly the steric interaction between end-chains at the layer interface.
After considering three factors, dipole interaction, the steric interaction and the
out-of-layer fluctuation, we propose that the factor which selects the polarity in the Sm-CP(*)
phase of PnOPIMB homologue is mainly the steric interaction between end-chains at the layer
interface.

Handedness of layers is controlled by introducing chiral dopant into the system.

8.2 Layer Chirality in the Sm-CP Phase of Bent-core Molecules
Since a rod-like molecule in a smectic layer can rotate almost freely around its long
axis, achiral smectic phases of such rod-like molecules are never allowed to exhibit
spontaneous polarization perpendicular to the layer normal direction.

To generate

spontaneous polarization in tilted smectic phases of rod-like molecules, chirality has to be
introduced to lower the symmetry.

On the other hand, bent-core molecule can pack in a

smectic layer and the packing aligns molecular permanent dipole moment perpendicular to the
layer normal and molecular long axis, because the bent molecular shape enhances uniform
packing by excluded volume effect.

Tilting of bent-core molecules with respect to the

smectic layer normal and spontaneous polarization in a layer breaks the mirror symmetry in
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the Sm-CP phase.

The rotation around the molecular long axis has thought to be strongly

hindered in the Sm-CP phase of bent-core molecule, since spontaneous polarization measured
in the phase is always very large comparing to rod-like molecules.

If the rotation around the

molecular long axis would be free in a smectic phase of a bent-core material, the phase could
not be polar since all permanent dipole moment of molecules should be cancelled out.
Experimental results described in chapter 5 indicate that the rotation around the
molecular long axis less hindered in the Sm-CP phase of a bent-core material H91 comparing
to the other bent-core materials.
still.

The Sm-CP phase of H91 exhibits spontaneous polarization

But molecules rotate around the molecular long axis as the spontaneous polarization

reverses under application of large electric field, which has never been observed in the liquid
crystalline phases of either rod-like molecules or bent-shaped molecules.

This switching

process was well described and understood by solving equations of motion delivered from
energy dissipation.

8.3 Polarization Modulated Phase
Ferroelectric and antiferroelectric smectic LC phases create many interesting features
as a 2-dimentional polar fluid.

The polarization P is free to rotate continuously in the layer

plane in response to surface, electric and elastic torques in polar fluidic LC phases while the P
vector field of spontaneous polarization is almost fixed in the lattice of crystal in solid state
polar crystals.

Because of this orientational freedom, the 2-dimentional vector field of P

easily deforms and form a modulated structure in response to the internal local field generated
from P itself.

The polarization modulated structures were rare to be observed in bulk,

because the electrostatic energy from P is usually very weak compare to the bulk elastic
energy even in the ferroelectric smectic phase.

As described in chapter 6, existence of

polarization modulated phase is investigated by means of texture observations and x-ray
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diffraction experiments in a bent-shaped molecular system.

8.4 Conformation Chirality of Achiral Bent-core Molecules
Bent-core molecules are thought to form a twisted chiral conformation but, of course,
molecules are achiral itself and hence number of molecules having R handedness and L
handedness has to be the same.

In the chiral environment, however, chemical potential of the

R conformer and L conformer should be different and it results that one of these two chiral
conformers will dominate.
dopant.

In such system, bent-core molecules would effect as a chiral

The shortening of the helical pitch by adding bent-core material to the N* and

Sm-C* phase were recently reported.

It was examined also in the Sm-CA* phase and the

helical pitch in the phase was shortened by adding the bent-core molecule.
On the other hand, we reported a surprising experimental observations that
cholesteric blue phases are induced by adding non-chiral bent-shaped molecules to the N*
liquid crystals inherently showing no BPs.

Experimentally, BPs are know to appear in a

narrow temperature range above the N* phase with relatively short helical pitches.

But in

our experiments, the BPs were induced although the helical pitch in the N* phase was
elongated, as described in chapter 7.

To understand these results, we had to consider both

conformational chirality of doped achiral bent-shaped molecules and decrease of the elastic
constant.

The effect of the conformational chirality of bent-shaped molecules was not clear

in this case but the reduction of elastic constant could be the factor stabilizing BPs.
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Calculation of Index Ellipsoid and Electrooptic Responses

Electrooptic responses in the polar smectic phases is an interesting character which has
a possibility for the application of such liquid crystalline phases to the electronic devices like
liquid crystal displays (LCDs).

Electrooptic behavior, changes of birefringence and changes of

apparent optic axis direction under application of an electric field onto the ferroelectric Sm-C*
phase and antiferroelectric Sm-CA* phase, has been extensively studied in both experimentally
and theoretically.

Since molecules tilt from the layer normal direction, these phases are biaxial

though rod-like molecules can be regarded as uniaxial.

On the other hand, bent-core molecules

are biaxial when these molecules pack in a layer aligning their bent-direction.

The biaxiality

of bent-core molecules is supposed to produce complex changes in birefringence and direction
of apparent optic axis associating with molecular reorientation under application of an electric
field.

In this chapter, analytical solution of birefringence and direction of apparent optic axis

are obtained to analyze the electrooptic behavior in the Sm-CP structures of biaxial bent-core
molecules.

II.1 Calculation of Index Ellipsoid
(a-1) gives an index ellipsoid whose principle axes are parallel and perpendicular to
the molecular long axis of bent-core molecules [see figure II-1].

a2 b2 c2
+
+
=1
n a2 nb2 nc2

……(a-1)

Q(x, y, z) is on an ellipsoid made from (a-1) by tilting θ from z (rotation θ around y-axis) and
rotating ϕ around z-axis [see figure II-2] in the laboratory coordinate in which layer normal
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direction z is in the substrate plane, x is normal to the substrate and parallel to the layer plane,
and y is in both substrate plane and layer plane [see figure II-3].

Figure II-1.

An index ellipsoid whose longest

principle axis is parallel to the molecular long
axis of bent-core molecules in the molecular
coordinate.

Figure II-2.

A biaxial ellipsoid tilting θ from z (layer normal) and

rotating ϕ from x (substrate plane).

Figure II-3.

⎛ a ⎞ ⎛ cos θ
⎜ ⎟ ⎜
⎜b⎟ = ⎜ 0
⎜ c ⎟ ⎜ sin θ
⎝ ⎠ ⎝

Laboratory coordinate.

0 − sin θ ⎞⎛ cos ϕ sin ϕ 0 ⎞⎛ x ⎞
⎟⎜ ⎟
⎟⎜
1
0 ⎟⎜ − sin ϕ cos ϕ 0 ⎟⎜ y ⎟
0 cos θ ⎟⎠⎜⎝ 0
0
1 ⎟⎠⎜⎝ z ⎟⎠

⎛ x cos θ cos ϕ + y cos θ sin ϕ − z sin θ ⎞
⎟
⎜
=⎜
− x sin ϕ + y cos ϕ
⎟
⎜ x sin θ cos ϕ + y sin θ sin ϕ + z cos θ ⎟
⎠
⎝
where (a, b, c) has to satisfy (a-1).
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Here, x = 0 on a cross section of the ellipsoid by yz-plane (light passes through around x-axis).
From (a-1) and (a-2),

( y cos θ sin ϕ − z sin θ )2 + ( y cos ϕ )2 + ( y sin θ sin ϕ + z cos θ )2
n a2

nb2

nc2

=1

……(a-3)

⎛ cos 2 θ sin 2 ϕ cos 2 ϕ sin 2 θ cos 2 ϕ ⎞ 2 ⎛ sin 2 θ cos 2 θ ⎞ 2
⎟z +
⎜⎜
⎟⎟ y + ⎜⎜ 2 +
+
+
na2
nb2
nc2
nc2 ⎟⎠
⎝ na
⎝
⎠
……(a-3’)
⎛ − 2 sin θ cos θ sin ϕ 2 sin θ cos θ sin ϕ ⎞
⎜⎜
⎟⎟ yz = 1
+
na2
nc2
⎝
⎠

R(Y, Z) is on the (a-3), the cross section of the ellipsoid on the yz-plane.

(a-3) is made from an ellipse

By assuming that the

B2 C 2
+
= 1 (a-4) by θ app rotation around X-axis, R(Y, Z) has to
n12 n22

satisfy

⎛ B ⎞ ⎛ cosθ app
⎜⎜ ⎟⎟ = ⎜⎜
⎝ C ⎠ ⎝ − sin θ app

sin θ app ⎞⎛ Y ⎞ ⎛ Y cos θ app + Z sin θ app ⎞
⎟ ……(a-5).
⎟⎜ ⎟ = ⎜
cos θ app ⎟⎠⎜⎝ Z ⎟⎠ ⎜⎝ − Y sin θ app + Z cos θ app ⎟⎠

From (a-4) and (a-5),

(Y cosθ

− Z sin θ app )

2

app

n12

+

(− Y sin θ

+ Z cos θ app )

2

app

n22

⎛ cos 2 θ app sin 2 θ app ⎞ 2 ⎛ sin 2 θ app cos 2 θ app
⎟Y + ⎜
⎜
+
+
2
⎜ n2
⎟
⎜ n2
n
n22
1
2
1
⎝
⎠
⎝
⎛ 2 sin θ app cos θ app 2 sin θ app cos θ app ⎞
⎟⎟YZ = 1
⎜⎜
−
n12
n22
⎠
⎝

R(Y, Z) has to satisfy both (a-3’) and (a-6’) then,
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2
2
cos 2 θ sin 2 ϕ cos 2 ϕ sin 2 θ cos 2 ϕ cos θ app sin θ app
+
+
=
+
= F ……(a-7)
About Y ,
na2
nb2
nc2
n12
n22
2

2
2
sin 2 θ cos 2 θ sin θ app cos θ app
+
=
+
=G
about Z ,
na2
nc2
n12
n22
2

……(a-8)

⎛ 1
⎛ 1
1 ⎞
1 ⎞
− 2 ⎟⎟ = sin θ app cos θ app ⎜⎜ 2 − 2 ⎟⎟ = H ……(a-9)
2
⎝ n1 n2 ⎠
⎝ nc n a ⎠

and about YZ, sin θ cos θ sin ϕ ⎜⎜

The direction of apparent optic axis θapp and birefringence |n1-n2| are obtained by solving (a-7)
to (a-9).

From (a-7) and (a-8),

sin 2 θ app
1 ⎛⎜
=
−
F
n12 ⎜⎝
n22
and

F +G =

1
1
+ 2
2
n1 n 2

⎞
⎛
1 − sin 2 θ app
⎟ (1 − sin 2 θ app ) = ⎜ G −
⎟
⎜
n22
⎠
⎝

……(a-11).

(

From (a-9), H = sin θ app 1 − sin θ app
2

2

2

2

⎛ 1
1 ⎞
⎜⎜ 2 − 2 ⎟⎟ ……(a-12).
⎝ n1 n 2 ⎠

)

With (a-10),

(

H 2 = sin 2 θ app 1 − sin 2 θ app

⎧⎛
sin 2 θ app
⎪⎜ F −
n22
⎪ ⎜⎝
⎨
2
⎪ 1 − sin θ app
⎪
⎩

)

⎫
⎞
⎟
⎪
⎟ 1⎪
⎠−
⎬
n22 ⎪
⎪
⎭

sin 2 θ app ⎧⎪
sin 2 θ app 1 − sin θ app ⎫⎪
=
−
⎨F −
⎬
n22
n22
1 − sin 2 θ app ⎪⎩
⎪⎭

sin 2 θ app ⎧
1⎫
=
⎨F − 2 ⎬
2
1 − sin θ app ⎩
n2 ⎭
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then H = tan θ app ⎜⎜ F −

⎝
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1 ⎞
⎟ ……(a-13).
n22 ⎟⎠

Also,

(

H 2 = sin 2 θ app 1 − sin 2 θ app

⎧⎛
1 − sin 2 θ app
⎪⎜ G −
n22
⎪ ⎜⎝
⎨
sin 2 θ app
⎪
⎪
⎩

)

⎫
⎞
⎟
⎪
⎟ 1⎪
⎠−
⎬
n22 ⎪
⎪
⎭

1 − sin 2 θ app ⎧⎪
1 − sin 2 θ app sin θ app ⎫⎪
=
−
⎨G −
⎬
n22
n22 ⎪⎭
sin 2 θ app ⎪⎩
1 − sin 2 θ app ⎧
1⎫
=
⎨G − 2 ⎬
2
sin θ app ⎩
n2 ⎭
⎛

−1
then H = tan θ app ⎜⎜ G −

⎝

1
n22

2

2

2

⎞
⎟⎟ ……(a-14)
⎠

From (a-13) and (a-14),

⎛
1
H = tan θ app ⎜⎜ F − 2
n2
⎝

⎞
⎟⎟ = tan θ app (F − G + H tan θ app ) ……(a-15)
⎠

H tan 2 θ app + (F − G ) tan θ app − H = 0 ……(a-15’)

by solving (a-15),

tan θ app =

n22 =

(G − F ) ± (F − G )2 − 4 H
2H

……(a-16)

1
1
2
……(a-17) and n1 =
……(a-18)
G − H tan θ app
F + H tan θ app
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II.2 Calculated Results
Effect of Biaxiality – Sm-CSPF and Sm-CAPA
Shown in figure II-4 (a) are calculated birefringence and direction of apparent optic
axis as a function of azimuthal rotation angle of uniaxial molecules [see figure II-4 (b)].

Both

birefringence and rotation of apparent optic axis increases gradually as the rotation angle of
molecules increases.

Figure II-4

Calculated birefringence and extinction direction (the rotation angle of

apparent optic axis from z) as functions of azimuthal rotation angle of molecules
(shown in (b)). Tilt angle θ=44º, refractive indexes na=1.7 and nb=nc=1.5.

Shown in figure II-5 (a) are calculated birefringence and direction of apparent optic
axis as a function of azimuthal rotation angle of biaxial molecules [see figure II-5 (b)].

At the

initial condition, rotation angle = 0, birefringence is almost 0 while it was 0.1 in the case of the
uniaxial molecule shown above.

Rotation angle of apparent optic axis (extinction direction)

increases rapidly as the azimuthal rotation angle increases, though birefringence increases
gradually.
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Figure II-5

Calculation of Index Ellipsoid

Calculated birefringence and extinction direction (the rotation angle of

apparent optic axis from z) as functions of azimuthal rotation angle of molecules
(shown in (b)). Tilt angle θ=44º, refractive indexes na=1.7, nb=1.6 and nc=1.5.

Using this information, intensity of transmitted light through the sample placed
between crossed polarizers was calculated as a function of rotation angle of molecule, which
shown in figure II-6.

The result well agreed with calculated result using Berreman matrix (4

by 4 matrix) also shown in figure II-6.

Figure II-6

Calculated transmittance as

a function of azimuthal rotation angle
of the biaxial molecule. Tilt angle

θ=44, refractive indexes na=1.7,
nb=1.6, nc=1.5, sample thickness
1.5µm and wavelength 632.8nm.

Such behavior is possible to be observed in both the Sm-CSPF state and Sm-CAPA state,
i.e., in the Sm- CSPF state which is not surface stabilized and also in the Sm-CAPA state which
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exhibits the pre-transitional rotation before switching to the field induced Sm-CSPF state since
just a small rotation will produce a big change in extinction direction.

http://www.e-lc.org/dissertations/docs/2006_10_24_09_37_17

xiii

electronic-Liquid Crystal Dissertations - October 27, 2006

Appendix II.

Calculation of Index Ellipsoid

II.3 Experimental Results
Pretransitional Effect in the Sm-CAPA
Shown in figures II-7 (a-f) are photographs of the B2 phase of a bent-core material 1df
[see figure II-8], which were taken under application of triangular wave voltage.

The ground

state structure of the phase is antiferroelectric Sm-CAPA and two current peaks in a half period of
applied triangular wave were observed clearly in a frequency range of 1 to 100Hz.

Figure II-7

Photomicrographs (a-f) of the switching process under application of

triangular wave onto the B2 phase of 1df in a 6micron thick cell and polarization
reversal current profile. Arrows labeled as (a) to (f) indicate the moment when these
photomicrographs were taken.

Figure II-8

Chemical structure of 1df synthesized by C. Tscherske et al.
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As found in figure II-7, birefringence is very small (d∆n~100nm, gray) and extinction
direction is parallel and perpendicular to the layer normal in (a) where the applied electric field
was almost zero.

Extinction direction rotates around 43-degree in (b) and (c) while

birefringence increases just a small (d∆n~200-300nm, white).

Rotation of extinction direction

saturate around 44-degree and birefringence keep increasing gradually until d∆n reaches around
400nm (yellow), before polarization reversal current is observed [see figure II-7 (d)].

At the

moment when polarization reversal current appears, a first order transition is observed in
birefringence, namely d∆n jumps up to 800nm (second order yellow) with stripe domains
appearing along the layer though extinction direction stays almost the same position [see figure
II-7 (e)-(f)].
This behavior is explained using the calculated result shown in figure II-5.

In zero

field state, Sm-CAPA, birefringence should be very low and extinction direction is parallel and
perpendicular to the layer normal direction.

By small azimuthal rotation of molecules,

birefringence slightly increases while extinction direction increases rapidly.

Calculated

extinction direction reaches to 40-degree when molecules rotate around 20-degree.

Even

before the threshold, it is known that molecules slightly rotate around the tilt cone
(pre-transitional effect).

The big rotation of extinction direction with small increase in

birefringence observed before the threshold is generated by the pre-transitional rotation of
biaxial molecule, and the first order change in birefringence at the threshold must be produced
by the first order transition from the Sm-CAPA state to the field-induced Sm-CSPF state.
The same electrooptic behavior was observed in the Sm-CAPA phase of bent-core
molecules with large tilt angle around 45-degree (D. M. Walba, private communication).
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Apparent uniaxial phase – Sm-CAPF
Though molecules are biaxial and tilting from the layer normal direction, the Sm-CAPF
state produces no rotation of extinction direction for any rotation angle of molecules.

In this

case, transmitted intensity for the sample placed between crossed polarizers is very easy to
calculate.

Using measured birefringence shown in figure 3.4.8, transmittance as a function of

electric field was calculated and shown in figure II-9.

Figure II-9

Calculated transmittance of the Sm-CAPF state placed between crossed

polarizers that are parallel and perpendicular to the layer normal direction as a
function of applied electric field.

Sample thickness is 20micron and wavelength of

light is (a)632.8nm, (b) 547nm and (c) 488nm. Birefringence for each wavelength
was shown in figure 3.4.8.

Shown in figure II-10 (a-c) are the measured transmittance of the Sm-CAPF* state of
P8OPIMB6* in a 20-micron thick cell.

Though the hysteresys generated from ionic screening

in the cell was observed, these results well agreed with calculated results for 632.8nm and
532nm, different for 488nm but slightly.
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Figure II-10

Calculation of Index Ellipsoid

Measured transmittance of the Sm-CAPF* state in a 20micron thick cell

placed between crossed polarizers that are parallel and perpendicular to the layer
normal direction as a function of applied electric field.

Wavelength of incident light

was (a)632.8nm, (b) 547nm and (c) 488nm.

Summary
Calculation of index ellipsoid with assuming biaxiality of bent-core molecule well
agrees with and explains experimental results.

Especially, biaxiality and large tilt angle of

molecules in the Sm-CSPF state and Sm-CAPA state are found to exhibit the unusual electrooptic
behavior characterized by large rotation of extinction direction associated with a small increase
in birefringence under small rotation of molecules.
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Appendix III.

Euler-Cauchy Method

The Euler-Cauchy method is a simple algorism to obtain a numerical solution of a
deferential equation.

Derivative of an unknown function a(t ) is defined as follows

a(t ) − a(t 0 )
da(t )
a(t + ∆ ) − a(t )
= lim
= lim
t →t 0
∆ →0
dt
t − t0
∆

……(III-1)
(* a(t ) is continues in all t range)

Then, by assuming that t ≈ t 0 or ∆ ≈ 0 ,

da(t ) a(t ) − a(t 0 ) a(t + ∆ ) − a(t )
=
≈
∆
dt
t − t0

……(III-2)

For the deferential equation given as a function of a(t ) and t,

da (t )
= f (a(t )) + g (t ) = A(t )
dt

……(III-3)

da(0) dt is then obtained numerically by substituting the initial condition a(0) .
da(t )
= f (a(0)) + g (0 ) = A(0)
dt t =0

……(III-4)

From (III-1),

a(0 + ∆ ) ≈ a(0) + A(0)

……(III-4)

a n ≈ a n −1 + An −1

……(III-5)

Then

where a 0 = a (0 ), a1 = a (0 + ∆ ),..., a (0 + n∆ ) and A0 = A(0 ), A1 = A(0 + ∆ ),..., A(0 + n∆ ) .
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Numerical solution of the deferential equation is given as a series of numbers,

a(t ) ≈ a 0 , a1 , a 2 , a3 , a 4 ,..., a n ,...

……(III-6)

To apply this method to solve deferential equation (5.2.33) and (5.2.34),

dα Ps ⋅ E sin α cos β sin 2 θ + (dU b dβ ) cos θ
=
dt
η A − η B cos 2 θ

…… (5.2.33)

dβ Ps ⋅ E (cos α sin β + sin α cos β cos θ ) − (dU b dβ ) dα
=
−
cosθ …… (5.2.34)
dt
dt
ηB
initial conditions would be α 0 = 0 and β 0 = 0 in real, but these give both dα 0 dt and

dβ 0 dt equals to 0 and then the solution would stay at 0 forever. So that, the initial conditions
for the calculation were given as α 0 = 0.1 and β 0 = 0.1 .

Ps , η A , η B , θ and E are

constant and U b is given as a function of β as follows.

U b = Fbarrier sin 2 β

…… (5.2.1)

dα 0 dt is obtained numerically by substituting these values into (5.2.33), and dβ 0 dt is
also obtained from these values and dα 0 dt .

α1 = α 0 +

dα 0
dt

……(III-7)

β1 = β 0 +

dβ 0
dt

……(III-8).

Then α 1 and β 1 is obtained as follows,

And

α n = α n −1 +

dα n −1
dt

……(III-9)

β n = β n −1 +

dβ n −1
dt

……(III-10).
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Following is the code of a program used to obtain the numerical solutions, which was written in
Visual Basic 6.0.

‘------------------------------------------------------------------------------------------------------------------Option Explicit

'Setting of Global numbers

Dim theta(5000) As Single

'for calculation

Dim Alpha(5000) As Single

'for calculation

Dim Beta(5000) As Single

'for calculation

Dim savFilePath As String

'for setting path of data file

‘------------------------------------------------------------------------------------------------------------------Private Sub OneCal_Click()

'Sub program for Calculation

'Setting parameter dimension
'Parameters for calculation
Dim Ps, E, visc1, visc2, Fth, PE, pi, P, tilt, UBdb, DAdt, DBdt As Single
Dim i As Integer

'number for the loop

'Set pi value
pi = 3.14159265

'Get parameters from the frame
Ps = Val(ParamPs.Text) * 10 ^ -5

'nC/cm^2 --> C/m^2

E = Val(ParamE.Text) * 10 ^ 6

'V/micron --> V/m

visc1 = Val(ParamVisc1.Text) * 10 ^ 3
visc2 = Val(ParamVisc2.Text) * 10 ^ 3
Fth = Val(ParamPot.Text)
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tilt = Val(ParamTilt.Text)

'Set initial conditions
Alpha(0) = 0.1
Beta(0) = 0.1

'Erase last plot on the graph area
GraphArea.Cls

'Loop for numerical calculation of differential equation
For i = 1 To 5000

'cannot start from 0

theta(i - 1) = Alpha(i - 1) + Beta(i - 1)

'Angle between P and E

UBdb = Fth * Sin(Beta(i - 1) * pi / 180) * Cos(Beta(i - 1) * pi / 180)
PE = Ps * E
DAdt = (PE * Sin(Alpha(i - 1) * pi / 180) * Cos(Beta(i - 1) * pi / 180)
* (Sin(tilt * pi / 180)) ^ 2 + UBdb * Cos(tilt * pi / 180))
/ (visc1 - visc2 * (Cos(tilt * pi / 180)) ^ 2)

'(5.2.33)

DBdt = (PE * (Cos(Alpha(i - 1) * pi / 180) * Sin(Beta(i - 1) * pi / 180)
+ Sin(Alpha(i - 1) * pi / 180) * Cos(Beta(i - 1) * pi / 180)
* Cos(tilt * pi / 180)) - UBdb) / visc2
- DAdt * Cos(tilt * pi / 180)

'(5.2.34)

'DAdt = (Sin(Alpha(i - 1) * pi / 180) * Cos(Beta(i - 1) * pi / 180)
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'DBdt = ((Cos(Alpha(i - 1) * pi / 180) * Sin(Beta(i - 1) * pi / 180)
+ Sin(Alpha(i - 1) * pi / 180) * Cos(Beta(i - 1) * pi / 180)
* Cos(tilt * pi / 180)) - UBdb / PE
- (visc1 * DAdt * Cos(tilt * pi / 180) / PE)) / (visc2 / PE)
'(5.2.10)
Alpha(i) = Alpha(i - 1) + DAdt
Beta(i) = Beta(i - 1) + DBdt
theta(i) = Alpha(i) + Beta(i)

'Plot data point on Grapharea
Call GPLOT(i)
Next i
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub GPLOT(i)

'Sub program to draw a graph

'Setting dimension of parameters used in the sub program
Dim Apointy As Single

'Series A for plot on x axis

Dim Bpointy As Single

'series B for plot on x axis

Dim Fpointy As Single

'series C for plot on x axis

Dim pointx As Single

'series for y axis

Dim Hgraph, Wgraph As Integer

'size of graph area

Dim xmax, ymax, xmin, ymin, xzero, yzero, yshift As Single
Dim xdiv, ydiv As Single
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'Setting of Plot condition (CHANGEABLE)
ymax = 180: ymin = 0: yshift = 400

'setting about y axis (CHANGEABLE)

xmax = 5000: xmin = 0

'setting about x axis (CHANGEABLE)

'Setting of Plot condition (AUTOMATICALLY SETTED)

Hgraph = GraphArea.Height: Wgraph = GraphArea.Width
ydiv = (Hgraph - 2 * yshift) / (ymax - ymin)
xdiv = Wgraph / (xmax - xmin)

xzero = yzero = 0
If xmax * xmin < 0 Then xzero = -xmin 'setting of zero level on x axis (AUTO)
If ymax * ymin < 0 Then yzero = -ymin 'setting of zero level on y axis (AUTO)

'Plot data on the GraphArea

'Calcuration of data position on GraphArea
Apointy = Hgraph - (Alpha(i) + yzero) * ydiv - yshift
Bpointy = Hgraph - (Beta(i) + yzero) * ydiv - yshift
Fpointy = Hgraph - (theta(i) + yzero) * ydiv - yshift
pointx = (i + xzero) * xdiv

'plot of series A
GraphArea.FillColor = &HFFFF00
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GraphArea.FillStyle = 0
GraphArea.Circle (pointx, Apointy), 20, &HFFFF00

'light blue

'position, size(CHANGEABLE), color(CHANGEABLE)

'plot of series B
GraphArea.FillColor = &HFF00FF

'pink

GraphArea.FillStyle = 0
GraphArea.Circle (pointx, Bpointy), 20, &HFF00FF

'pink

'position, size(CHANGEABLE), color(CHANGEABLE)

'plot of series C
GraphArea.FillColor = &H80000005

'white

GraphArea.FillStyle = 0
GraphArea.Circle (pointx, Fpointy), 20, &H80000005

'white

'position, size(CHANGEABLE), color(CHANGEABLE)

GraphArea.FillStyle = 1
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub SaveFile_Click()

'Sub program to save results

Dim i, datapoint, dstep As Integer
datapoint = Val(SDPoint.Text)
Open savFilePath For Output As #1
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Write #1, "Ps=" + ParamPs.Text, "E=" + ParamE.Text, "visc1=" + ParamVisc1.Text,
"visc2=" + ParamVisc2.Text, "Potensical=" + ParamPot.Text,
"tilt=" + ParamTilt.Text
Write #1, "time", "alpha", "beta", "theta"
dstep = 5000 / datapoint

For i = 0 To 5000 Step dstep
Write #1, i, Alpha(i), Beta(i), theta(i)
Next i

Close #1
SFileList.Refresh
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub SFileDir_Change()
SFileList.Path = SFileDir.Path
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub SFileDrv_Change()
SFileDir.Path = SFileDrv.Drive
SFileList.Path = SFileDir.Path
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub SFileName_Change()
SaveFile.Enabled = True
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savFilePath = SFileDir.Path + "¥" + SFileName.Text + ".csv"
SaveFile.Enabled = True
End Sub
‘------------------------------------------------------------------------------------------------------------------Private Sub SFileList_Click()
SFileName.Text = SFileList.FileName
End Sub
‘-------------------------------------------------------------------------------------------------------------------

Words written in green are “comment line” which is inactive in the code.

The frame used for

this program is shown in figure III-1.

Figure III-1.

Frame used for the program written in Visual Basic 6.0.

[1] ParamPs, [2]

ParamE, [3] ParamVisc1, [4] ParamVisc2, [5] ParamPot, [6] ParamTilt, [7] OneCal, [8]
SFileDrv, [9] SFileDir, [10] SFileList, [11] SFileName, [12] SDPoint, and [13] SaveFile.
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Appendix IV.

PM-Sm-CP State of Dimers, m-OAM5 and m-AM5

In 1993, J. Watanabe et al. reported smectic layering formation in main-chain
polymer system, in which biphenyl mesogenic units are connected with hydro-carbon chain.
Later, they reported the polar smectic phase formed by achiral dimers which do not have the
“bent-core” but consist of two mesogenic units connecting together by flexible hydro carbon
chain.

The homologues series of molecules m-OAM5 and m-AM5 consist of two mesogenic

cores connecting together as shown in the next page.

Short tail compounds, m=4 to 6 exhibit

the “single layer” phase which is similar to the B6 phase.

Compounds of m=8 to 12 exhibit a

liquid crystal phase, so called “frustrated” phase, which has the same structure of the B1 phase.
Compounds of long tail, m=14-16, interestingly exhibit the B7 texture in the highest
temperature smectic phase though the phase exhibits the small angle x-ray diffraction
character clearly different from that of the B7 phase.
In this chapter, preliminary results on the texture observation of freely suspended
films of these dimer compounds and small angle x-ray scattering results are presented.
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