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CHAPTER 1

CHAPTER

General Introduction

1.1. Liquid Crystals (LCs)

When most people hear the word of the liquid crystals (LCs), they think of LC televisions.
In addition to LC televisions, LC displays have been adopted and widely used in devices such
as mobile phones, laptop computers, automobiles, and other scientific equipment. LCs are
recognized as a new fourth state of matter apart from the solid, liquid, and gaseous three states
of matter. LCs are roughly classified into lyotropic LCs formed by dissolving in a solvent and
thermotropic LCs formed at various temperatures. In this thesis, the thermotropic LCs is
focused because the thermotropic LCs are dealt with. Thermotropic LCs come in a wide variety
of forms. A solid, 1.e., crystal (Cr) phase has three-dimensional order of molecules, and a liquid,
1.e., 1sotropic (Iso) phase has no order at all in all directions. The LC phases exist between the
Cr phase and the Iso phase, and the transition mainly from the 3 dimensional (D) order to the 0
D order involves a transition from3 D — 2D — 1 D — 0 D and a transition from3 D — 1 D
— 0 D. There are various transitions from the 3 D order to the 0 D order, and various LC phases

exist depending on the intermediate state. Figure 1-1(a) shows a typical rod-shaped LC
(a)

C10H21OCOOC4H9

(c) (d)

wh i
i
W/

Figure 1-1. (a) Molecular structure of rod-shaped LCs. Schematic view of representative LC
phases; (b) nematic, (c) SmA, and (d) SmC phases.
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molecular structure.! This rod-shaped molecule is composed of a mesogenic group, which is a
hard segment, and an alkyl chain, which is a soft segment, and forms various LC phases. Figure
1-1(b)-(d) show typical alignment structure of this rod-shaped molecule. The Cr phase with 3
D order transforms into the smectic-C (SmC) and smectic-A (SmA) phases with 1 D positional
order as the temperature increases. Here, the smectic phase is classified into the SmC phase in
which the molecules are tilted from the direction perpendicular to the plane of each layer and
the SmA phase in which the molecules are perpendicular to each layer. Furthermore, with
increasing temperature, a nematic (N) phase with a loss of positional order appears. There are
various other LC phases such as the discotic and cubic phases, and all of which appear in the

process of transition from 3 D order in the Cr phase to 0 D order in the Iso phase.?

1.2. Ferroelectric LCs

Among the LCs described above, there is a special LC having ferroelectricity. The
ferroelectricity is a state in which spontaneous polarization (Ps) exists in a system in a state in
which no external electric field is applied, and the Ps can be reversed by electric field reversal.

Here, LCs with ferroelectricity are classified and their characteristics are explained.

1.2.1. Rod-Shaped Molecules
1.2.1.1. Chiral Smectic C (SmC") Phase

The first ferroelectric LC was discovered by R. B. Mayer et al.’ in 1977. Mayer et al. proved
that DOBAMBC (see Figure 1-2(a)) with chiral molecules introduced into the molecule can
become ferroelectric by consideration of symmetry. Although the symmetry of the normal SmC
phase is Con, the symmetry of the SmC” phase into which chiral molecules are introduced is Ca,
and the molecular long axis is aligned with a uniform tilt from the layer normal. Furthermore,
there 1s the Ps derived from the dipole moment because the free rotation around the long axis

of the molecule is constrained (see Figure 1-2(b)). In the absence of an external electric field,

o) C,Hs

Figure 1-2. (a) Molecular structure of DOBAMBC. (b) Schematic view of representative SmC*

phase. The z is the layer normal.



CHAPTER 1

this ferroelectric phase forms a helical structure whose axis is the direction of the layer normal,
resulting in cancellation of the Ps. However, once an electric field is applied, a state of aligned
dipole moments is formed, and this state is maintained even when the electric field is turned
off.

1.2.1.2. Ferroelectric nematic (Nr) phase

The interest has also been devoted on ferroelectricity in the nematic phase, the most common
phase in rod-shaped LCs. Ferroelectricity is produced by the dipolar-dipolar interaction.
According to the simple model by Born, the electric—dipolar interaction proportional to the
square of the dipole moment, which should be strong enough to withstand a thermal fluctuation,
is the most important to emerge from the nematic phase.* Similar theoretical predictions have
been studied by Lee et al.”> The nematic phase becomes ferroelectric when the rod-shaped
molecule has a large dipole moment exceeding a certain critical magnitude along its long axis.
This prediction has been first realized in the hard-rod polymers where the longitudinal dipole
moment can be easily increased with the degree of polymerization. A typical example is the
aromatic LC polyester, so-called “Vectra,” created by the polycondensation of hydroxyl benzoic
acid and hydroxyl naphthoic acid (see Figure 1-3(a)). This polymer exhibits the extremely
strong second harmonic generation (SHG) in nematic LC state and its glassy solid state,
showing the formation of non-centrosymmetric polar nematic LC.%” As predicted from the
theory?, it is reported that the SHG-active LC is formed only when the degree of polymerization
exceeds a critical value of around 40, that is the longitudinal dipole moment of polymer exceeds
100 D.” Similar SHG-active nematic and cholesteric LCs are also observed in the a-helical
polypeptides which behave as dipole rod as well.>’
More recently, two independent reports in the low-weight molecular system were published

claiming the discovery of a ferroelectric nematic phase (Nf) for two quite different molecular

(a

)
O o)
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: Seta”
(b) F
O O F F
C3H7{
0 o~ )
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Figure 1-3. Molecular structure of (a) Vectra, (b) DIO, and (c) RM734.
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structures, DIO' (see Figure 1-3(b)) and RM734!!!2 (see Figure 1-3(c)) with high longitudinal
dipole moments (about 10 D). Furthermore, several other molecules and their ferroelectric

properties are intensively studied.'>2°

1.2.2. Bent-Shaped Molecules
1.2.2.1. Banana Molecules

Apart from the SmC™ and N phases, which are the rod-shaped molecules as mentioned above,
Watanabe et al. first discovered the ferroelectric switching characteristics of the banana
molecules without asymmetric carbon molecules.?! The banana molecules are constructed by
linking the linear mesogens to the non-para-positions of aromatic central core.?!?> A typical
molecular structure, P-n-O-PIMB is shown in Figure 1-4(a). The banana molecules with
polarization perpendicular to the long axis of the molecule form a layered structure, which

suppresses free rotation around the long axis due to molecular packing. Therefore, the

(@)

RO

+ chirality - chirality

Figure 1-4. (a) Molecular structure of the banana molecule, P-n-O-PIMB (left) and its symbolic
representation (right). Red arrows represent the bent-director (i.e. polar axis). (b) Layer
organization in the SmCPa phase showing the antiferroelectric homogeneously chiral states at
zero applied electric field (£ = 0) and the corresponding ferroelectric states for fields beyond
the threshold electric field (Ew). (c) Chirality of the SmCP phase. The z is the layer normal and

the c is the molecular tilt orientation between adjacent layers.
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polarization generated by the anisotropy of the molecular shape and the effective packing (polar
structure) produce ferroelectricity or antiferroelectricity. If this intralayer polarization is parallel
to the adjacent layer, it is ferroelectric, and if it is antiparallel, it exhibits antiferroelectricity.
The phase structure model of P-n-O-PIMB is concluded to be an antiferroelectric phase in

which the molecules are tilted from the layer normal as shown in Figure 1-4(b).2° The chirality

Sl

O

WL | 47 N
A

///AR\\\G
| XX\

W
BN

Figure 1-5. Six possible polar smectic structure of bent-shaped molecules. In two of them,

SmC,P:

SmC,P;

molecules are not tilted from the smectic layer normal (SmAP) and another four are tilted polar
smectic phases (SmCP) in which two types of layers consisting blue or red molecules which is

mirror images of the other.
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occurs as a result of molecules being tilted from the layer normal because molecules have the
P due to shape anisotropy (see Figure 1-4(c)). In principle this polar packing occurs in both the
non-tilted SmA and tilted SmC phases. There are six possible layer structures, “SmAPF, SmAP3,
SmCsPa, SmCsPr, SmCaPa, and SmCaPr phases” consisting of polar packed smectic layers
with achiral bent-shaped molecules (see Figure 1-5).262° 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 SmC phase 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 SmC type
phase refers respectively to synclinic and anticlinic tilt. To denote the polar order, Pr and Pa
refer respectively to ferroelectric and antiferroelectric polar order in adjacent layers.
Furthermore, due to its special molecular shape, banana molecules can form various smectic
and Nr phases other than the above smectic phases.?*>*! Banana molecules can produce unique
LC phases that rod-shaped molecules never form.

1.2.2.2. Dimeric Molecules

The banana molecules have the phenyl group in the center of the molecule, whereas the
molecule in which the central spacer is linked by a methylene chain is called a dimeric
molecule.’*” The dimeric molecules were synthesized and structurally analyzed at the same
time as the banana molecules. The odd-even effect in the methylene chain length of the spacer
forms bent and rod-shaped shapes, respectively.>>¥-% Assuming that the methylene chains are
all-trans oriented, when the number of methylene chains is odd, adjacent mesogens tilt in
opposite directions to the layer normal, resulting in the formation of a bent structure (see Figure
1-6(a)). When the number of carbon atoms in the methylene chain of the spacer is even, the
molecule becomes rod-shaped (see Figure 1-6(b)) and does not exhibit ferroelectricity or

antiferroelectricity. The LC phase forms a nematic or SmA phases. The typical bent-shaped

(b)

Figure 1-6. Molecular conformation of (a) odd-numbered molecule and

(b) even-numbered one.
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Figure 1-7. (a) Molecular structure of the bent-shaped dimeric molecule,
mOAMSAMOmM. Using this representation, the SmCA®, SmCA’, SmCaPs, SmAPr and
SmAPAa phases are schematically illustrated in (b), (¢), (d), (e), and (f), respectively.

RERG

dimeric  molecules are  a,w-bis(4-alkoxyanilinebenzylidene-4'-carbonyloxy)pentanes
(mOAMSAMOmMm)* with the formula shown in Figure 1-7(a). The bent-shaped dimeric
molecules form three types of the smectic LCs (refer to Figures 1-7(b)—(d)), depending on the
alkoxy tail group. When the tail length was short (m =4 and 6), the SmCA?® phase was formed.
Here each mesogen, but not a bent-shaped dimeric molecule, participated to form each smectic
layer. When the tail length was medium (m = 8—12), the frustrated SmCA' phase was formed.
When the tail length was long (m = 14—18), the smectic structure was identified as the SmCaPa
phase, where each bent-shaped dimeric molecule participates in each layer comprising the
bilayer of mesogenic groups. Within a layer, the bent-shaped dimeric molecules are packed with
significant tilting of the molecular axis and in the same direction of the bent (polar) axis. The
polar directions are opposite between the neighboring layers. Furthermore, the mixture of
40AMSAMO4 forming the SmCA® phase and 160AMSAMO16 forming the SmCaPa phase
with the antiferroelectricity formed the SmAPF (see Figure 1-7(e)) and SmAPa phases (see
Figure 1-7(f)) by a specific ratio, respectively.?” The ferroelectricity of the SmAPr phase was
identified by a single current peak under a triangular wave field and a clear second harmonic
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generation.’” The dimeric molecules have lower LC phase temperature than the banana
molecules due to the introduction of an alkyl spacer. Considering the application, dimeric

molecules are superior to banana molecules in terms of LC phase temperature.

1.3. Required Properties for Application of Ferroelectric LCs

Ferroelectric LCs are not only interesting from the viewpoint of fundamental science, but
they are also promising for commercial uses, such as high-energy density capacitors,
electrostatic actuator and novel information displays capable of microsecond electro-optic
responses.’”*? The use of soft LC materials might enable the realization of these flexible
devices. As a result, it is expected that the applicability of the device will greatly increase. In
terms of performance, especially in the capacitors and electrostatic actuators, increasing the
values of the Ps and dielectric constant (¢) greatly contributes to their respective performances.
As a basis for this, the relationship between the generated force, Ps, and ¢ in the electrostatic
actuator is shown below.**4!

The source of the generated force (F) in an electrostatic actuator is the electric charge (Q)
accumulated at the electrode / dielectric interface as shown in Figure 1-8(a). When an electric
field (F) is applied to parallel-plate electrodes with a distance (d) between the electrodes, the
acting between the electrodes can be expressed by

F—l E—l |74 1-1
_EQ _EQ 1-1

Therefore, to increase the F without increasing the driving voltage (V), it is necessary to
increase the Q. For this purpose, it is effective to use the polarization phenomenon. Ferroelectric
LCs are known to generate huge Ps as described above. It is thus expected that a huge generated
force can be obtained if the ferroelectric LCs is used as the electrostatic actuator medium.

In contrast, for a paraelectric material, the accumulated charge is proportional to the applied

voltage,

Q=cv= ET;"S (g)z (1-2)

where C is the capacitance, V is the applied voltage, d is the distance between electrodes, S is
the electrode area, o is the dielectric constant of a vacuum, and & 1s the relative dielectric
constant. Substituting Equation (1-2) into Equation (1-1) gives

P &r&S (V)z 1—3

Equation (1-3) for the generated force is commonly used for electrostatic actuators with

ordinary paraelectric media as shown in Figure 1-8(b). Therefore, in order to increase the F, it
is necessary to increase the & from the viewpoint of the material.

As described above, increasing the Ps and & of the ferroelectric LCs has the advantage of
greatly improving the performance of the device. In the next section, the general methods for

evaluating the Ps and &; are described.



CHAPTER 1

<
<

-Q — S ey
Electrode Electrode
1 |74 L v
A A
d /‘FV Dielectric d /? Dielectric
- 0 - ;

Figure 1-8. The actuation system using a typical sandwich-structure corresponding to (a)
Equation 1-1 and (b) Equation 1-3.

1.3.1. Spontaneous Polarization (Ps)

The intensity of polarization is defined as the electric dipole moment per unit volume of the
dielectric material. The Ps is a polarization that occurs under the influence of an internal process
in a dielectric, without the effect of external factors. The Ps existing in the ferroelectric phase
has the property of aligning in the direction of the electric field when a sufficiently large electric
field is applied. By measuring this current, the Ps value and switching characteristics can be
evaluated. In the antiferroelectric phase, although the Ps is canceled in the absence of an external
electric field, the direction of polarization can be aligned by applying an electric field as in the
ferroelectric phase.

In triangular wave application, the response current (/) by applying a field (¥) can be written
as a sum of the following three contributions; (1) charge accumulation in the capacitor (/) (1)
the ion flow (/i) and (iii) the polarization realignment (). Thus, one obtain*’

dv. dP V
I=I1.+1,+= CE-I_E—‘_F 1-4)
Where P is the amount of charge induced by the polarization realignment. The three
contributions of I, /; and /, are shown in Figure 1-9. The reversal Ps is obtained by integrating
over half the period of the applied electric field based on the baseline drawn for the response
current peak and dividing by the electrode area. The half-period of the applied electric field, Ps,
is equal to half of the reversal Ps. In the ferroelectric phase, which exhibits two-state inversion,
one current peak is observed per half period of the applied electric field, while in the
antiferroelectric phase, which exhibits three-state inversion, two current peaks are observed.
The switching response time of the device can be calculated directly from the current response

of the square wave.**
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o
Vv

Figure 1-9. Schematic illustration of the current induced by applying a field with a triangular
form. Three contributions, I, I, and [, to the overall current /, are due to the charge

accumulation, the polarization realignment, and the ion flow, respectively.

1.3.2. Relative Dielectric Constant (er)

The polarization is induced by applying an external electric field to the dielectric. Among the
induced polarizations, orientational polarization results from the rotation of molecules with
permanent dipoles by an external electric field. The magnitude of the induced polarization
varies when the LC phase is subjected to a time-dependent electric field. As long as the
molecular reorientation follows the instantaneous field, the induced polarization (or the &) is
constant. It is within this frequency range the & can be denoted the &5, and the mode is fully
contributing to the &.. At higher frequencies where the dipolar reorientation is no longer in phase
with the field, the contribution of the mode decreases more and more until it is completely
absent. The corresponding value of the & is denoted as the &.. This region of the dielectric
spectrum is called the relaxation region. At higher frequencies other modes may still be active
and contribute to the &. Let us denote the contribution of each mode to the & as the dielectric
strength (Ag).®

Ae = &5 — €4 (1-5)

10
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Within the relaxation regime there is a phase difference between the field (stimulus) and the
induced polarization (response). Due to this phase difference, a part of the electric energy is
dissipated in the form of heat, Thus, there is an energy loss that is absorbed by the dielectric.
Mathematically, this dielectric absorption is accounted for by introducing the complex dielectric
constant ¢”, conveniently written as*’
e =g —ig" (1-6)

The imaginary part due to each molecular process goes through a maximum when changing the
frequency.

In the study of dielectric relaxation, the Ae is used instead of the &. The Ae is the relative
dielectric constant considering the effect of ion diffusion in the low frequency region (~10 Hz)
and is calculated from ¢’ and &"” using semi-empirical formulas. Here, semi-empirical formulas
are introduced that are often used in dielectric analysis. Furthermore, the concept of Cole-Cole
plots which are useful for visually understanding dielectric relaxation data are described.
Although there are several ways to express the relaxation formula, here, the forms that are easy
to compare, such as the Debye and the Cole-Cole formulas are described.

A simple model allowing to describe the relaxation of the dielectric permittivity in terms of
a single time constant is due to Debye.*® The real (¢') and the imaginary (¢") parts of the complex

dielectric constant & are written as

i As

£ = et T ot =7
, AY:
oty (79
., AswT

) (=9

where Ag is the dielectric strength, w is the angular frequency of the applied field, and 7 is the
relaxation time which is related to the relaxation frequency f; as 7 = 1/2xf;. In Figure 1-10(a),
the real and imaginary parts of the dielectric constant are plotted against the frequency.
Eliminating the frequency from equations (1-8) and (1-9), the equation of a circle is obtained
with center on the ¢' axis as shown in Figure 1-10(b). This graphical representation of the
equation is called the Cole-Cole plot. The plot is very useful to check if the experimental values
of ¢ and ¢" can be described by a single relaxation time, which it often can’t do. Many systems
show a deviation in this sense from Debye dispersion. In order to describe systems which do
not relax with a single relaxation time, Cole and Cole have extended the Debye equation by
introducing the distribution parameter a.*’
Ae

“ T 1T¥ (D)@

(&5 — €)1 + (wT) %sin(am/2)]

et 1-11
£TF 1+ 2(wt)t~%sin(an/2) + (wt)20-®) ( )

*

ef=c¢ 0<ax<l1 (1-10)

11
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. (&= ) [(wT)' " %cos(am/2)]
&= 1+ 2(wt)%sin(amn/2) + (w1)21-

(1-12)

A4

Frequency (Hz)

a—

Figure 1-10. (a) Typical curve for the frequency dependence of the real (¢") and imaginary (¢")
parts of the complex dielectric constant. (b) Cole-Cole plot showing the relaxation between &'
and &¢" for a mechanism with a single relaxation time. (c) Cole-Cole plot showing the relaxation
between ¢’ and ¢” for a mechanism characterized by a distribution of relaxation times; a is the

distribution parameter.

The corresponding Cole-Cole plot with its center shifted is shown in Figure 1-10(c).
Although the system has a single relaxation time because equation (1-10) is equivalent to
Debye's relaxation equation (1-7) for a = 0, the distribution of the relaxation time is widened
as a increases.

1.4. Ferroelectric LCs with higher Ps and Ae

Several ferroelectric LCs with high Ps and A¢ have been reported so far. For example, Ozaki
et al. synthesized some chiral SmC" materials with two chiral carbons or bulky molecular
moieties and found them to have very high Ps (0.2 pCem™) and Ae (> 7000) at 250 pm-thick
cell.*® Also, the previously mentioned DIO and RM734 materials reveal anomalously huge Ae

around 10000 and a large Ps of about 4 pCcem™, which are an order of magnitude higher than

12
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the previously reported values in other ferroelectric LC phases.!%!? Several other molecules and
their ferroelectric properties are intensively studied.!*?° Furthermore, in the ferroelectric phase
of banana molecules, W586 with carbosilane groups exhibit Ae of 300 and 2000 in 3 pm and
25 um-thick cells, respectively, and the Ps reaches 0.4 pCcm™2.*’ The azo-banana molecule,
which is composed of asymmetric molecules with fluoro substitution, achieves the maximum
value of Ae (~ 400) in a 9 um-thick cell.?

1.5. Objective of Thesis

As mentioned above, ferroelectric LCs with enhanced the Ps and Ae have a great impact not
only on basic science but also on industry. Hence, it is of great significance to obtain the
molecular design for increasing the Ps and Ae. The objective of this thesis is to obtain the
molecular design for enhancing the Ps and Ae for the bent-shaped dimeric molecules with low

LC phase temperature among bent LCs that can form a wide variety of LC phases.

1.6. Structure of Thesis

In Chapter 1 "General Introduction", the expression mechanism of ferroelectric LCs and the
need for high Ps and Ae required for various applications are outlined. In addition, by reviewing
conventional LCs research on the Ps and Aeg, the significance of the molecular design for
enhancing the Ps and Ae¢ in bent-shaped dimeric molecules is indicated. Furthermore, the
objective and structure of this thesis are presented.

In Chapter 2 "Huge Dielectric Constants of the Ferroelectric Smectic-A Phase in Bent-
Shaped Dimeric Molecules", in order to grasp the Ae of the ferroelectric phase in the bent-
shaped dimeric molecules and obtain the molecular design for the Ae enhancement, the
dielectric relaxation properties of the SmAPr phase formed by mixtures of bent-shaped dimeric
molecules with different alkyl chain lengths are analyzed.

In Chapter 3 “Electric Switching Behaviors and Dielectric Relaxation Properties in
Ferroelectric, Antiferroelectric and Paraelectric Smectic Phases of Bent-Shaped Dimeric
Molecules”, in order to obtain the molecular design for the Ae enhancement, the relationship
between the dielectric relaxation properties and electrical switching behaviors in the SmAPE,
SmAPA and SmCaPa phases is analyzed.

In Chapter 4 “Spontaneous Polarization Characteristics in Polar Smectic Phases of Fluoro-
Substituted Bent-Shaped Dimeric Molecules”, in order to obtain the molecular design for the
Ps enhancement, three types of the bent-shaped dimeric molecules are synthesized by fluorine
substitution on the mesogenic unit and, the effect of fluorine substitution on the polar smectic
phase is analyzed.

In Chapter 5 “Three Distinct Polar Phases, Isotropic, Nematic and Smectic-A Phases Formed
from Fluoro-Substituted Dimeric Molecule with Large Dipole Moment”, a novel dimeric
molecule with large dipole moment is developed to enhance the Ps and Ae. A dimeric molecule,

di-5(3FM-C4T), with fluorine-substituted mesogenic cores as side wings connected by a
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pentamethylene spacer is synthesized and demonstrated for the Ps and Ae.
In Chapter 6, “General Conclusion”, the results obtained in each chapter are summarized and
the molecular design for enhancement of the Ps and A¢ in the bent-shaped dimeric molecules

are presented.
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CHAPTER

Huge Dielectric Constants of the Ferroelectric Smectic-A

Phase in Bent-Shaped Dimeric Molecules

2.1. Introduction

The typical bent-shaped dimeric molecules with two aromatic mesogens linked by an odd-
carbon numbered alkyl spacer are a,-bis(4-alkoxyanilinebenzylidene-4'-
carbonyloxy)pentanes (MOAMS5AMOm)!-* with the formula shown in Figure 2-1. These bent-
shaped dimeric molecules form three types of the smectic liquid crystals (LCs), SmCA®, SmCA'
and SmCaPa phases depending on the alkoxy tail group.! Furthermore, the mixture of
40AMSAMO4 forming the SmCA® phase and 160AMSAMO16 forming the SmCaPa phase
with the antiferroelectricity forms the ferroelectric smectic-A (SmAPF) phase by a specific ratio.

The SmAPr phase generally shows that the molecules lie perpendicular to the layer, with
ferroelectric alignment of the polar directions. The bent-shaped dimeric molecules and general
bent-shaped molecules form the SmCPr and the SmCPa, but the SmAPr phase is not commonly
observed in these systems.!**>® For example, W586 consisting of the bent-shaped molecule
with a carbosilane group at a terminal chain suppresses out-of-layer fluctuations, favoring
anticlinic tail orientation and thus the SmAPF phase due to the influence of carbosilane.”” In
the bent-shaped dimeric molecules, mixing of 4OAM5SAMO4 and 160AMSAMO16 with

different alkyl chain lengths obviously prevents the tilted association of molecules, although

mOAMS5AMOm (m = 4, 16)
m=4

Crystal — 89.7 °C — SmCAs — 142.5 °C - Isotropic
m =16

Crystal — 109.2 °C — SmC,P, — 120.0 °C - Isotropic
m =4 (65 mol%) + 16 (35 mol%)

Crystal — 89.0 °C — SmAP, — 94.0 °C — SmAP, - 115.0 °C - Isotropic

Figure 2-1. Molecular structures and phases sequence for nOAMSAMOm (m =4, 16,
and 4 + 16). The transition temperatures are taken from DSC cooling run and the

switching current curve.?
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the reason is not clear.’ As one of the properties of the SmAPr phase by the bent-shaped
molecule, Guo et al. reported that W586 has high dielectric constants. !
In this chapter, the dielectric relaxation properties of the SmAPF phase in the bent-shaped

dimeric molecules is examined.

2.2. Experimental Section

The mOAMSAMOm dimers with m values of 4 and 16 were synthesized following the
methods reported in a previous report.! The bent-shaped dimeric molecules mixture of
40AMS5AMO4 (65 mol%) + I60AMSAMO16 (35 mol%) was prepared by evaporating a
chloroform solution of the two molecules at a predetermined molar ratio.’ The phase transition
temperatures were determined by DSC (SHIMADZU DSC-60 Plus) at a rate of 5 °Cmin™! under
cooling and heating runs. Texture observation and the identification of the mesophases were
carried out using a polarizing optical microscope (OLYMPUS BX53) equipped with a hot stage
and a temperature controller (Mettler Toledo FP 82HT). Electrooptical and dielectric
investigations were performed using glass cells, having indium tin oxide (ITO) electrodes
commercially available from EHC Co., Ltd. The area of the ITO electrodes was 100 mm?, and
the cell thicknesses of the ITO electrodes were 3, 10, 25, and 50 um. In these cells, the bent-
shaped dimeric molecules were homogeneously aligned with the bent plane parallel to the cell
plane. Before the measurements, an AC applied fields of the 160AMSAMO16 and the
40AMSAMO4 (65 mol%) + the 160AMSAMOI16 (35 mol%) was applied at 33 and 5 Vppum-
! for the growth of the LCs, respectively. The complex dielectric constants were measured in
the frequency range between 10' and 107 Hz with the impedance analyzer (NF Electronic
Instruments, FRA51615). The electric field was 1 V.

2.3. Results and Discussion

The molecular structures and the phases sequence (from 1% cooling run of DSC) of the bent-
shaped dimeric molecules 4OAMS5AMO4, 160AMSAMO16, and the mixture (40AMSAMO4
(65 mol%) + 160AMSAMO16 (35 mol%)) are given in Figure 2-1.

To clarify both the non-collective and collective motions of the molecules, the dielectric
dispersion measurements were performed in the SmCA® (m =4), SmCaPa (m=16), and
SmAPr (mixture of m = 4 and 16) phases. Here, it should be noted that the domain size is small
especially in the SmAPr and SmCaPa phases just as cooled from isotropic phase. Hence, the
domains of the SmAPr and SmCaPa were enlarged by applying the AC field of 5 Vppum™! and
33 Vppum'!, respectively; they were grown up by agitation of molecular motion due to the
ferroelectric switching. In Figures 2-2(a) and (b), the real (¢') and imaginary (¢") parts of the
dielectric constants are plotted against the frequency from 10! to 107 Hz, respectively. The two
relaxation modes are observed in this frequency range. One is the low frequency (LF) mode
which is observed at approximately 500 Hz in the SmAPF phase and possesses huge dielectric

10-12

constants. The low relaxation frequency (f;) of the order of 1 kHz or less, as well as the
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suppression under the DC bias fields (mentioned later), shows that this mode is the LF mode,
the collective fluctuation of polarization that is attributable to the ferroelectric phase. Another
is the high frequency (HF) mode observed at approximately 100 kHz in the SmCA?® and the
SmCaPa phases. The isotropic phase also exhibits this mode. It is attributable to the non-
collective molecular rotation around the short axis of the mesogens as observed in the
conventional LC phases.!>!*

Figures 2-2(c) and (d) show the Cole-Cole plots for these two modes. The experimental

dielectric spectra were further analyzed by fitting the following Cole-Cole model'*:
= —ie"=¢p+———— 0<a<1 2—1
© 1+ (wr)t-@ ’ ( )
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Figure 2-2. (a) and (b) Frequency dependence of the real (¢') and imaginary (&") parts of the
complex dielectric constants of the SmCaPa (at 114°C), the SmCA?® (at 90°C) and the SmAPF
(at 98°C) phases, measured in a 3 pm-thick cell. In the insets, the vertical axis is expanded to
clarify the HF mode. (c) Cole-Cole plot for the HF mode of the SmCaPa and the SmCA® phases,
and (d) Cole-Cole plot for the LF mode of the SmAPF phase, based on the data of Figures 2-2
(a) and (b). The dashed curves are obtained by fitting Equation (2-1).
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where o is the angular frequency, Ae (= & - &) is the dielectric strength, and & and & are the
“static-frequency” and “infinite-frequency” dielectric constants, respectively. 7 = 1/(2xf;) is the
relaxation time (where f; is the relaxation frequency), and a is the distribution parameter of
relaxation time. For o = 0 Cole-Cole model reduces to Debye model. The fitting according to
Cole-Cole equation is shown in Figures 2-2(c), (d) and 2-4(c), and the determined parameters
are listed in Table 2-1. For the HF relaxation of the SmCA® and SmCaPa phases, the a is around
0. For the LF mode of the SmAPF phase, on the other hand, a is between 0.05 and 0.12.

Table 2-1. List of Cole-Cole parameters, Ae, a and f; determined from the data of Figure 2-2
and Figure 2-4.

SmAPF SmCA® SmCaPa SmAPF SmAPFr SmAPF
(3 pm cell) (3 pm cell) Gpumecel) (A0pmcell) (25 pmcell) (50 pm cell)

Ag 1.8x10° 6.8 7.2 3.2x10° 4.5x10° 7.4%103
fr (Hz) 4.9x10? 1.3x10° 8.2x10* 5.4x10? 3.5%10? 3.3%10?
a 6.0x10 0 0 5.0%1072 7.0%1072 0.12

Most significant is that the Ae is very large (approximately 1800) for the LF mode of the
SmAPF phase whereas much smaller, but usual values (< 10), are observed in the HF mode of
the SmCA® and SmCaPa phases. The high Ae has been reported in the ferroelectric phases of
the bent-shaped molecules.!®!61® W586 showed the maximum value of the Ae (~300) as
observed in a 3 um-thick cell.!” Furthermore, the bent-shaped azo molecule consisting of
nonsymmetrical molecules with a lateral fluoro substitution on one of the wings achieved the
maximum value of the Ae (~400) in a 9 pm-thick cell.'® The present Ae of 1800 exceeds these
values substantially.

Figure 2-3 shows the temperature dependence of the characteristic fr of the relaxation
processes observed in the SmCA®, SmCaPa, and SmAPF phases at 3 pm-thick cell. The HF
mode observed in the SmCA® and SmCaPa phases follows the standard Arrhenius equation!®!®

6
5 .
§ | w
= SmC,P
k4 SmCAs i
4
pa 3 | SmAP,
BES Sa=S
2 +—————————
2.4 2.5 2.6 2.7 2.8
10007+ (K1)

Figure 2-3. Logarithm of the dielectric relaxation frequencies as a function of inverse absolute
temperature for the SmCA?®, the SmCaPa and the SmAPr phases at 3 um-thick cell.
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Eact
kT

where f; is relaxation frequency, A is pre-exponential factor, Ea is the activation energy, kg is

fr = Aexp(—=7—) (2-2)

the Boltzmann constant and 7 is the absolute temperature. Equation (2-2) is fitted to the
experimental data points in order to obtain the Eac.. Estimated Eact of the SmCA® and SmCaPa
phases are 4 and 40 kJmol™!, respectively. In the higher temperature region, the f; of the SmAPF
phase is somewhat temperature dependent, but seems to be independent in the lower
temperature region as expected for the LF mode. !’

As another feature of the LF mode in the SmAPF phase, the f; and Ae strongly depend on the
cell thickness (refer to Figure 2-4). As thickness increases from 3 to 50 um, the f; decreases
from 500 to 300 Hz. On the other hand, the Ae almost linearly grows; although the Ae is
approximately 1800 in a 3 um-thick cell, it is 3200, 4500, and 7400 in the 10, 25, and 50 pum-
thick cells, respectively.

A similar thickness dependence of the A¢ for LF mode has been observed in the ferroelectric
chiral Sm-C*?° and SmAPr phases.!” Ozaki et al. found that some chiral Sm-C*materials

possess the dielectric constants larger than 7500 in a 250 um-thick cell.?’ Guo et al. mentioned
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£
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6000 - = 3um 6000 - [ 500
{ = 10 ym ' [ 400 =
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= o 4 - 2 I
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2000 ] - 100
0 . 0 +—————F———————+0
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Figure 2-4. (a) and (b) Frequency dependence of the real (¢') and imaginary (&") parts of the
complex dielectric constants of the 3, 10, 25, and 50 pm-thick cells in the SmAPF phase. (¢)
Cole-Cole plot of the 3, 10, 25, and 50 um-thick cells in the SmAPr phase. The dashed curves
are obtained by fitting Equation (2-1). (d) Cell thickness dependence of the A¢ and the f; in the
SmAPF phase. The solid and dashed curves are guides for the eyes.
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a 3 um-thick cell at 1 Vum™ (c) in a 10 um-thick cell at 0 Vum™ and (d) in a 10 um-thick cell
at 1 Vum™' (e) in a 25 pm-thick cell at 0 Vum™' and (f) in a 25 um-thick cell at 1 Vpm™.

that by linear extrapolating of Ae for W586 an even larger value (~20000) is expected for this
cell thickness.!® The Ae is estimated by linear extrapolation similar to Guo et al. The expected
Ag of 30000 exceeds these values. One may speculate that such a cell thickness dependence is
caused by a strong anchoring of the molecules to the cell surfaces, which can prevent the
collective fluctuations to the spontaneous polarization (Ps) through the cell thickness, especially
close to the surface. However, the anchoring can cause significant suppression only in a thin
cell, but not lead to the linear increase with the cell’s thickness. Only a theoretical approach to
explain this trend has been carried out by Guo et al.!° They collected the Ae with the cell where
the bent direction of the bent-shaped molecules lay perpendicular to the cell’s surface by the
strong surface anchoring. In such a cell, it is speculated that a splay of polarization arises across
its thickness that can induce the cell thickness dependence in the Ae and f; in a relation with the
anchoring strength. Comparing the model and the experimental results, they have estimated the
correlation length in the bulk and the surface to be approximately 10 and 1 pum, respectively.
In our case, however, the molecular orientation reported by Guo et al.!°
2-5(a), (c), and (e) show the optical microscopic textures of the SmAPF phase in 3, 10, and 25

um-thick cells, respectively. In all these cells, well-developed fan-shaped textures are observed,

is unlikely. Figures

indicating the homogeneous alignment of the molecules, in other words, the alignment of the
smectic layers perpendicular to the cell’s surface. Figures 2-5(b), (d), and (f) indicate the
textures under the DC bias fields. The textures do not change at all, but the birefringence colors
change. This indicates that the bent (polar) direction of the molecules that are initially parallel
to the cell’s surface become perpendicular to it because of the ferroelectric response. Based on
the retardation obtained from the general polarization color chart, the birefringence (An) is

estimated to be 0.07 at 0 Vum™ and 0.18 at 1 Vum'!, which are well expected from the parallely
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6000
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Figure 2-6. Optical textures in the SmAPF phase at a 25 pm-thick cell (a) before application of
AC field and (b) after application of AC field of 5 Vypum™. (c) Cole-Cole plot for the dielectric
data of their SmAPF phases; Ae are 1900 and 4500 before and after AC application, respectively.

and perpendicularly aligned models, respectively. In such a molecular alignment, the splay of
polarization does not arise across the cell’s thickness as reported by Guo et al.'°

Figure 2-5 shows the clear trend of the fan-shaped domain size increasing with the cell’s
thickness. Further, its average size roughly corresponds to the cell’s thickness, meaning that the
domain is uniform across the cell thickness. Thus, the coherent length of the molecular dipoles
that cooperatively orient in the AC applied field increases with the increase of the cell’s
thickness. This increment, that is the increase of the number of molecules participating in the
collective motion, may be responsible for the increase of the Ae and the decrease of the f:.

The close relationship between the domain size and the Ae can be seen even in the same cell.
The domain size of the SmAPr phase as-cooled from isotropic melt is fairly small and, as
mentioned above, grows under AC applied fields. The estimated A¢ in the former cell is very
small. Examples, as observed in a 25 um-thick cell, are shown in Figure 2-6. The A¢ is 1900
while it becomes 4500 after the AC field treatment.

The relationship between the cooperative motion of dipoles and the Ae has been treated
theoretically?!' and experimentally.???* Kirkwood?! has extended the Onsager theory by treating

the interacting dipoles, and shown that the A¢ is proportional to

2

N 1 4 2(cos 0))
3kT Z{COS
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where N is the number of dipoles per unit volume, 4 is the dipole moment of molecule, z is the
coordination number (the number of interacting dipoles), and € is the angle between the
interacting dipoles. This was successfully applied for the water liquid; its large dielectric
constant of 80 is reproducible by z=4 and (cos 8) = 0.5. In the ferroelectric copolymer based
on vinylidene cyanide, z =30 and (cos 8) =0.62 were elucidated to explain the high dielectric
constant of 130.2! On the analogy, it is supposed that the huge Ae of the present molecular
system may be attributable to the cooperative fluctuation of the large number of molecules z =
~10% which increases with the increase of domain size. The effect of the DC bias fields on the
LF mode of the SmAPr phase was also studied. As shown in Figure 2-7(a), by applying the DC
bias fields, the LF mode is quickly quenched. As a result, the HF mode can be clearly detected
at 100 kHz. The disappearance of the LF mode is explained by the suppression of the dipoles’
fluctuation due to the DC bias fields. Here, the cell thickness dependence is also observed on
the critical voltage that suppresses the LF mode. The critical voltage is 0.40 Vum™' for a 3 um-
thick cell, 0.14 Vum! for a 10 um-thick cell, and 0.06 Vum! for a 25 um-thick cell (refer to
Figures 2-7). This trend is the same as that reported by Guo et al.!” but opposite to that reported
by Shimbo et al.?*

10° 104
OV oS < LFmode (3)
108
102
w W 102
10!
10°
10° 100
10! 102 103 104 105 108 101 102 108 104 105 106
Frequency (Hz) Frequency (Hz)

104

10!
10° 102 108 104 105 106
Frequency (Hz)

Figure 2-7. The imaginary (&") part of dielectric constants in the SmAPF phase measured under
the DC bias fields in (a) a 3 pm-thick cell, (b) a 10 um-thick cell, and (c) a 25 pm-thick cell.

Their values are presented in a log scale.
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2.4. Conclusions

In this chapter, the dielectric relaxation properties were studied for the SmAPF phase in the
bent-shaped dimeric molecules mixture of 40AMSAMO4 (forming the SmCA® phase) and
160AMSAMOI16 (forming the SmCaPa phase). Within a cell of the SmAPF phase, the bent-
shaped dimeric molecules lie with their bent plane parallel to the surface. The SmAPF phase
shows the LF mode at 500 Hz characteristic to the ferroelectric phase and a huge Ae of over
7000 in a 50 pm-thick cell, which is much higher compared to almost all the reported values in
the bent-shaped molecules. The highly cooperative orientation of the bent-shaped dimeric
molecule is considered to bring about the giant value of the Ae. It is also characteristic of the

LF mode that the cooperative fluctuation of dipoles is easily quenched under the DC bias fields.
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CHAPTER

Electric Switching Behaviors and Dielectric Relaxation
Properties in Ferroelectric, Antiferroelectric and
Paraelectric Smectic Phases of Bent-Shaped Dimeric

Molecules

3.1. Introduction

In a typical a,w-bis(4-alkoxyanilinebenzylidene-4'-carbonyloxy)pentanes (mMOAMSAMOm),
the mixture of 4OAMSAMO4 forming the SmCA® phase and 160AMSAMO16 forming the
SmCaPa phase forms SmAPr, SmAPA, and SmA phases depending on the mixture ratio.!

In Chapter 2, the characteristic dielectric properties focusing on the SmAPr phase was
described. The SmAPr phase exhibited the collective fluctuation mode of dipoles at around 500
Hz, which possesses a huge dielectric strength (A¢). The Ae varies with the cell thickness and
reaches a value higher than 7000 in a 50 pm-thick cell, which is much higher than almost all
the reported values in bent-shaped molecules.>* The highly cooperative fluctuation of dipoles
is considered to bring about the giant value of Ae.

In this chapter, the interesting insights which are of importance for the design of high
dielectric constants by observing the electric switching behaviors and the dielectric properties
of the SmAPE, SmAPA, and SmCaPa and SmA phases are provided.

3.2. Experimental Section

The bent-shaped dimeric molecules of 40AMSAMO4 and 160AMSAMO16 were
synthesized following methods reported in a previous report.* Mixtures of the two molecules
were prepared by evaporating chloroform solutions containing the two molecules at a
predetermined molar ratio. The mixture is abbreviated as M-X, where X indicates the mol%
fraction of 160AMSAMO16. The phase behavior was examined for mixtures with X more than
25%, which can form the ferro- and antiferroelectric smectic phases.! The phase transition
temperatures were determined by differential scanning calorimetry (DSC) (SHIMADZU DSC-
60 Plus) at a rate of 5 °Cmin’! under cooling run. Texture observation and identification of the

mesophases were carried out using a polarizing optical microscope (POM) (OLYMPUS BX53)
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equipped with a hot stage and a temperature controller (Mettler Toledo FP 82HT). X-ray
diffraction (XRD) measurements were performed using a Nano-viewer (Rigaku) with Cu K,
radiation. The homeotropically aligned sample for XRD measurements was prepared as
droplets on the glass substrate coated with commercially available trimethoxy(octadecyl)silane.
Electrooptical and dielectric investigations were performed using glass cells coated with indium
tin oxide (ITO) electrodes, which is commercially available from EHC Co., Ltd. The area of
the ITO electrodes was 100 mm?, and the cell thicknesses of the ITO electrodes were 3 um, 10
pm, 25 pm, 50 um and 80 um. Basic data were collected by using the 3 um-thick cell unless
otherwise specified. In these ITO cells, the bent-shaped dimeric molecules were
homogeneously aligned with the molecular axis and the bent plane parallel to the cell plane
(shown in details later). The polarization reversal current was observed by applying a triangular
wave voltage using a high-speed amplifier (FLC Electronics, F20A) connected to a function
generator (NF Electronic Instruments, WF1945B). Before the dielectric relaxation
measurements, the AC electric field in the SmAPr, SmAPA and SmCaPa phases were applied
at 5 Vppum™', 5 Vppum! and 33 Vppum™, respectively, and sweeping with frequencies of 10—
1000 Hz in 300 log steps to increase the domain size. The complex dielectric constants were
measured in a frequency range between 10! Hz and 107 Hz with the impedance analyzer (NF

Electronic Instruments, FRA51615). The electric voltage for the measurement was 1 Vp.

3.3. Results and Discussion
3.3.1. Phase behaviors of the SmA, SmAPr, SmAPA and SmCaPa phases

The phase behavior in M-X mixtures with X more than 25 is shown in Figure 3-1, which
includes four types of smectic phases, the SmCaPa, SmAPA, SmAPr and SmA phases.
Transition temperatures from Iso to Sm and Sm to solid (dark) phases were well collected using
the DSC. On the other hand, the SmA-SmAPr and SmAPg-SmAPA transitions are hardly
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Figure 3-1. Phase behavior in binary mixtures of 40AM5SAMO4 and 160AMSAMOI16.

Transition temperatures are collected using the DSC (o) and POM (e) (refer to the text).
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identified from the DSC measurement because of the very small enthalpy change. Additionally,
these transitions are well recognized from the clear change of optical microscopic textures in
the homeotropic aligned cell.! Here, the SmA shows totally dark texture, while the SmAPF
exhibits the birefringent schlieren texture. The SmAPa also shows the schlieren texture, and its
transformation to the SmAPF can be detected from the violent fluctuation of schlieren texture.

In the banana molecule, the non-tilted smectic phases (SmAP) have been found with transitions

Table 3-1. Thermodynamic data for phase transition temperatures and associated enthalpies and
layer spacings in mixtures of 4OAMSAMO4 and 160AMSAMO16.

Layer
Contents of Transition temperature / °C (enthalpy / kJmol!)
Spacing / A
160AMSAMOCI16
Ba SmAPA SmAPFr SmA SmCaPA Iso LC phase
111.9 122.6
100 ° - - - ° ° 56.9
(72.9) (21.4)
110.0 122.0
90 ° - - - ° ° 55.4
(60.4) (19.8)
108.1 123.7
80 ° ° - - - ° 57.1
(62.0) (18.4)
105.0 124.2
70 ° ° - - - ° 54.9
(65.8) (17.3)
98.1 123.6
60 ° ° - - - ° 52.7
(59.8) (15.7)
94.7 123.5
55 ° ° - - - ° 513
(57.6) (15.3)
94.1 112.0 122.8 50.7 (SmAP4)
50 [ ] [ ] ° - - °
(54.3) ) (14.1) 50.7 (SmAPr)
94.0 107.0 121.6 50.4 (SmAP,)
45 ° ° ° - - °
(52.6) ) (13.2) 50.4 (SmAPr)
91.0 98.0 120.4 50.1 (SmAP,)
40 ° ° ° - - °
(49.3) ) (8.4) 50.1 (SmAPr)
92.0 95.0 115.0 48.4 (SmAP,)
35 [ ] [ ] [ ] - - °
(44.6) ) (12.3) 48.4 (SmAPr)
94.5 116.0 118.0 46.4 (SmAPr)
30 ° - ° ° - °
(42.4) -) (12.0) 38.0 (SmA)
94.3 110.0 117.6 46.6 (SmAPF)
25 ° - ° ° - °
(38.2) ) (10.0) 38.4 (SmA)
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from the paraelectric SmA with short-range polar order via intermediate SmAPR phases with
random polarization to polar the SmAPA and SmAPF with long-range polar order. >~

The phase behavior is essentially the same as that previously reported' (Table 3-1), and a
more in-depth analyses are provided here. The SmCaPa phase is observed only in the narrow
region of 100 mol% to 90 mol% of 1l60AMSAMO16. The SmAPa phase is formed in the region
of 80 mol% to 35 mol%, and the SmAPF phase is in the region of 50 mol% to 25 mol%. The
mixtures of 35-50 mol%, hence, show the dimorphism forming the SmAPA and SmAPF in order
of increasing temperature. Another dimorphism of SmAPr and SmA is observed in the mixtures
of 25 mol% and 30 mol% where the SmA exists in a higher temperature region than the SmAPF.
The lowest-temperature solid phase appearing from these smectic phases is totally transparent
by naked eyes and shows weak birefringent (dark) texture in a cross-polarized microscopic
observation. It is also characterized by exhibiting the chiral domains with a slight rotation of
polarizer from the cross-polarization position. This solid phase, hence, can be classified into the

same phase as By in the bent-shaped molecules.®

3.3.2. Electric switching behaviors of the SmAPr, SmAPA and SmCaPa phases

The smectic phases show the fan-shaped textures on cooling from isotropic phase in all ITO-
coated cells. The result implies the molecules prefer the homogeneous alignment on the ITO
surface. In other words, the smectic layers are constructed in a direction perpendicular to the
cell surface. Although the fan-shaped domain size is small in a cell as it cooled from the
isotropic phase, it can be well enlarged by applying an AC field higher than the threshold
electric field (Ew) of ferroelectric switching. This is due to the coalescence of domains by an
agitation of molecular motion through the switching. The electric switching and dielectric
measurements were performed for these treated cells.

On applying the DC field for ferroelectric switching, two characteristic changes of textures
can be observed. Typical optical microscopic textures observed in the SmAPF of M-50 are
shown in Figure 3-2. First, the birefringence colors change while maintaining the fan-shaped
domains and are reversible on field-on and field-off. The color change is attributed to the change
of birefringence (An). As described in Chapter 2, the An is estimated to be 0.07 at 0 V um™' and
0.18 at 1 V um'. This indicates that the bent (polar) direction of molecules is initially parallel
to the cell’s surface and changes to be perpendicular to the surface after switching. Secondly,
fine stripes running across the long axis of fan-shape domains at a field-off state are well
observed in a thick cell (Figure 3-2(a)). Interestingly, as found in Figure 3-2(b), these stripes
disappear completely on switching. Such stripes can be considered as polarization splay defects.
Since the polar (bent) directions initially align parallel to the cell surface, two kinds of domains
with opposite polar directions are necessarily encountered when they evolve from the isotropic
melt. Hence, the boundaries, i.e., polarization splay defects, are created by degeneracy of the
opposite directed polarization as illustrated in Figure 3-2(c). At the center of the boundary, the
polar direction of the molecules is perpendicular to the surface. On applying the DC field, bent
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Figure 3-2. Optical textures in the SmAPr phase of M-50 in a 10 um-thick cell (a) at 0 Vpum-
Pand (b) at 1 Vum™. (¢) Molecular packing in polarization splay defect of the SmAPF phase

in the ground state and (d) molecular packing when the electric field is applied.

directions of all the molecules change to be standing up against the surface (see Figure 3-2(d)),
then, the stripes (i.e., defects) disappear without changing the fan-shape textures. Thus, the
switching is expected to take place in a way that the bent directions initially parallel to the cell
surface change to be perpendicular to the surface without changing the homogeneous alignment
of molecular axes. Similar characteristic changes in texture were observed in the SmAPAa.
Figures 3-3(a)—(c) show the typical polarization switching currents of the SmAPF in M-35,
SmAPA in M-70, and SmCaP4 in M-100, respectively, measured under a triangular wave
voltage application. As expected, the ferroelectric SmAPFr shows one current peak on half a
cycle, while the antiferroelectric SmAPA and SmCaPa phases show two current peaks. The
reversal polarization (equal to 2Ps) is about 700 nCcm™ independent of the phase type.
Interestingly, the Ew at the top of the current peak is dependent on the phase type. As given in
Figures 3-3(a)—(c), the En of the SmAPr is very low, 0.7 Vum™, and that of the SmAP, is 2.0
Vum'. In contrast, the En of the SmCaPa is relatively high, 9.3 Vum™. These values are
independent on the temperature. In Figure 3-3(d), Em's collected for all mixtures are plotted

against the mixture content. The plotting reveals the En does not depend on the mixture content,
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Figure 3-3. Polarization reversal current responses observed for (a) the SmAPF phase in M-35
by applying a triangle-wave field (20 V,, 30 Hz), (b) the SmAPA phase in M-70 by applying a
triangle-wave field (30 Vpp, 30 Hz) and (c) the SmCaPa phase in M-100 by applying a triangle-
wave field (90 Vpp, 5 Hz), measured in a 3 pm-thick cell. (d) Mixture content dependence of
the En in the SmAPF, SmAPA and SmCaPa phases, measured in a 3 um-thick cell.

but on the type of phases.

Figure 3-4 shows the cell thickness dependence of the Ew (refer to Figures 3-5 and 3-6
presenting the detailed polarization reversal current responses in the SmAPr and SmAP4 phases
of M-50). Here, the dependences were examined for the SmAPr and SmAP4, but not for the
SmCaPa because of the requirement of a high field. The Ew decreases with increasing the cell
thickness from 3 um to 80 pm. The trend is more significant for the SmAPE; the Ew becomes
almost zero (0.1 Vum™) in a cell of 80 um thickness. The Ew of the SmAP4 also becomes small,
around 0.6 Vum™. Such a remarkable cell thickness dependence suggests that the response of
the SmAPr to an electric field is inherently thresholdless (free rotation of the polar director
around molecular axis). The weak threshold nature may arise from interactions at cell surfaces

and the fan-shape domain boundary, the effect of which becomes weakened when the cell
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thickness increases followed by an increase in the domain size. In contrast to these, the SmCaPa

shows a high Ew, which is considered to result from the tilting of the molecules to the layer.
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Figure 3-4. Cell thickness dependence of the Ew in the SmAPF phase of M-35 and 50, and
SmAPA phase of M-50. The dotted curves are guides for the eyes.
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Figure 3-5. Polarization reversal current responses observed for the SmAPF phase in M-50
(a) in a 10 um-thick cell by applying a triangle-wave field (60 Vyp, 30 Hz), (b) in a 25 pm-
thick cell by applying a triangle-wave field (120 V,p, 30 Hz), (c) in a 50 pm-thick cell by
applying a triangle-wave field (200 V,p, 30 Hz) and (d) in a 80 pm-thick cell by applying a
triangle-wave field (200 V,p, 30 Hz).
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Figure 3-6. Polarization reversal current responses observed for the SmAP phase in M-50
(a) in a 10 um-thick cell by applying a triangle-wave field (60 V,p, 30 Hz), (b) in a 25 pm-
thick cell by applying a triangle-wave field (120 Vpp, 30 Hz), (¢) in a 50 pm-thick cell by
applying a triangle-wave field (200 V,p, 30 Hz) and (d) in a 80 pm-thick cell by applying a
triangle-wave field (200 V,p, 30 Hz).

3.3.3. Dielectric properties

The dielectric measurements were performed for four types of the smectic phases. Figures 3-
7(a) and (b) show their typical dielectric data, as observed for the SmA of M-25, SmAPF of M-
35, SmAPA of M-70, and SmCaPa of M-100, where the real (¢') and imaginary (¢") parts of the
dielectric constants are plotted against the frequencies of 10" Hz to 107 Hz, respectively. Two
relaxation modes can be observed in this frequency range. One is the low frequency (LF) mode,
which is observed at approximately 500 Hz in the SmAPF and at 2000 Hz in the SmAPa. These
high dielectric constants and low relaxation frequencies (f;) reveal that the mode is the collective
fluctuation mode of polarization, which is typically observed in the ferroelectric and
antiferroelectric phases.*'> Another is the high frequency (HF) mode appearing at
approximately 100 kHz, which is observed in the paraelectric SmA phase and SmCaPa phase.
It is attributable to the non-collective molecular rotation around the short axes of mesogens as
commonly observed in conventional liquid crystal (LC) phases.!!"!* The similar HF mode is
described in the non-polar SmCA® of M-0 in Chapter 2. This HF mode may also exist in the
SmAPr and SmAPA phases, but may be hidden by the LF mode with the huge dielectric
constants. In fact, it can be detected when the LF modes are suppressed by the DC bias

application as mentioned later.
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Figure 3-7. Frequency dependences of (a) the real (¢") part and (b) imaginary (&") part of the
complex dielectric constants in the SmAPF phase of M-35, SmAPa phase of M-70, SmCaPa
phase of M-100 and SmA phase of M-25, measured in a 3 um-thick cell. In the insets, the
vertical axis is expanded to clarify the dielectric relaxation modes of the SmCaPa and SmA

phases at around 10° Hz.

The dielectric spectra were analyzed by fitting with the following Cole-Cole equation'*:
N Ae
1+ (iwt)l-@

where o is the angular frequency, Ae (= & - &) is the dielectric strength, and & and & are the

=€ —ie" =¢y 0<a<l, 3-1)

“static-frequency” and “infinite-frequency” dielectric constants, respectively. = 1/(2nf;) is the
relaxation time (where f; is the relaxation frequency), and a is the distribution parameter of
relaxation time. For a = 0, the Cole-Cole model reduces to the Debye model. Figure 3-8 shows
the Cole-Cole plots for the LF and HF modes. The determined parameters, A, f; and o, in the
Cole-Cole equation are listed in Table 3-2. For the HF mode of the SmA and SmCaPa phases,
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Figure 3-8. Cole-Cole plot for the SmAPr phase of M-35, SmAPA phase of M-70, SmCaPa
phase of M-100 and SmA phase of M-25 based on the data of Figures 3-7(a) and (b). In the
insets, the horizontal and vertical axes are expanded to clarify the Cole-Cole plots for the low
frequency modes of SmCaPa and SmA phases. The dotted curves are obtained by fitting
Equation (3-1).

a is almost zero. For the LF mode of the SmAPr and SmAPa phases, a is between 0.03 and
0.07. One noticeable point is that the Ae for the LF mode of the SmAPr and SmAPa phases are
very large; 1820 for the SmAPr and 240 for the SmAPA. On the other hand, the SmA and
SmCaPa phases show Aeg values less than 10, which is usually obtained for the HF mode.

The characteristic dielectric behaviors of the SmAPr and SmAPA can be also recognized
through temperature variation for the M-35 and M-50 exhibiting the dimorphism of the SmAPF
and SmAPa. Figures 3-9(a) and (b) show the temperature dependence of the A¢ and f; as

observed for the M-50. A clear transition can be recognized here through the change of the large

Table 3-2. List of the Cole-Cole parameters, the Ag, f; and a, collected from the data of Figures
3-7 and 3-8.

SmAPr SmAPA SmA SmCaPa
Ae 1.8x103 2.4x10? 5.7 7.6
fr (Hz) 4.9x10? 2.1x103 1.4x10° 8.2x10%
a 0.06 0.04 0 0

Ae (around 1400) to a relatively small Ae (around 200) on the cooling run. All the A¢ and f; of
the SmAPr, SmAPA and SmCaPa phases thus collected are plotted against the mixture
composition in Figures 3-10(a) and (b), respectively. It can be seen that the Ae and f; of each
phase are almost the same without being greatly affected by the difference in the content as well

as the temperature.
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Figure 3-9. (a) The imaginary (¢") part of dielectric constant in M-50, measured at various
temperatures of the SmAPr and SmAPA phases in a 3 um-thick cell and (b) temperature
variation of the estimated Ae¢ and f;. In (b), the corresponding data of the non-collective mode

in isotropic melt are included.

The exhibition of huge dielectric constants in the SmAPr is reliable as being due to the
collective fluctuation of polar order (the LF mode). However, one may consider that the
straight-forward collective mode of the SmAPA cannot be dielectrically detected since all the
polar directions of layers turn around the molecule and keeping their antipolar order form layer
to layer. One of the plausible explanations for this is provided that an anti-phase fluctuation of
dipoles is likely to occur in adjacent layers; the molecules in neighboring layers fluctuate with
a different sign of angle (Ay) that resulting in a temporary non-zero cancellation of neighboring
dipoles.!>!6 The temperature dependence of the relaxation frequency, f;, were examined for the
LF and HF modes although their measurements were limited in a short temperature range of
10-20 °C (refer to Figure 3-11). The HF mode observed in the SmCaPa and SmA phases
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follows the standard Arrhenius equation'”'¥, and the activation energies are 40 kJmol™! and 73
kJmol™!, respectively. These values are comparable to those reported.’ On the other hand, the f;
of the SmAPr and SmAP4 phases is nearly temperature independent as expected for the LF
mode.>*

It is interesting to note that the Ae of the LF modes is strongly dependent on the cell thickness.
As found in Figure 3-12, the A¢ of the SmAPF phase grows almost linearly following an increase
in the cell thickness from 3 pm to 80 um, and reaches an extremely huge value of 10000 in the
80 wm-cell. Detailed dielectric relaxation data in the SmAPF and SmAP4 phases of M-50 is

2000 108 3
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Figure 3-10. Mixture content dependence of (a) the Ae and (b) f; for the collective modes of the
SmAPFr and SmAPA phases (measured in a 3 pm-thick cell). As reference, the Ae¢ and f; for the
non-collective mode of SmCaPa phase are presented.
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Figure 3-11. Logarithm of the dielectric relaxation frequencies as a function of inverse absolute
temperature for the SmAPr of M-35, SmAP4 of M-70, SmCaPa of M-100 and SmA of M-25
phases, measured in a 3 pm-thick cell.
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Figure 3-12. Cell thickness dependence of the Ae in the SmAPF phase of M-35 and 50, and
SmAPA4 phase of M-50. The dotted curves are guides for the eyes.
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Figure 3-13. Frequency dependence of (a) the real part (¢) and (b) imaginary part (¢”) of the
complex dielectric constants in the SmAPr phase from M-50 measured in 10, 25, 50 and 80
um-thick cells, and (¢) their Cole-Cole plot.
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Figure 3-14. Frequency dependence of (a) the real (¢') part and (b) imaginary (¢") part of the
complex dielectric constants in the SmAPA phase of M-50 measured in 10, 25, 50 and 80 pm-

thick cells, and (c) their Cole-Cole plot.

presented in Figures 3-13 and 3-14, respectively. A similar increment to 2000 can be seen in the
SmAPa, and the value is about one fifth part of SmAPr. The increment of Ae with the cell
thickness can be explained by a result of an increment in the correlation length of the LF mode

which is ascribed to an increment of the smectic domain size in Chapter 2.

3.3.4. DC bias field effect on dielectric properties of the SmAPr, SmAPA and SmCaPa
phases

In order to obtain the information of electric-field-effects on the polar order, dielectric
measurement was performed under DC bias fields. Figure 3-15(a) shows the variation of the A¢
with the DC bias field typically observed in the SmAPr of M-35 and M-50. By applying the
DC bias field, the Ae of the SmAPF phase decreases and then becomes almost zero at around
0.5 Vum™. As a result, the HF mode emerges clearly at 100 kHz. Considering 0.5 Vum™' roughly
corresponds to the Ewn of 0.7 Vum™ estimated from the electric switching, the disappearance of
the LF mode is explained by the suppression of the dipoles’ fluctuation due to the DC bias
field.? On the other hand, the suppression behavior is not simple (refer to Figure 3-15(b)) for
the SmAPA phase. The Ag and f; are almost constant up to 0.9 Vum™'. On further increase of the
DC field from 0.9 Vum™ to 1.5 Vum', a local maximum is observed in the Ag, and a local

41



CHAPTER 3

@ 2000 ®) 1000 -
B SmAP: (M-35) ] ® SmAP, (M-50)
— A SMAP; (M-50) 800 1 € SmAP, (M-70)
1 600 1
4 1000 4 ]
! 400 1
500 1 ]
: 200
0 0
108 106
108 108
~ =
< 10 10
103 102
102 +—r—r—r—r—Tr—r—r——r—————r————r T 72—
0 0.5 1 15 2 0 05 1 15 2
DC bias field (Vum-) DC bias field (Vum-1)

Figure 3-15. DC bias field dependence of the Ae and f; in (a) the SmAPF phase of M-35 and
50, and (b) SmAPA phase of M-50 and 70, measured in a 3 um-thick cell. Here, the f; (open

symbol) of 10* to 10° Hz collected for the non-collective modes are plotted as reference.

minimum is observed in the £ at 1.2 Vum™. The maximum Ag at 1.2 Vum™' is around 600,
which is three times larger than that of the initial value, and the corresponding f; gets closer to
that of the LF mode of the SmAPF phase. Finally, the Ae becomes zero at around 1.6—1.7 Vum-
!'which is nearly equal to the Ew of 2 Vum™'. Two explanations for this curious behavior before
the suppression are suggested. First, the SmAPA structure partly transforms to the SmAPF
structure. Secondly, the LF mode characteristic of the SmAPa is enhanced just before the
transformation to the SmAPE structure.

It should be noted that such an enhancement behavior is not observed in another type of
antiferroelectric phase, the SmCaPa, which invariably shows only the HF mode even when the
DC bias field up to 15 Vum'! (larger than Eu) is applied.

3.4. Concluding Remarks

In this chapter, three types of the ferroelectric and antiferroelectric smectic phases, SmAPF,
SmAPa, and SmCaPa, each show the well-defined switching and dielectric behavior
characteristics.

In the SmAPr phase, a small Ew less than 1 Vum™!' for the ferroelectric switching is
characteristic. It decreases with the cell thickness, and becomes 0.1 Vum™ in the 80 pm-thick

cell. Such a small Ey is reasonable, considering that the ferroelectric switching of the SmAPr
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is essentially thresholdless because all possible polar directions around the molecular axes are
energetically equivalent. A weak threshold nature may arise from interactions at cell surfaces
and the boundary between the fan-shaped domains, the effect of which becomes weakened
when the cell thickness increases. The present SmAPF is also found to show the distinct LF
mode due to the collective fluctuation of polarization in the dielectric measurement. The LF
mode appears at a low frequency of around 500 Hz and with a huge Ae beyond 1500. Again,
the Ae is strongly dependent on the cell thickness. The A¢ increases from 1500 in the 3 um-
thick cell to 10000 in the 80 pm-thick cell, and simultaneously the mode frequency decreases
from 500 Hz to 200 Hz. Considering the smectic domain size increases with increasing the cell
thickness, these increase and decrease are attributed to the increase of the correlation length of
the LF mode.

In the antiferroelectric SmAPA phase, the Ey is higher than that of the SmAP¥, but still low
at around 2 Vum™' in the 3 pm-thick cell. Similar cell thickness dependence is observed here
and the En decrease to 0.6 Vum™ in the 80 um-thick cell. In dielectric measurement, the SmAPA
shows the LF mode with the Ae¢ at around 200 and at frequency of 2 kHz in the 3 pm-thick cell.
Similarly, as in the SmAPr, the Ae increases to 2000, and the frequency decreases to 1 kHz with
increasing the cell thickness. This LF mode is due to the collective fluctuation of net-
polarization produced by the anti-phase rotation of dipoles in adjacent layers.

Another antiferroelectric phase, the SmCaPa, does not show the LF mode, but only the HF
mode. The collective fluctuation would be limited because of the high energy barrier for rotation
of dipoles as suggested from the high Eg, at around 10 Vum™ in the 3 pm-thick cell, which is
ten times larger than that of the SmAPr. The HF mode with the Ae at around 8 and at a frequency
of around 100 kHz is due to rotational relaxation of individual molecules around their short
axes. Similar HF mode was observed in the paraelectric SmA, and in the SmAPr and SmAPA
in which the large LF mode was suppressed under the DC bias field.

Finally, the inverse dependency of the Ae for the LF mode and the Ew on the cell thickness
15000
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5000 E
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Figure 3-16. Linear correlation between the Ae and reciprocal Ew in the SmAPF phase of M-35
and 50, SmAP4 phase of M-50, 60 and 70. The dotted line is guide for the eyes.
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(compare Figures 3-4 and 3-12) are explained. Focusing on this dependency, the Ae plotted
against reciprocal of the Ew in Figure 3-16. It can be found that all data of the SmAPr and
SmAPA phases collected from the different mixtures and cells with different thicknesses fall on
a linear line. The linear relationship seems reasonable, indicating that the lower the Ew (i.e.,
energy barrier between two polar states) is, the more the collective fluctuation mode of dipoles

is enhanced. This will be helpful to design the high dielectric constant materials.

References

(1) Izumi T.; Naitou, Y.; Shimbo, Y.; Takanishi, Y.; Takezoe, H.; Watanabe, J. Several types of
bilayer smectic liquid crystals with ferroelectric and antiferroelectric properties in binary
mixture of dimeric compounds. J. Phys. Chem. B 2006, 110, 23911-23919.

(2) Guo, L.; Gorecka, E.; Pociecha, D.; Vaupoti¢, N.; Cepié, M.; Reddy, R. A.; Gornik, K.;
Araoka, F.; Clark, N. A.; Walba, D. M., et al. Ferroelectric behavior of orthogonal smectic
phase made of bent-core molecules. Physical Review E 2011, 84, 031706.

(3) Kumar, J.; Prasad, C. Ferroelectric nematic and ferrielectric smectic mesophases in an
achiral bent-core azo compound. J. Phys. Chem. B 2018, 122, 2998-3007.

(4) Izumi, T.; Kang, S.; Niori, T.; Takanishi, Y.; Takezoe, H.; Watanabe, J. Smectic mesophase
behavior of dimeric compounds showing antiferroelectricity, frustration and chirality. Jpn.
J. Appl. Phys. 2006, 45, 1506—1514.

(5) Achard, M.E.; Bedel, J.Ph.; Marcerou, J.P.; Nguyen, H.T.; Rouillon, J.C. Switching of
banana liquid crystal mesophases under field, Eur. Phys. J. E 2003, 10, 129—-134.

(6) Alaasar, M.; Prehm, M.; Tamba, M.; Sebastian, N.; Eremin, A.; Tschierske, C.
Development of polar order in the liquid crystal phases of a 4-cyanoresorcinol-based bent-
core mesogen with fluorinated azobenzene wings, ChemPhysChem 2016, 17, 278-287.

(7) Gomola, K.; Guo, L.; Dhara, S.; Shimbo, Y.; Gorecka, E.; Pociecha, D.; Mieczkowski, J.;
Takezoe, H. Syntheses and characterization of novel asymmetric bent-core mesogens
exhibiting polar smectic phases, J. Mater. Chem., 2009, 19, 4240-4247.

(8) Thisayukta, J.; Takezoe, H.; Watanabe, J. Study on helical structure of the B4 phase formed
from achiral banana-shaped molecule. Jpn. J. Appl. Phys. 2001, 40, 3277-3288.

(9) Filipic, C.; Carlsson, T.; Levstik, A.; Zeks, B.; Blinc, R.; Gouda, F.; Lagerwall, S. T.; Skarp,
K. Dielectric properties near the smectic-C*—smectic-A phase transition of some
ferroelectric liquid-crystalline systems with a very large spontaneous polarization. Phys.
Rev. 41988, 38, 5833-5839.

(10) Khened, S.; Prasad, S.; Shivkumar, B.; Sadashiva, B. K. Dielectric studies of Goldstone
mode and soft mode in the vicinity of the A-C* transition. J. Phys. Il France 1991, 1, 171—
180.

(11) Fuente, M.; Dunmur, D. Dielectric Properties of Liquid Crystals. In Handbook of liquid
crystals, 2nd ed.; Goodby, J.; Collings, P.; Kato, T.; Tschierske, C.; Gleeson, H.; Raynes,
P., Eds.; Wiley-VCH Verlag GmbH & Co KGaA: Germany, 2014; pp 1—-46.

44



CHAPTER 3

(12) Hiraoka, K.; Takezoe, H.; Fukuda, A. Dielectric relaxation modes in the antiferroelectric
smectic CA* phase, Ferroelectrics 1993, 147, 13-25.

(13) Hatano, J.; Hanakai, Y.; Furue, H.; Uehara, H.; Saito, S.; Murashiro, K. Phase sequence in
smectic liquid crystals having fluorophenyl group in the core. Jpn. J. Appl. Phys. 1994, 33,
5498-5502.

(14)Cole, K.; Cole, R. Dispersion and absorption in dielectrics I, alternating current
characteristics, J. Chem. Phys. 1941, 9, 341-351.

(15) Buivydas, M.; Gouda, F.; Lagerwall, S. T.; Stebler, B. The molecular aspect of the double
absorption peak in the dielectric spectrum of the antiferroelectric liquid crystal phase. Lig.
Cryst. 1995, 18, 879-886.

(16) Zennyoji, M.; Takanishi, Y.; Ishikawa, K.; Thisayukta, J.; Watanabe, J.; Takezoe, H.
Electrooptic and dielectric properties in bent-shaped liquid crystals. Jpn. J. Appl. Phys.
2000, 39, 3536-3541.

(17) Marik, M.; Jana, D.; Majumder, K.; Chaudhuri, B. K. Dielectric behavior in B1 and B2
phases composed of unsymmetrical bent shaped liquid crystal molecules. Mol. Cryst. Lig.
Cryst. 2015, 606, 111-125.

(18) Rozanski, S. Dielectric properties of liquid crystal formed by laterally fluorine-substituted
banana-shaped molecules, Phase Transitions 2018, 91, 1007-1016.

45



CHAPTER 4

CHAPTER

Spontaneous Polarization Characteristics in Polar Smectic
Phases of Fluoro-Substituted Bent-Shaped Dimeric

Molecules

4.1. Introduction

As mentioned in Chapter 1, for commercial uses of the polar phases, increasing the dielectric
strength (Ae), and the spontaneous polarization (Ps), are desired. In this aspect, a study on the
characteristic dielectric properties of the SmAPr phase mentioned in Chapters 2 and 3 is
interesting. The SmAPF phase exhibits the collective fluctuation mode of dipoles at around 500
Hz, which possesses a huge Ae. The A¢ increases with the cell thickness and reaches a value
higher than 10000 in a 80 um-thick cell, which is much higher than almost all of the reported
values in the bent-shaped molecules.!> The highly cooperative orientation of the bent-shaped
dimeric molecule is considered to bring about the giant value of the Ae. In Chapter 3, the
electrical switching and dielectric relaxation properties have also been examined for other
SmAPA and SmCaPa phases as well as the SmAPF phase. The Ps obtained from the electrical
switching are similar, but the threshold electric field (Ew) differs greatly depending on the kind
of smectic phases. Plotting the Ae against the reciprocal of the Ew in the SmAPr and SmAPA
phases show a linearly proportional trend. This indicates that the lower the Ew (i.e., energy
barrier between two polar states) is, the more the collective fluctuation mode of dipoles is
enhanced. Thus, it is concluded that the polar liquid crystal (LC) materials with small Evw are
the molecular design for increasing the Ae.

On the other hand, increasing the dipole moment of the molecule is another method to
increase the Ae as well as Ps. This is reported by attaching the polar groups.>® The fluorine
substitution in the bent core mesogen is a typical strategy, and a substantial increase in the Ps
has been reported.>”> Furthermore, the fluorine substitution on LC molecules offers further
interesting effects, for example, lowering the mesophase temperature region®>"8 and the
viscosity of the LC phase,>® which are useful for commercialization. So far, there is still few
reports on the fluorine-substituted bent-shaped dimeric molecules forming the polar LC phases.

In this chapter, novel 2F-Z-C16, 2F-Y-C16 and 4F-XY-C16 fluorine-substituted on X, Y and
Z positions of C16 (=160AMS5AMO16) molecules mentioned in Chapters 2 and 3 (see Figure

46



CHAPTER 4

(@)

X )O (i X
Y el o i G o T~ Y
z \j/NQ/LV//T T\/yL\;,N\[,{\\ oz
\

CigHa0™ 7 S 0C6Hs
X=Y=H,Z=F 2F-Z-C16
X=Z=H,Y=F 2F-Y-C16
X=Y=F,Z=H 4F-XY-C16
X=Y=Z=H C16

(b)
2F-Z-C16 o 2F-Y-C16 o
e F e No?
F. N%//\/ /N\ ‘ >
5 Dh
CieH330 C16H330
" 538D ~"6.85D
4F-XY-C16
k@ C16 2

|
F Yo7 <
PN
CygH330

. i 5,99 D

/(Z
(e}

Figure 4-1. (a) Molecular structures of the fluoro-substituted bent-shaped dimeric molecules,
and (b) the values of dipole moment along the long axis of one-side mesogen calculated by

density functional theory. The arrows represent the direction of the dipole moment.

4-1(a)) are synthesized, and the effects of the fluorine substitution on the polar smectic

structures, Ps and other properties are investigated.

4.2. Experimental Section
4.2.1. Materials

Unless otherwise noted, reagents and solvents were purchased from commercial suppliers
and used without further purification.

4.2.2. Measurements

Nuclear magnetic resonance (NMR) spectroscopy measurements were carried out on a
Bruker AVANCE-500 spectrometer (500 MHz for 'H, 470 MHz for '°F and 126 MHz for 3C).
Chemical shifts (J) are expressed relative to the resonances of the residual non-deuterated
solvent for 'H (CDCls: "H(6) = 7.26 ppm), the resonances of the residual solvent for '*C (CDCls:
BC(6) = 77.16 ppm), the resonance of CF3COOH as external standard for °F (CF;COOH:
YF(5) = —76.55 ppm). Absolute values of the coupling constants are given in Hertz (Hz),
regardless of their sign. Multiplicities are abbreviated as singlet (s), doublet (d), doublet of
doublets (dd), triplet (t), multiplet (m) and broad (br). The elemental analyses (C, H, N) were
carried out on a MICRO CORDER JM10 and the element analysis (O) were carried out on a

vario MICRO cube. The phase transition temperatures were determined by differential scanning
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Scheme 4-1. Synthetic route for the preparation the fluorine-substituted bent-shaped dimeric
molecule. Reagents and conditions: (i) N,N'-dicyclohexylcarbodiimide, ethyl acetate, 4-
dimethylaminopyridine, room temperature 15 hours, (ii) potassium carbonate, acetone, reflux
12 hours, (ii1) 5% Pd-C, ethanol, hydrogen, room temperature 15 hours, (iv) ethanol, reflux 4

hours.

calorimetry (DSC) (SHIMADZU DSC-60 Plus) at a rate of 5 °Cmin’! under cooling run. Optical
microscopic, electrooptical, dielectric and second harmonic generation (SHG) investigations
were performed using glass cells coated with indium tin oxide (ITO) electrodes, which is
commercially available from EHC Co., Ltd. The area of the ITO electrodes was 100 mm?, and
the cell thicknesses of the ITO electrodes were 3 um. Texture observation and identification of
the mesophases were carried out using a polarizing optical microscope (POM) (OLYMPUS
BX53) equipped with a hot stage and a temperature controller (Mettler Toledo FP 82HT). X-
ray diffraction (XRD) measurements were performed using a Nano-viewer (Rigaku) with Cu
K. radiation. The homeotropically aligned sample for XRD measurements was prepared as
droplets on the glass substrate coated with commercially available trimethoxy(octadecyl)silane.
The polarization reversal current and switching rate to the ferroelectric phase were observed by
applying a triangular wave voltage and a rectangular wave voltage using a high-speed amplifier

(FLC Electronics, F20A) connected to a function generator (NF Electronic Instruments,
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WF1945B), respectively. SHG measurement was performed using a 10 Hz Nd:YAG laser
(Minilite-IT) of 4 = 1064 nm as a fundamental beam, and in the p-in and p-out polarization
combinations. The incidence angle of the laser to the sample cell settled in a heater block was
45 or 90 degrees. The SHG signal was detected by a photomultiplier tube (Hamamatsu model-
R1924A) and the outputs from the photomultiplier tube were accumulated by a BOXCAR
integrator (Stanford Research Systems). The complex dielectric constants were measured in a
frequency range between 10! Hz and 107 Hz with the impedance analyzer (NF Electronic
Instruments, FRA51615) and with the electric voltage of 1 V. Before the dielectric relaxation
measurements, the smectic domain size was increased by the application of the AC electric field
of 10 Vppum™! to 33 Vppum™ with frequencies of 10-1000 Hz in 300 log steps.

4.2.3. Synthesis

The bent-shaped dimeric molecule, C16 was synthesized following methods reported in a
previous report.” Three homologues fluorine-substituted bent-shaped dimeric molecule, 2F-Z-
C16, 2F-Y-C16 and 4F-XY-C16 were newly synthesized as follows (see Scheme 4-1).

4.2.3.1. Synthesis of 3a-3b

In a flask equipped with a magnetic stirrer and a nitrogen inlet were placed 1,5-pentanediol
(1) (4.16 g, 39.94 mmol), 4-formylbenzoic acid (2a) (12.00 g, 79.93 mmol), N,N"-
dicyclohexylcarbodiimide (18.97 g, 91.94 mmol), and ethyl acetate (94.00 g). 4-
dimethylaminopyridine (11.23 g, 91.92 mmol) was then added to the solution at room
temperature. The solution was stirred at room temperature for 15 hours. After filtration to
remove precipitated materials, the filtrate was purified by chromatography on silica gel using
chloroform eluent and then recrystallized from ethanol/water (1/1) to give 3a (4.60 g, 31 %) as
a white solid. 3b was similarly prepared in 26 % as a white solid.

For 3a, 'H NMR (500 MHz, CDCl3, 25 °C): 6 (ppm) 10.10 (s, 2H, CHO), 8.19 (d, J = 8.3
Hz, 4H, Ar-H), 7.94 (d, J = 8.4 Hz, 4H, Ar-H), 4.41 (t, J = 6.5 Hz, 4H, COOCH>), 1.93-1.87
(m, 4H, COOCH2CH>), 1.76-1.61 (m, 2H, COOCH>CH>CH>). *C NMR (125 MHz, CDCls,
25 °C): 0 (ppm) 191.60, 165.56, 139.15, 135.25, 130.14, 129.51, 65.26, 28.30, 22.58.

For 3b, '"H NMR (500 MHz, CDCl3, 25 °C): J (ppm) 10.05 (s, 2H, CHO), 8.09 (t,J=7.3 Hz,
2H, Ar-H), 7.72 (d, J=7.9 Hz, 2H, Ar-H), 7.62 (d, J=10.1 Hz, 2H, Ar-H), 4.41 (t,J= 6.4 Hz,
4H, COOCH>), 1.91-1.85 (m, 4H, COOCH2CH>), 1.68-1.62 (m, 2H, COOCH>CH,CH,). "°F
NMR (470 MHz, CDCl3, 25 °C): § (ppm) —107.65 (t, J = 8.2 Hz, 2F, Ar-F). '3C NMR (125
MHz, CDCl3, 25 °C): 0 (ppm) 190.14, 163.65, 163.62, 163.02, 160.93, 140.78, 140.72, 132.97,
124.96, 124.93, 124.04, 123.95, 117.23, 117.05, 65.62, 28.14, 22.47.

4.2.3.2. Synthesis of 6a-6b

In a flask equipped with a magnetic stirrer, a reflux condenser and a nitrogen inlet were
placed 2-fluoro-4-nitrophenol (4a) (5.00 g, 31.83 mmol), 1-bromohexadecane (5) (10.69 g,
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35.01 mmol), potassium carbonate (6.60 g, 47.76 mmol), and acetone (33.00 g). The solution
was stirred and heated under reflux for 12 hours. The solution was concentrated by using a
rotary evaporator and was diluted with water and ethyl acetate. The organic layer was then
extracted with water. The solvent was evaporated and residue was purified by chromatography
on silica gel using ethyl acetate/hexane (1/49) eluent to give 6a (4.60 g, 38 %) as a white solid.
6b was similarly prepared in 33 % as a white solid.

For 6a, '"H NMR (500 MHz, CDCls, 25 °C):  (ppm) 8.06-8.03 (m, 1H, Ar-H), 7.98 (dd, J =
10.7, 2.7 Hz, 1H, Ar-H), 7.01 (t, J = 8.6 Hz, 1H, Ar-H), 4.13 (t, J = 6.6 Hz, 2H, OCH>), 1.89-
1.83 (m, 2H, OCH2CH>), 1.51-1.45 (m, 2H, OCH2CH2CHz), 1.37-1.26 (m, 24H, (CH>)12CH3),
0.88 (t,J= 6.9 Hz, 3H, CH,CH3). '°F NMR (470 MHz, CDCl3, 25 °C): 6 (ppm) —130.50 (t, J =
9.3 Hz, 1F, Ar-F). C NMR (125 MHz, CDCl3, 25 °C): d (ppm) 153.11, 153.03, 152.27, 150.27,
140.60, 140.55, 120.91, 120.89, 112.82, 112.80, 112.38, 112.20, 69.91, 31.93, 29.69, 29.67,
29.64, 29.56, 29.50, 29.37, 29.27, 28.87, 25.80, 22.70, 14.12.

For 6b, 'H NMR (500 MHz, CDCls, 25 °C): J (ppm) 8.08 (t, J = 8.9 Hz, 1H, Ar-H), 6.75-
6.69 (m, 2H, Ar-H), 4.02 (t, J = 6.5 Hz, 2H, OCH>), 1.84-1.78 (m, 2H, OCH2CH>), 1.48-1.42
(m, 2H, OCHCH2CH>), 1.36-1.26 (m, 24H, (CH2)12CH3), 0.88 (t, J = 6.9 Hz, 3H, CH.CH:).
F NMR (470 MHz, CDCl3, 25 °C):  (ppm) —112.96 (t, J= 10.7 Hz, 1F, Ar-F). *C NMR (125
MHz, CDCls, 25 °C): 6 (ppm) 165.00, 158.60, 156.50, 130.51, 130.45, 127.88, 128.86, 110.76,
110.74, 103.58, 103.39, 69.41, 31.93, 29.70, 29.67, 29.64, 29.56, 29.51, 29.37, 29.26, 28.81,
25.84,22.70, 14.12.

4.2.3.3. Synthesis of 7a-7b

In a flask equipped with a magnetic stirrer and a hydrogen inlet were placed 6a (4.50 g, 11.79
mmol), ethanol (34.04 g), and 5% palladium-activated carbon (1.51 g, 0.71 mmol/Pd). The flask
was degassed and purged with hydrogen several times and then stirred at room temperature for
15 hours. The solution was filtered and concentrated using a rotary evaporator. The product was
dried at 50 °C in vacuo to give 7a (3.99 g, 96 %) as a red solid. 7b was similarly prepared in
97 % as a red solid.

For 7a, "H NMR (500 MHz, CDCls, 25 °C): 6 (ppm) 6.79 (t,J= 8.9 Hz, 1H, Ar-H), 6.45 (dd,
J=12.7,2.7 Hz, 1H, Ar-H), 6.37-6.34 (m, 1H, Ar-H), 3.93 (t,J= 6.7 Hz, 2H, OCH>), 3.48 (br,
2H, NH>), 1.77-1.72 (m, 2H, OCH2CH>), 1.46-1.40 (m, 2H, OCH2CH>CH>), 1.34-1.23 (m, 24H,
(CH>)12CH3), 0.88 (t, J = 6.9 Hz, 3H, CH>CH3). '’F NMR (470 MHz, CDCls, 25 °C): J (ppm)
—132.68 (t,J=10.8 Hz, 1F, Ar-F). 3C NMR (125 MHz, CDCl3, 25 °C): 6 (ppm) 154.79, 152.84,
141.13, 141.06, 139.62, 139.53, 117.89, 117.87, 110.37, 110.34, 104.25, 104.08, 71.06, 31.94,
29.71,29.67, 29.61, 29.59, 29.47, 29.41, 29.38, 25.93, 22.71, 14.13.

For 7b, 'TH NMR (500 MHz, CDCls, 25 °C): 6 (ppm) 6.72-6.68 (m, 1H, Ar-H), 6.63-6.60 (m,
1H, Ar-H), 6.54-6.52 (m, 1H, Ar-H), 3.86 (t, /= 6.5 Hz, 2H, OCH>), 3.41 (br, 2H, NH>), 1.75-
1.71 (m, 2H, OCH2CH>), 1.43-1.41 (m, 2H, OCH2CH>CH>), 1.31-1.27 (m, 24H, (CH2)12CHs),
0.89 (t,J= 6.7 Hz, 3H, CH,CH3). "’F NMR (470 MHz, CDCl3, 25 °C): 6 (ppm) —132.09 (t, J =
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11.2 Hz, 1F, Ar-F). 3C NMR (125 MHz, CDCls, 25 °C): J (ppm) 152.98, 152.43, 152.36,
151.08, 127.57, 127.47, 117.65, 117.61, 110.58, 110.55, 103.09, 102.91, 68.82, 31.94, 29.71,
29.68,29.61, 29.59, 29.41, 29.38, 29.29, 26.03, 22.71, 14.13.

4.2.3.4. Synthesis of 8a-8c

In a flask equipped with a magnetic stirrer, a reflux condenser and a nitrogen inlet were
placed 3a (0.67 g, 1.82 mmol), 7a (1.59 g, 4.52 mmol), and ethanol (35.43 g). The solution was
stirred and heated under reflux for 4 hours. The solution was cooled and then precipitates were
filtered. The residue was purified by chromatography on activated alumina using chloroform
eluent, and recrystallized from chloroform/ethanol (1/1) to give 2F-Z-C16 (8a) (1.74 g, 85 %)
as a yellow solid. 2F-Y-C16 (8b) and 4F-XY-C16 (8¢) were similarly prepared in 90 % and
84 % as yellow solid, respectively.

For 8a, 'H NMR (500 MHz, CDCl3, 25 °C): 6 (ppm) 8.48 (s, 2H, N=CH), 8.11 (d, J = 8.3
Hz, 4H, Ar-H), 7.92 (d, J = 8.4 Hz, 4H, Ar-H), 7.07 (dd, /= 12.1, 2.4 Hz, 2H, Ar-H), 7.02-6.93
(m, 4H, Ar-H), 4.40 (t, J = 6.5 Hz, 4H, COOCH>), 4.04 (t, J = 6.7 Hz, 4H, OCH>), 1.92-1.87
(m, 4H, COOCH2CH>), 1.86-1.80 (m, 4H, OCH2CH>), 1.69-1.64 (m, 2H, COOCH,CH2CH>),
1.51-1.45 (m, 4H, OCH,CH2CH>), 1.37-1.26 (m, 48H, OCH>CH2CH2(CH>)12), 0.88 (t, /= 6.9
Hz, 6H, CH,CHs). "’F NMR (470 MHz, CDCl3, 25 °C): § (ppm) —132.87 (t, J = 10.3 Hz, 2F,
Ar-F). BC NMR (125 MHz, CDCls, 25 °C): § (ppm) 166.09, 157.66, 153.82, 151.85, 146.31,
146.22, 144.31, 144.26, 139.94, 132.43,129.93, 128.53, 117.51, 117.49, 114.93, 114.91, 109.10,
108.94, 69.73, 64.93, 31.94,29.71, 29.68, 29.62, 29.58, 29.40, 29.38, 29.26, 28.34, 25.94, 2271,
22.63, 14.13. Elemental analysis: calculated for CssHo2F2N2Og, C 75.40, H 8.96, N 2.71, O
9.27; found, C 75.34, H 9.23, N 2.75, 0 9.71%.

For 8b, 'H NMR (500 MHz, CDCls, 25 °C): 6 (ppm) 8.61 (s, 2H, N=CH), 8.10 (d, J = 8.3
Hz, 4H, Ar-H), 7.94 (d, J= 8.3 Hz, 4H, Ar-H), 7.19-7.15 (m, 2H, Ar-H), 6.71-6.69 (m, 4H, Ar-
H), 439 (t, J = 6.4 Hz, 4H, COOCH>), 3.95 (t, J = 6.5 Hz, 4H, OCH), 1.92-1.87 (m, 4H,
COOCH2CH>), 1.82-1.76 (m, 4H, OCH2CH>), 1.67-1.64 (m, 2H, COOCH2CH2CH>), 1.49-1.43
(m, 4H, OCH,CH2CH>), 1.36-1.26 (m, 48H, OCH>.CH>CH2(CH>)12), 0.88 (t, J = 6.9 Hz, 6H,
CH2CH3). 'F NMR (470 MHz, CDCls, 25 °C): 6 (ppm) —122.74 (t, J = 10.9 Hz, 2F, Ar-F). 13C
NMR (125 MHz, CDCls, 25 °C): ¢ (ppm) 166.13, 159.02, 158.99, 158.90, 158.81, 157.47,
155.47,140.24, 132.38,131.73, 131.64, 129.88, 128.50, 122.55, 122.53, 110.63, 110.60, 103.05,
102.86, 68.61, 64.91, 31.94,29.71, 29.68, 29.62,29.58, 29.40, 29.38, 29.16, 28.34, 26.01, 22.71,
22.64, 14.13. Elemental analysis: calculated for CssHo2F2N2Og, C 75.40, H 8.96, N 2.71, O
9.27; found, C 75.21, H 8.68, N 2.78, O 9.57%.

For 8¢, '"H NMR (500 MHz, CDCl3, 25 °C):  (ppm) 8.57 (s, 2H, N=CH), 8.00 (t, J= 7.5 Hz,
2H, Ar-H), 7.68 (t,J=9.6 Hz, 4H, Ar-H), 7.18 (t, /= 9.1 Hz, 2H, Ar-H), 6.70-6.68 (m, 4H, Ar-
H), 4.40 (t, J = 6.3 Hz, 4H, COOCH>), 3.95 (t, J = 6.5 Hz, 4H, OCH>), 1.91-1.85 (m, 4H,
COOCH:CH»), 1.82-1.76 (m, 4H, OCH2CH>), 1.70-1.63 (m, 2H, COOCH>CH>CH>), 1.47-1.43
(m, 4H, OCH2CH2CH>), 1.36-1.26 (m, 48H, OCH>,CH2CH2(CH>)12), 0.88 (t, J = 6.8 Hz, 6H,
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CH>CH3). F NMR (470 MHz, CDCl3, 25 °C): 6 (ppm) —108.82 (t, J = 8.9 Hz, 2F, Ar-F), —
122.13 (t,J=10.9 Hz, 2F, Ar-F). '*C NMR (125 MHz, CDCl3, 25 °C): § (ppm) 164.15, 164.11,
163.15, 161.07, 159.23, 159.15, 157.58, 157.32, 155.58, 142.39, 142.33, 132.47, 131.08,
131.00, 124.08, 124.05, 122.90, 122.88, 120.74, 120.66, 116.21, 116.02, 110.70, 110.68, 103.08,
102.89, 68.63, 65.23,31.94,29.71,29.67, 29.61, 29.58, 29.38, 29.13, 28.20, 26.00, 22.70, 14.13.
Elemental analysis: calculated for CssHooF4N2O¢, C 72.87, H 8.47, N 2.61, O 8.96; found, C
72.71, H 8.62, N 2.64, O 9.69%.

4.2.4. Computational calculations

The molecular parameter such as the dipole moment was calculated by density functional
theory. It was carried out by Gaussian 09 software, selecting DFT/B3LYP methods using 6-31G
(d,p) basis.!®!! The geometries were optimized by minimizing the energies with respect to all

geometrical parameters without imposing any molecular symmetry constraints.

4.3. Results and Discussion
4.3.1. Molecular parameters obtained by density functional theory

The calculated dipole moments along the long axis of the one-sided mesogenic core of the
dimeric molecules, are given in Figure 4-1(b). Those are 5.18, 6.86, 7.94 and 5.99 D,
respectively, for 2F-Z-C16, 2F-Y-C16, 4F-XY-C16 and C16. Detail dipole moment components
(ux, Wy, 1z), and the resultant dipole moment (x) are shown in Table 4-1. In comparison with
C16, fluorine substitution on the X and Y positions led to increase in the dipole moment, while
it decreased when the substitution was on the Z position. This observation seems to be
reasonable when compared with the previous reports.>*

The molecular length, calculated under the assumption of taking an all-trans conformation,
is 64.2 A for C16.° Calculated molecular length is not essentially varied by the fluorine
substitution, although the actual length in LC state may be shorter than this.

Table 4-1. Dipole moment components (ux, iy, iz), and the resultant dipole moment («) by DFT

calculation.
Dipole moment (D)
Hx Uy Uz ) a

2F-Z-C16 4.74 2.04 0.40 5.18
2F-Y-C16 6.65 1.63 0.16 6.85
4F-XY-C16 7.94 0.24 -0.12 7.94
C16 5.80 -0.48 -1.43 5.99

U= fresuttant = (s + py? + p?)"?
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4.3.2. Transition behaviors

The DSC thermograms are shown in Figure 4-2 and their thermodynamic DSC data are listed
in Table 4-2. All the materials form the monotropic smectic phases: 2F-Z-C16 forms the SmAPF
phase, while 2F-Y-C16 and 4F-XY-C16 form SmCaPa phase. The SmCaPa phase for 4F-XY-
C16 and the SmAPF phase for 2F-Z-C16 transforms to crystal (Cr) on cooling. In contrast, the
SmCaPa phases for C16 and 2F-Y-C16 transform to B4 phase'?, and only the B4 phase of 2F-
Y-C16 is followed by Cr phase on further cooling.

One significant effect due to the fluorine substitution is observed on the transition
temperatures. Although the temperature span of smectic phase is almost unchanged, the smectic
region shifts by 10-30 °C to the low temperature in a comparison of C16. The effect is more
remarkable in the fluorine substitution to position Y rather than position Z, and by the increase
in number of the fluorine substitutions. This is due to the weakening of the intermolecular force

caused by the fluorine substitution.>>*

(a) SMAP; (b) J\//B’::
© © 5 . B / g
E 1st cooling Cr J Isotropic = 1= cooling Cr . SDiiops ‘
g — ‘-%") nd i '
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Figure 4-2. DSC thermogram for (a) 2F-Z-C16, (b) 2F-Y-C16, (c) 4F-XY-C16 and (d) C16.

Scanning rate is 5 °Cmin’.
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Table 4-2. Transition temperatures (°C) and associated enthalpy changes (kJmol™) (in italics)
of 2F-Z-C16, 2F-Y-C16, 4F-XY-C16 and C16 collected from cooling DSC thermograms.

Cr B4 SmCaPa SmAPF Iso
94.6 109.0

2F-Z-C16 o - - - ° °
(107.9) (20.3)
73.0 83.1 94.2

2F-Y-C16 o ° ° - °
(32.7) (46.2) (23.4)
78.3 87.0

4F-XY-C16 o ° - °
(62.3) (23.3)
109.2 120.0

C16 - - ° - - .
(77.6) (21.9)

4.3.3. Structure and properties of polar phases
4.3.3.1. SmAPr phase of 2F-Z-C16

Figure 4-3(a) shows the oriented XRD pattern taken for the homeotropically aligned SmAPF
phase of 2F-Z-C16 with a beam parallel to the layer. The layer reflections with the spacing of
59.0 A appear on the meridian, and the outer broad reflections with a spacing of 4.6 A are
observed at the portions lying above and below the equator.'® This indicates that the molecules
with a bent conformation lie perpendicularly to the layer. The spacing data is shown as Table
4-3.

Figure 4-4(a) shows the polarization reversal current observed in the SmAPr phase. By
applying a triangular voltage wave, the SmAPr shows one current peak on a half cycle as shown
in Figure 4-4(a), which identifies the ferroelectricity. The reversal polarization estimated as the
integral of the current peak in a half cycle is 0.56 pCecm™. As found in Figures 4-4(b)—(d), the
SmAPr shows well defined fan-shaped textures, which is not essentially changed during
switching. No change of birefringence color is also characteristic, indicating that the polar
direction (or bent direction) of molecule in the homogeneously aligned smectic layers are
perpendicular to the cell surface invariably on field-OFF and field-ON. In addition, no rotation
of extinction positions indicates the perpendicular alignment of molecules to the layer. Thus,
smectic phase is identified as SmAPr although the observed layer spacing of 59.0 A is
somewhat smaller than the calculated length, 64.2 A.

The ferroelectricity is also proved from SHG activity. Here, the same glass cell as the
optoelectric one was used and the SHG was observed by the incidence angle of 45 degrees to
the cell surface. The SHG intensities are plotted against temperature in Figure 4-5(a). On
cooling from the isotropic phase, SHG appears on entering to the SmAPr phase and is invariably
detected through SmAPF region. The SHG activity is remained on the crystallization, which

suggests the Cr phase has also no inversion center.
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Figure 4-3. XRD pattern observed for homeotropically aligned (a) SmAPF of 2F-Z-C16, (b)
SmCaPa of 2F-Y-C16 and (c) SmCaPa of 4F-XY-C16, with irradiation of X-ray beam parallel

to smectic layer.

Table 4-3. Spacing elucidated from (001) reflection for smectic, B4 and Cr phases of 2F-Z-C16,
2F-Y-C16, 4F-XY-C16 and C16.

Spacing (A)
Cr B4 SmCaPa SmAPr
2F-Z-C16 59.4 - - 59.0
2F-Y-C16 57.2 58.5 51.3 -
4F-XY-C16 50.9 - 50.8 -
C16 - 63.4 56.9 -

The SHG intensity of SmAPr depends on the irradiation angle to the cell surface. For
example, on field-ON, no significant SHG is detected by the irradiation with an angle of 90
degrees to the cell as shown in Figure 4-5(b). This is reasonable because polar bent directions
are oriented perpendicularly to the cell’s surface. No SHG is also maintained even on field-OFF,
meaning the maintenance of the perpendicular orientation of bent axes which corresponds to
that speculated from the optical microscopic observation. Such an orientation behavior is
compared with that of the SmAPF formed from the mixtures of C4 and C16 in a previous
paper.'* In the homogeneously aligned SmAPr phases of mixtures, the polar bent axes standing
up to the cell on field-ON tends to lie parallel to the cell surface on field-OFF.

The different orientation behavior of polar axes between the fluorine-substituted molecules
and ordinary molecules is due to the difference in the anchoring effect to the ITO coated cell.
The contact between the fluorine-substituted mesogens and the coated ITO is suggested to be
unfavorable, and even on field OFF, the polar direction stands up or down to the cell surface to

reduce the contact. This anchoring effect is another significant effect of the fluorine substitution.
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Figure 4-4. (a) Polarization reversal current for the SmAPr phase of 2F-Z-C16 by applying a
triangle wave field (100 Vyp, 20 Hz) to a 3 um-thick cell. POM textures at (b) -50 V, (¢) 0 V
and (d) 50 V, measured in a 3 um-thick cell.
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Figure 4-5. (a) Temperature dependence of SHG intensity observed in the SmAPF phase of 2F-
Z-C16 with incident angle of 45 degree and without external electric field. (b) Relative SHG
intensities observed with the incident angles of 45 and 90 degrees on field-OFF and field-ON.

4.3.3.2. SmCaPa phase of 2F-Y-C16 and 4F-XY-C16

Figures 4-3(b) and (c) show XRD pattern of homeotropically aligned SmCaPa for 2F-Y-C16
and 4F-XY-C16. The spacing data is shown as Table 4-3. The elucidated layer spacings of both
phases are around 51 A, which are fairly smaller than the molecular length. Thus, SmC structure
with the average molecular axes tilted to the layer normal is likely. From a simple comparison
of the layer spacing and molecular length, the tilt angles are elucidated around 37°.

The switching behavior of SmCaPa of 4F-XY-C16 is shown in Figure 4-6(a). Similar
behavior is observed for 2F-Y-C16 (refer to Figure 4-7(a)). By applying the triangular wave

voltage, two switching current peaks on a half cycle are observed, which indicates the
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Figure 4-6. (a) Polarization reversal current of 4F-XY-C16 for the SmCaPa phase by applying
a triangle wave field (60 Vyp, 20 Hz), measured in a 3 um-thick cell. POM textures at (b) -30
V, (c) 0 Vand (d) 30 V, measured in a 3 um-thick cell.
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Figure 4-7. (a) Polarization reversal current of 2F-Y-C16 for the SmCaPa phase by applying a
triangle wave field (40 Vyp, 20 Hz), measured in a 3 pum-thick cell. POM textures at (b) -20 V,
(¢) 0 Vand (d) 20 V, measured in a 3 um-thick cell.

antiferroelectricity. The reversal polarization estimated as the integral of two switching current
peaks is about 1.64 nCem for 2F-Y-C16 and 2.42 pCem for 4F-XY-C16. The antiferroelectric
switching is also clarified from the rotation of the extinction direction in the optical microscopic
observation (see Figures 4-6(b)—(d) and 4-7(b)—(d))). The rotation angle between two ferro-
states is roughly 70°, indicating the tilt angle of 35°. These tilt angles correspond well to the tilt

angles of 37° obtained from a comparison of the molecular length and layer spacing.

4.3.3.3. Relationship between the molecular dipole moment and reversal polarization
In Figure 4-8, the values of reversal polarization are plotted against the dipole moments of
one side mesogen. Somewhat linear relationship can be observed, showing a reasonable trend
that a higher dipole moment value results a more enhanced Ps value. The expected Ps can be
calculated as',
Ps = Nu (4-1)
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Figure 4-8. Linear correlation between the reversal polarization and dipole moment of one side
mesogen. The dotted line is guide for the eyes.
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Figure 4-9. Polarization reversal current responses observed (a) for the SmAPr phase of 2F-Z-
C16 by applying a square-wave field (100 Vpp, 20 Hz), (b) for the SmCaPa phase of 2F-Y-C16,
(c) for the SmCaPa phase of 4F-XY-C16 by applying a square-wave field (30 Vyp, 20 Hz) and
(d) for the SmCaPa phase of C16 by applying a square-wave field (100 Vpp, 20 Hz), measured
in a 3 um-thick cell.
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the angle of two mesogens in the bent shape is roughly 120°, dipole moment of molecules is
nearly half to that of the one-side mesogen (refer to Figure 4-1). Under the assumption that the
density of smectic phase may be around 1.1 gcm™, expected Ps is 1.64 pCem? for 4F-XY-C16.
This is interestingly compared with the observed reversal polarization which corresponds to
twice the Ps. The observed Ps is 1.21 (= 2.42 / 2) pCem™ for 4F-XY-C16, which is slightly
smaller than the expected Ps.

Figure 4-9 shows the polarization current curve with the rectangular wave field at a frequency
of 20 Hz. All the smectic phases show the well-defined switching peak. The switching rates
elucidated as time at the top of peak are very short. These are 11.2 ps for 2F-Z-C16, 5.6 pus for
2F-Y-C16, and 6.4 ps for 4F-XY-C16, which are less than one twentieth of 254.0 ps for C16.
Such a distinctly short switching time is due to the fluorine substitution, that is a decrease in

viscosity as a result of the weakening of the intermolecular force.>®

4.3.4. Dielectric properties

The dielectric data of smectic phases in 2F-Z-C16, 2F-Y-C16, 4F-XY-C16 and C16, are
shown in Figures 4-10(a) and (b) where the real (¢) and imaginary (¢") parts of the dielectric
constants are plotted against the frequencies of 10! Hz to 107 Hz, respectively. Two relaxation
modes can be observed in this frequency range. One is the low frequency (LF) mode, which is
observed at approximately ~5 kHz in the SmCaPa phases of 2F-Y-C16 and 4F-XY-C16. The
huge dielectric constants and low relaxation frequencies (f;) reveal that the mode is the
collective fluctuation mode of polarization, which is typically observed in the antiferroelectric
phases.'®!” Another is the high frequency (HF) mode appearing at approximately 100 kHz,
which is observed in the SmAPF phase of 2F-Z-C16 and SmCaPa phase of C16. This HF mode
1s associated with the non-collective molecular rotation around the short axes of mesogens as
commonly observed in conventional LC phases."!"! Here, it should be noted that the LF mode
is not observed for the ferroelectric SmAPr phase of 2F-Z-C16. The explanation for this will
be given later.

The dielectric spectra were analyzed by fitting with the following Cole-Cole equation®’:

=g —ig"=¢ 0<a<l, 4-2)

o
© 1+ (ilwr)t-@
where w is the angular frequency, Ae (= & - €x) 1s the dielectric strength, and & and & are the
“static-frequency” and “infinite-frequency” dielectric constants, respectively. 7 = 1/(2nf;) is the

relaxation time (where f; is the relaxation frequency), and o is the distribution parameter of
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Figure 4-10. Frequency dependences of (a) the real (¢) part and (b) imaginary (¢") part
of the complex dielectric constants for the SmAPr phase of 2F-Z-C16, the SmCaPa phase
of 2F-Y-C16, the SmCaPa phase of 4F-XY-C16 and the SmCaPa phase of C16, measured
in a 3 um-thick cell. In the insets, the vertical axis is expanded to show clearly the
dielectric relaxation modes of the 2F-Z-C16 and C16 at around 10° Hz.
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Figure 4-11. Cole-Cole plots for the SmAPF phase of 2F-Z-C16, the SmCaPa phase of 2F-Y-
C16, the SmCaPa phase of 4F-XY-C16 of and the SmCaPa phase of C16 based on the data of
Figures 4-10(a) and (b). The dotted curves are obtained by fitting Equation (4-2).

Table 4-4. List of the Cole-Cole parameters, the Ag, £ and a, collected from the data of Figures
4-10 and 4-11.

Ag fr (Hz) a

2F-Z-C16 7 7.8x104 0
2F-Y-C16 136 4.7x103 0.03
4F-XY-C16 123 4.1x103 0.03

C16 7 8.2x10* 0

relaxation time. Figure 4-11 shows the Cole-Cole plots for the collective and non-collective
modes. The determined parameters, Ag, f; and @, in the Cole-Cole equation are listed in Table
4-4. One noticeable point is that the Ae for the LF mode of the SmCaPa phase are large; 136
for 2F-Y-C16 and 123 for 4F-XY-C16. On the other hand, the SmAPF phase from 2F-Z-C16
and SmCaPa phase from C16 show Ae values less than 10, which is usually obtained as the
non-collective rotational mode around the short axis of molecules.

The temperature dependence of the relaxation frequency, f;, for the non-collective mode of
the SmAPr phase of 2F-Z-C16 and SmCaPa phase of C16 follows the standard Arrhenius

2122 and the activation energies of 40 kJmol ™' and 81 kJmol !, respectively, are obtained.

equation
These values are comparable to those reported.'® On the other hand, the f; of the SmCaPa phase
from 2F-Y-C16 and 4F-XY-C16 is nearly temperature independent as expected for the
collective mode (see Figure 4-12).117

One may consider that the LF mode of the SmCaPa cannot be dielectrically detected since
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Figure 4-12. Logarithm of the dielectric relaxation frequencies as a function of inverse absolute
temperature for 2F-Z-C16, 2F-Y-C16, 4F-XY-C16 and C16, measured in a 3 pm-thick cell.
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Figure 4-13. Linear correlation between the A¢ and reciprocal Ew. The data for 2F-Z-C16, 2F-
Y-C16 and 4F-XY-C16 are presented by closed circle, square, and triangle, respectively. As a
reference, the open squares are the data collected from Chapter 3 on dimeric molecules. The
dotted line is guide for the eyes.

all the polar directions of layers turn around the molecule and keeping their antipolar order form
layer to layer. One of the plausible explanations for this is provided that an anti-phase
fluctuation of dipoles is likely to occur in adjacent layers; the molecules in neighboring layers
fluctuate with a different sign of angle (Ay) that resulting in a temporary non-zero cancellation
of neighboring dipoles.?>*

On the other hand, it seems curious that the ferroelectric SmAPF of 2F-Z-C16 does not exhibit
the LF mode, referring to the previous reports that SmAPF in C4 and C16 mixtures exhibit the
LF mode giving a huge Ae of 2000 (see Chapter 2 and 3). However, this can be well understood
according to a linear relationship between the reciprocal of the Ew and Ae, which is established

in Chapter 3. The lower En (i.e., energy barrier between two polar states) is, the more the
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collective fluctuation mode of dipoles is enhanced. The corresponding plots of the Ae and
reciprocal Ew of 2F-Y-C16, 2F-Z-C16 and 4F-XY-C16 are given in Figure 4-13, together with
the data previously collected. The values fall on a linear line. The Ew of the SmAPF of 2F-Z-
C16 is 13.0 Vum™', which is much higher than that (0.7 Vum™') of the SmAPF in mixtures of
C4 and C16. For such a high value of E, the Ae becomes almost zero, in other words, the LF
mode is prohibited. The SmCaPa of C16 has also a high Ew of 9.3 Vum™ and then no LF mode
is observed, while the LF is clearly detected for the SmCaPa phases of 4F-XY-C16 and 2F-Y-
C16 with relatively small Ew of 3.0-3.5 Vum'!.

In order to obtain the information of electric-field-effects on the polar order, dielectric
measurement was performed under DC bias fields. Figure 4-14 shows the variation of the A¢
and f; with the DC bias field observed in the SmCaPa from 2F-Y-C16 and 4F-XY-C16. The DC
bias behavior of the SmCaPa phase from 2F-Y-C16 and 4F-XY-C16 is the same as that observed
for the SmAPA phase in Chapter 3. For example, the Ae and f; are almost constant up to 2 Vum-
! for 4F-XY-C16. On further increase of the DC fieldto 3.5 Vum™', a local maximum is observed
in the Ag, and a local minimum is observed in the f; at 3 Vum™'. The maximum A¢ at 3 Vum'!
is around 600, which is four times larger than that of the initial value, and the corresponding f
becomes shorter. Finally, the Ae becomes zero at around 3.5-4.0 Vum™', which is nearly equal
to the Ewn of 3.5 Vum™!. This behavior is similar to that observed for SmAP, in the mixtures of
C4 and C16 in Chapter 3. Possibly, with the increase of DC bias field, the SmCaPa structure
partly transforms to the SmCsPr structure, and then with a further increase, the suppression of
dipoles’ fluctuation occurs.

It should be noted that such an enhancement behavior is not observed in the SmAPFk of 2F-
Z-C16 and the SmCaPa of C16. These two smectic phases invariably show only the non-
collective mode even when the DC bias field up to 15 Vum! (larger than Ew) is applied.
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Figure 4-14. DC bias field dependence of the Ae and f; for the collective mode in the SmCaPa
phases of 2F-Y-C16 and 4F-XY-C16, measured in a 3 um-thick cell.
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4.4. Concluding Remarks

Bent-shaped dimeric molecules with fluorine substitution to a standard bent-shaped dimeric
molecule (C16) were synthesized. Effects of the fluorine substitution, such as the substituted
position and number of the fluorine, were examined on the polar mesophase structures and
properties. In all materials, the polar smectic phases are formed; SmAPr from 2F-Z-C16, and
SmCaPa from 2F-Y-C16 and 4F-XY-C16. As one of the significant effects, the transition
temperatures decrease by 10-30 °C without significantly changing the temperature span of
smectic phase. Another effect is observed on the switching rate to the ferroelectric state. The
rates are around 10 ps, which are significantly shorter than 250 ps of C16. The decrease in the
intermolecular force and the decrease in the viscosity may be attributed to these effects. Further
effect was observed on the orientation behavior to the ITO-coated cell. On the ITO cell, the
non-fluorine substituted bent-shaped dimeric molecules tend to be aligned homogeneously with
both the molecular axes and bent (polar) axes parallel to the surface. In contrast, the fluorine
substituted molecules are homogeneously aligned with the bent (polar) direction perpendicular
to the surface. This difference of surface anchoring effect is due to the trend that the fluorine
dislikes the contact with ITO electrodes.

The ferroelectricity of SmAPF in 2F-Z-C16 was clarified from microscopic texture, switching
behavior and SHG measurement. The fan-shaped texture of SmAPr and its color are not
essentially changed on field-ON and field-OFF. No rotation of extinction direction is also
characteristic. This is due to the maintenance of the perpendicular orientation of polar direction
to the cell on both of field-ON and field-OFF. Observations of one current peak on a half cycle
of triangular wave voltage application and the SHG activity without the electric field also clarify
the SmAPr phase. In the dielectric measurements, the SmAPr phase does not show the
collective mode of polarization at all, but only the non-collective mode. This is in contrast to
the fact that the SmAPF treated in Chapters 2 and 3 shows the huge collective mode giving Ae
of 2000. The reason may be due to the high energy barrier for rotation of dipoles as suggested
from the high Ew of around 13 Vum™', which is much larger than 0.7 Vum™' of the SmAPr
treated in Chapter 3.

The SmCaPa phases were formed from 2F-Y-C16 and 4F-XY-C16. The tilting of molecules
to the layer is well elucidated from the facts that the layer spacing is appreciably smaller than
the molecular length and that the extinction direction in microscopic fan-shaped texture is
significantly rotated on field-ON. The antiferro-electric structure is identified from the
observation of two current peaks on a half cycle of triangular voltage. The reversal polarizations
of 1.64 pCem? for 2F-Y-C16 and 2.42 pCem for 4F-XY-C16 are much larger than 0.64 pCem
2 of C16. This is due to the increment of dipole moment of molecule; the dipole moments
estimated for one-side mesogen are 6.85 D and 7.94 D for 2F-Y-C16 and 4F-XY-C16,
respectively, while the value is 5.99 D for C16. Fluorine substitution on the aromatic core can
thus increase the dipole moment of molecule and simultaneously Ps. It should be noted that

2.42 uCem of 4F-XY-C16 is much larger compared to those so far reported in the dimeric and
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bent-shaped banana molecules.'*?%" In the dielectric measurements, these SmCaPa show the
LF mode at around 5 kHz and with Ae = ~150. This is in contrast with the fact that the SmAPF
of 2F-Z-C16 and SmCaPa of C16 do not show the LF mode. The low Et of around 3 Vum™' in
electric switching is considered to be the reason for the exhibition of the LF mode.
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CHAPTER

Three Distinct Polar Phases, Isotropic, Nematic, and
Smectic-A Phases, Formed from a Fluoro-Substituted

Dimeric Molecule with Large Dipole Moment

5.1. Introduction

As mentioned in Chapter 4, a clear linear relationship between dipole moment and
spontaneous polarization (Ps) was found in fluorine-substituted dimeric molecules. An increase
in dipole moment also leads not only to an increase in the Ps but also to an increase in dielectric
strength (Ae).! The longitudinal dipole moment is increased by attaching the polar groups to the
aromatic mesogens. A typical method is the fluorine substitution. By using the cyanobiphenyl,
McDonnell et al. reported that the fluorine substitution is an effective method to increase the
dipole moment.? Furthermore, Nishikawa et al. also reported that DIO with fluorine possesses
a large dipole moment of 9.4 D, resulting in the high dielectric constant of 10000 and the high
P of 4.4 pCem™.! Similar results have been reported in fluorine-substituted bent-shaped
dimeric molecules; an increase in the number of aromatic rings and fluorine substitution was
found to result an increase in the dipole moment.>

In this chapter, based on this strategy, a di-5(3FM-C4) molecule (see Figure 5-1) with 3
benzene rings having one fluorine substitution in each is prepared and the ferroelectric

properties is examined.
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Figure 5-1. Molecular structure and phase sequence of di-5(3FM-C4T). The transition
temperatures and enthalpy changes are taken from the DSC 2™ heating and 1° cooling runs.
The dipole moment value along the long axis of one-side mesogen is calculated by density

functional theory. The arrows represent the direction of the dipole moment.
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5.2. Experimental Section
5.2.1. Materials
Unless otherwise noted, reagents and solvents were purchased from commercial suppliers

and used without further purification.

5.2.2. Measurements

Nuclear magnetic resonance (NMR) spectroscopy measurements were carried out on a
Bruker AVANCE-500 spectrometer (500 MHz for 'H, 470 MHz for '°F and 126 MHz for 13C).
Chemical shifts (J) are expressed relative to the resonances of the residual non-deuterated
solvent for 'H (CDCls: 'H(d) = 7.26 ppm and DMSO-ds: 'H(d) = 2.49 ppm), the resonances of
the residual solvent for '*C (CDCls: *C(6) = 77.16 ppm and DMSO-ds: 3C(5) = 39.52 ppm),
the resonance of CF3COOH as external standard for ’F (CF3COOH: ""F(5) = —76.55 ppm).
Absolute values of the coupling constants are given in Hertz (Hz), regardless of their sign.
Multiplicities are abbreviated as singlet (s), doublet (d), doublet of doublets (dd), triplet (t),
quartet (q), multiplet (m) and broad (br). The elemental analyses (C, H, N) were carried out on
a MICRO CORDER JM10 and the element analysis (O) were carried out on a vario MICRO
cube. The phase transition temperatures were determined by differential scanning calorimetry
(DSC) (PerkinElmer DSC8500) at a rate of 5 °Cmin™' under 1 cooling and 2™ heating run.
Optical microscopic, electro-optical, dielectric and SHG investigations were performed using
glass cells coated with indium tin oxide (ITO) electrodes, which is commercially available from
EHC Co., Ltd. Furthermore, the ITO cell coated with polyimide was used to promote
homogeneous alignment of nematic LC specifically for the microscopic observation of texture.
The area of the ITO electrodes was 100 mm?, and the cell thicknesses of the ITO electrodes
were 3 um. Observation of the texture and identification of the mesophases were carried out
using a polarizing optical microscope (POM) (OLYMPUS BX53) equipped with a hot stage
and a temperature controller (Mettler Toledo FP 82HT). X-ray diffraction (XRD) measurements
were performed using D8 DISCOVER (BRUKER) with Cu K, radiation. The sample was
contained in a capillary tube with the diameter of 1 mm and the alignment of molecules was
performed under the magnetic field applied perpendicularly to the capillary tube. The
polarization reversal current was observed by applying a triangular wave voltage using a high-
speed amplifier (FLC Electronics, F20A) connected to a function generator (NF Electronic
Instruments, WF1945B). The SHG measurement was performed using a 10 Hz Nd:YAG laser
(Minilite-II) of A = 1064 nm as a fundamental beam, and in the p-in and p-out polarization
combinations. The incidence angle of the laser to the sample cell settled in a heater block was
45°. The SHG signal was detected by a photomultiplier tube (Hamamatsu model-R1924A) and
the outputs from the photomultiplier tube were accumulated by a BOXCAR integrator
(Stanford Research Systems). Note that prior to the SHG measurement, a triangular wave
application (40 Vpp, 1 Hz) treatment was processed at the temperature of the SmAPF phase. The

SHG measurements of all phases were performed without an external electric field. The
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complex dielectric constants were measured in a frequency range between 10° Hz and 107 Hz
with an impedance analyzer (NF Electronic Instruments, FRA51615) and with the electric

voltage of 1 Vpp.

5.2.3. Synthesis
The fluoro-substituted molecule of di-5(3FM-C4T) was newly synthesized in this chapter.
The general synthesis procedure (see Scheme 5-1) and the characterization results for all

synthesized compounds are provided below.

‘_COOH \._COOH
HO™ >""""OH + | | -+ C4HeBr
OHC HO
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F
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Scheme 5-1. Synthetic route for the preparation the fluorine-substituted bent-shaped dimeric
molecules. Reagents and conditions: (1) 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimideethanol, ethyl acetate, 4-dimethylaminopyridine, room temperature, 15
hours, (ii) ethanol, reflux, 4 hours, (iii) potassium hydroxide, ethanol, water, reflux, 15 hours,
(iv) 1-(3-dimethylaminopropyl)-3-ethylcarbodiimideethanol, tetrahydrofuran, 4-

dimethylaminopyridine, room temperature, 15 hours.
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5.2.3.1. Synthesis of 3

In a flask equipped with a magnetic stirrer and a nitrogen inlet were prepared. 1,5-pentanediol
(1) (1.23 g, 11.81 mmol), 2-fluoro-4-formylbenzoic acid (2) (3.97 g, 23.62 mmol), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimideethanol (4.40 g, 28.34 mmol), and ethyl acetate
(39.80 g). 4-dimethylaminopyridine (0.35 g, 2.83 mmol) were then added to the solution at
room temperature. The solution was stirred at room temperature for 15 hours. Then, the solution
was diluted with water and ethyl acetate. The organic layer was extracted with water. The
solvent was evaporated, and residue was purified by chromatography on silica gel using
chloroform eluent to give 3 (1.24 g, 26 %) as a white solid.

For 3, "H NMR (500 MHz, CDCl3, 25 °C): 6 (ppm) 10.05 (s, 2H, CHO), 8.09 (t, J= 7.3 Hz,
2H, Ar-H), 7.72 (d, J= 7.9 Hz, 2H, Ar-H), 7.62 (d, /= 10.1 Hz, 2H, Ar-H), 4.41 (t, /= 6.4 Hz,
4H, COOCH>), 1.91-1.85 (m, 4H, COOCH2CH,), 1.68-1.62 (m, 2H, COOCH>CH,CH,). "°F
NMR (470 MHz, CDCl3, 25 °C): § (ppm) —107.65 (t, J = 8.2 Hz, 2F, Ar-F). *C NMR (125
MHz, CDCls, 25 °C): 6 (ppm) 190.14, 163.65, 163.62, 163.02, 160.93, 140.78, 140.72, 132.97,
124.96, 124.93, 124.04, 123.95, 117.23, 117.05, 65.62, 28.14, 22.47.

5.2.3.2. Synthesis of 5

In a flask equipped with a magnetic stirrer, a reflux condenser and a nitrogen inlet were
placed 3 (0.93 g, 2.30 mmol), 4-amino-3-fluorophenol (4) (0.73 g, 5.76 mmol) and ethanol
(14.98 g). The solution was stirred and heated under reflux for 4 hours. The solution was
concentrated by using a rotary evaporator. The residue was recrystallized from ethanol/water
(1/1) to give 5 (1.30 g, 90 %) as a red solid.

For 5, '"H NMR (500 MHz, DMSO-ds, 25 °C): § (ppm) 10.10 (s, 2H, Ar-OH), 8.72 (s, 2H,
N=CH), 7.99 (t,J=7.7 Hz, 2H, Ar-H), 7.81 (dd, J= 8.2, 1.3 Hz, 2H, Ar-H), 7.31 (t,J=9.0 Hz,
2H, Ar-H), 6.69-6.65 (m, 4H, Ar-H), 4.34 (t, J = 6.3 Hz, 4H, COOCH>), 1.83-1.77 (m, 4H,
COOCH:CH?>), 1.61-1.55 (m, 2H, COOCH>CH>CH>). '°F NMR (470 MHz, DMSO-ds, 25 °C):
5 (ppm) —109.95 (t, J = 9.1 Hz, 2F, Ar-F), —122.26 (t, J = 10.9 Hz, 2F, Ar-F). 3C NMR (125
MHz, DMSO-ds, 25 °C): ¢ (ppm) 163.66, 163.64, 162.58, 160.53, 158.64, 158.55, 158.09,
157.05,156.11, 142.88, 142.81, 132.71, 129.84, 129.76, 124.50, 122.11, 122.09, 120.44, 120.35.
116.50, 116.31, 112.27, 112.25, 103.94, 103.76, 65.40, 28.03, 22.34.

5.2.3.3. Synthesis of 8

In a flask equipped with a magnetic stirrer, a reflux condenser and a nitrogen inlet were
placed with addition of 2-fluoro-4-hydroxybenzoic acid (6) (2.09 g, 13.41 mmol), 1-
bromobutane (7) (2.02 g, 14.75 mmol), 85% potassium hydroxide (1.95 g, 29.51 mmol), ethanol
(48.90 g) and water (16.50 g). The solution was stirred and heated under reflux for 15 hours.
The solution was poured into water and acidified by adding concentrated hydrochloric acid.
The precipitate was filtered and washed with hexane. The product was dried at 50 °C in vacuo
to give 8 (1.71 g, 60 %) as a white solid.
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For 8, 'H NMR (500 MHz, CDCls, 25 °C): J (ppm) 7.97 (t,J = 8.7 Hz, 1H, Ar-H), 6.73 (dd,
J=8.8,2.3 Hz, 1H, Ar-H), 6.65 (dd, J=12.9, 2.4 Hz, 1H, Ar-H), 4.01 (t,J= 6.5 Hz, 2H, OCH>),
1.80-1.76 (m, 2H, OCH2CH>), 1.53-1.46 (m, 2H, OCH.CH>CH>), 0.99 (t, J = 7.4 Hz, 3H,
CH2CH5). 'F NMR (470 MHz, CDCls, 25 °C): 6 (ppm) —104.85 (t, J = 10.5 Hz, 1F, Ar-F). 13C
NMR (125 MHz, CDCls, 25 °C): ¢ (ppm) 169.44, 169.41, 165.32, 165.15, 165.06, 163.24,
134.06, 134.05, 110.82, 110.80, 102.87, 102.67, 68.50, 30.94, 19.13, 13.76.

5.2.3.4. Synthesis of 9

In a flask equipped with a magnetic stirrer and a nitrogen inlet were placed, and 5 (0.30 g,
0.48 mmol), 8 (0.20 g, 0.95 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimideethanol
(0.15 g, 0.95 mmol), and tetrahydrofuran (5.93 g). 4-dimethylaminopyridine (0.01 g, 0.10
mmol) were added to the solution at room temperature. The solution was stirred at room
temperature for 15 hours. The solution was evaporated and the residue was washed with ethanol.
The residue was purified by chromatography on activated alumina using chloroform eluent, and
recrystallized from chloroform/ethanol (1/1) to give 9 (di-5(3FM-C4T)) (0.18 g, 36 %) as a
yellow solid.

For 9, '"H NMR (500 MHz, CDCls, 25 °C): J (ppm) 8.56 (s, 2H, N=CH), 8.04-7.98 (m, 4H,
Ar-H), 7.73-7.69 (m, 4H, Ar-H), 7.21 (t, J = 8.8 Hz, 2H, Ar-H), 7.11-7.04 (m, 4H, Ar-H), 6.75
(dd, J= 8.9, 2.3 Hz, 2H, Ar-H), 6.66 (dd, J = 12.7, 2.4 Hz, 2H, Ar-H), 4.42 (t,J = 6.3 Hz, 4H,
COOCH-»), 4.02 (t,J= 6.5 Hz, 4H, OCH,), 1.92-1.86 (m, 4H, COOCH2CH>), 1.84-1.78 (m, 4H,
OCHxCH>), 1.71-1.65 (m, 2H, COOCH2CH2CH>), 1.55-1.48 (m, 4H, OCH2CH>CH>), 1.00 (t,
J =17.4 Hz, 6H, CH,CHs). '°F NMR (470 MHz, CDCls, 25 °C): J (ppm) —104.30 (t, J = 10.4
Hz, 2F, Ar-F), —108.56 (t, J = 8.7 Hz, 2F, Ar-F), —-122.75 (t, J = 9.9 Hz, 2F, Ar-F). 3C NMR
(125 MHz, CDCl3, 25 °C): ¢ (ppm) 165.10, 165.07, 165.01, 164.05, 164.02, 163.10, 162.99,
162.11,162.08,161.02, 160.15, 156.06, 154.05, 149.49, 149.41, 141.76, 136.45, 136.37, 133.82,
132.56, 124.43,124.41, 122.34,121.31, 121.23, 118.07, 116.55, 116.36, 111.00, 110.93, 110.91,
110.84, 109.36, 109.28. 102.96, 102.76, 68.57, 65.26, 30.96, 28.18, 22.51, 19.14, 13.79.
Elemental analysis: calculated for CssHagFsN2O10, C 65.34, H 4.79, N 2.77, O 15.83; found, C
65.38, H4.82, N 2.75, O 15.87%.

5.2.4. Calculation of molecular length and dipole moment

The molecular parameter such as the molecular length and dipole moment was calculated by
density functional theory. It was carried out by Gaussian 09 software, selecting DFT/B3LYP
methods using 6-31G (d,p) basis.’ The geometries were optimized by minimizing the energies
with respect to all geometrical parameters without imposing any molecular symmetry

constraints.
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5.3. Results
5.3.1. Molecular parameters obtained by density functional theory

The dipole moment of its one-side mesogenic core is estimated as 11.23 D (see Figure 5-1),
which is relatively larger than those previously reported.! Detail dipole moment components
(ux, ty, pz) are 9.33, -4.99 and 3.76, respectively. Here, the resultant dipole moment (u) is
represented by (ux® + uy* + uz*)">.
5.3.2. Transition behaviors

The DSC thermograms are shown in Figure 5-2 and their thermodynamic DSC data based
on 1% cooling and 2" heating are listed in Figure 5-1. As described later in details, di-5(3FM-
C4T) forms the polar isotropic (Isop), Nr and SmAPF phases. On cooling process, the highest
temperature Isop phase is transformed to the Nr phase at 211 °C, showing a very small, but
obvious DSC peak. The enthalpy change is less than 0.2 kJmol!. The N - SmAPF phase
transition is observed at 165 °C with the substantial enthalpy change of 5.7 kJmol™!. On further
cooling, no clear transition to crystal (Cr) is detected although some broad and small peaks are
observed at around 55 °C. The crystallization takes place after a prolonged stay below room
temperature or by some mechanical or electrical stimulus. The resulting Cr melts at 116 °C on
heating. In some cases, the supercooling nature of the LC phase and the lower crystal melting
temperatures are observed due to the fluorine-substituted molecules with weaker intermolecular
forces.’ It is interesting to note that the N phase as well as the SmAPF, Isop phases are
enantiotropic, giving a wide accessible temperature range while almost all Nr phases reported

are monotropic.’16

15t cooling SmAP: “ N Isop
8 2" heating V
@
L
°
T
C
L
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Temperature (°C)

Figure 5-2. DSC thermogram of di-5(3FM-C4T). Scanning rate is 5 °Cmin™’.
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5.3.3. Optical microscopic observation

The transitions between the Isop, Nr and SmAPr phases can be well detected by optical
microscopic observation as shown in Figure 5-3. Here, the observation was done in two types
of cells. One is the ITO coated cell (ITO-cell) and another is the ITO-cell further coated by
polyimide (PI-ITO-cell). In the ITO-cell, the Nr phase is aligned homeotropically and then the
texture is completely dark like that in the Isop phase (see Figures 5-3(a) and (b)). In the PI-ITO-
cell, on the other hand, the Nr phase is aligned homogeneously presenting the typical
birefringent Schlieren texture (Figure 5-3(e)) and then, the transition to the Isop phase was
clearly detected by the disappearance of the birefringence (compare Figures 5-3(d) and (¢)). On
cooling from the N phase, the SmAPF phase appears as a homogeneous fan-shaped texture (see
Figures 5-3(c) and (f)), which is well developed regardless of the homeotropic and
homogeneous orientation in the preceding Nr phase. This preferential homogeneous alignment
suggests that the molecules in this phase assume the bent-shaped conformation as shown in
Chapters 2, 3 and 4.

Figure 5-3. Microscopic textures of (a) the Isop, (b) Nr and (c) SmAPE phases in a 3 um-thick
ITO-cell. Microscopic textures of (d) the Isop, (€) Nr and (f) SmAPF phases in a 3 um-thick PI-
ITO-cell.

5.3.4. X-ray measurements

Figure 5-4 shows the two-dimensional XRD patterns taken in different phases. Here, the
material is contained in the glass tube, and the magnetic field was applied perpendicularly to
the tube. In Figure 5-4, the magnetic field is in a vertical direction.

Comparing the X-ray patterns in Figures 5-4(a) and (b), the uniaxial orientation due to the
magnetic field is successfully achieved in the Nr phase while no orientation in the Isop phase
as expected. Its oriented X-ray pattern includes a streak with the spacing of 25 A on the meridian
(magnetic field direction) and outer broad reflections with a spacing of 4.5 A on the equator,
indicating that N phase is composed of molecules with the rod-shaped conformation, but not
the bent-shaped one. The 25 A meridional streak roughly corresponds to the length (24.3 A) of
the one-sided mesogenic core.

Figures 5-4(c)—(e) show the XRD patterns of the SmAPr phase. Despite of the uniaxial
orientation of the preceding Nr phase, the SmAPr phase exhibits multiple different orientation
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Figure 5-4. XRD patterns of di-5(3FM-C4T) taken under the magnetic field (given by the
arrow): (a) the Isop phase at 220 °C, (b) the Nk phase at 195 °C and (c)-(e) the SmAPr phase at

150 °C. For the SmAPF phase, three representative patterns are presented (refer to the text).

patterns although all of them include a sharp layer refection with a spacing of 23.4 A and an
outer broad reflection with a spacing of 4.5 A. In Figures 5-4(c)—(e), three representative
patterns are presented. In Figure 5-4(c), the layer reflection appears in a tilt direction of 30°
from meridional line (magnetic field direction), and the broad outer reflections split into two
portions; one set of the reflections are placed on the equator while another set of the reflections
is on the position tilted by ~60° from the equator. In Figure 5-4(e), the layer reflection appears
on meridian and the broad outer reflection appears on the equator. The central pattern of Figure
5-4(d) shows intermediate characteristics between these twos.

From Figure 5-4(c), it is obvious that the SmAPF phase is constructed by the bent-shaped
molecules'”!” in a way that the bent molecules are aligned perpendicularly to the layer, the side
wing mesogens are tilted by 30° to the layer, and the normal of the smectic layer is tilted by 30°
to the magnetic field direction. The reason why various patterns appear in the SmAPF phase

under the magnetic field will be discussed later.

5.3.5. Switching behaviors
Ferroelectricity can be determined from the observation of a polarization reversal current
under the application of a triangular wave voltage. Typical switching current data and the optical

microscopic textures as observed in the ITO cell are shown in Figures 5-5-5-7.

73



CHAPTER 5

Applied voltage (V)

Switching current (mA)

04 06 08 1 12 14 16
Time (s)

©)

50 pm 50 ym

Figure 5-5. (a) Polarization reversal current for the Nr phase at 180 °C measured by applying
a triangle wave field (40 Vyp, 1 Hz), in a 3 pm-thick ITO-cell. (b) and (c) are the optical
microscopic textures in the same cell on field-OFF and field-ON, respectively.
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Figure 5-6. (a) Polarization reversal current for the SmAPF phase at 150 °C measured by
applying a triangle wave field (40 Vyp, 1 Hz), in a 3 pm-thick ITO-cell. (b) and (c) are the
optical microscopic textures in the same cell on field-OFF and field-ON, respectively.

At first, the data on the Nr phase is explained. By applying a triangular voltage wave, the Nr
phase shows one current peak on a half cycle (see Figure 5-5(a)), which is typical for the
ferroelectricity. The microscopic texture under the high voltage is totally dark on field-ON (see
Figure 5-5(c)), meaning that the polarization direction corresponds to the n-director. The
reversal polarization estimated as the integral of the current peak in a half cycle is around 8
uCem™. In Figure 5-8, the reversal Ps and threshold electric field (Ew) are plotted against the
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Figure 5-7. (a) Polarization reversal current for the Isop phase at 220 °C measured by applying
a triangle wave field (40 Vyp, 1 Hz), in a 3 pm-thick ITO-cell. (b) and (c) are the optical

microscopic textures in the same cell on field-OFF and field-ON, respectively.

temperature. It is found that except near the transition temperature to other phases, the huge
polarization of around 8 pCem™ is maintained in the Nr phase temperature range. The Eu, is
relatively low, 1 Vum.

The ferroelectric switching is also observed in the SmAPF phase (see Figure 5-6(a)). The
reversal polarization is somewhat temperature dependent and is about 4.5 pCem™ as an average,
which is nearly half of that of the Nr phase (see Figure 5-8). Figures 5-6(b) and (¢) indicate the
textures under the field-OFF and ON. On field-ON, neither of the fan-shapes of the texture nor
the extinction positions change, but only the birefringence colors change from yellow to red.
This characteristic texture change is attributable to the biaxial nature of the SmAPFr phase
composed of the bent-shaped molecules: initially, both of the molecular axis and bent (polar)
direction of the bent-shaped molecules lie parallel to the cell’s surface, while on field-On, the
bent direction becomes perpendicular to the cell as shown in Chapters 2, 3 and 4. In this SmAPF
phase, the Ew is increased from 1 to 3.5 Vum™' with a decrease of the temperature from 160 °C
to 100 °C, which can be considered to be a thermally activated phenomenon.? If it is treated as
having an Arrhenius-like thermal activation,? the pseudo-activation energy can be obtained as
28 klmol™.

It is interesting to note that the Isop phase still exhibits electric switching maintaining the
dark texture as found in Figure 5-7(a). Although the Ps gradually decreases with the temperature,
the switching behavior remains observable up to 250 °C where the thermal decomposition
becomes a factor to be noticed (see Figure 5-8). The persistency of the polar structure can also

be detected from the SHG and dielectric measurements as shown later.
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Figure 5-8. Temperature variation of the reversal Ps and Ew as measured in a 3 pm-thick ITO

cell over a wide temperature range from 100 °C to 240 °C.

5.3.6. SHG measurements

The SHG was observed by an incidence angle of 45° to the surface of the ITO-cell, and the
relative SHG intensities are plotted against the temperature in Figure 5-9. As expected, a
significant SHG is observed in the Nr and SmAPr phases. Here again, the SHG activity is
invariably detected in the Isop phase, although it disappears in the Cr phase.
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Figure 5-9. Temperature dependence of the SHG intensity observed in a 3 um-thick ITO cell

with an incident angle of 45° and without the external electric field.

5.3.7. Dielectric properties

The representative dielectric data of the Nr, SmAPF and Isop phases with the 3 pm thick-ITO
cell are shown in Figures 5-10(a) and (b), respectively, where the real (¢) and imaginary (&")
parts of the dielectric constants are plotted against the frequencies of 10° Hz to 107 Hz. Detailed
data of the real (¢") and imaginary (¢") parts of the dielectric constant plotted against temperature
and frequency are shown in Figure 5-11.

Two relaxation modes can be observed here. One is the low-frequency (LF) mode, which is
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Figure 5-10. Frequency dependences of (a) the real (¢") part and (b) imaginary (¢") part of the
complex dielectric constants for the Isop phase at 220 °C, the Nr phase at 180 °C and the SmAPF
phase at 120 °C from di-5(3FM-C4T), measured in a 3 um-thick ITO-cell. In the insets, the
horizontal and vertical axis are expanded to show details of the high frequency mode at around
10° Hz.

observed at 10~10° Hz in the Nr, SmAPF and Isop phases. The huge dielectric constants and
low relaxation frequencies (f;) reveal that the LF mode is attributed to the collective fluctuation
of polarization, which is typically observed in the ferroelectric phases.!*!11621-23 Another is the
high-frequency (HF) mode appearing at approximately 10° Hz, which is detected in the SmAPF
phase (see enlarged view in the inset of Figure 5-10(b). In the Nr and Isop phases, this HF mode
is likely to be buried by the large LF mode, but it becomes observable by a shift of the HF mode
to the higher frequency side in the SmAPr phase. This HF mode is associated with the non-

collective molecular rotation around the short axes of mesogens as commonly observed in
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Figure 5-11. Frequency and temperature dependences of (a) the real (¢') and (b) imaginary (&")
parts of the complex dielectric constants for the Isop, Nr and the SmAPF phases from di-5(3FM-
CA4T), measured in a 3 um-thick ITO-cell.
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Figure 5-12. Cole-Cole plots for the Isop, Nr, SmAPF phases of di-5(3FM-C4T) based on the

data in Figures 5-10(a) and (b). The dotted curves are obtained by fitting equation (5-1). In the
insets, the horizontal and vertical axes are expanded to show details of the high frequency mode.

conventional LC phases.?!"*

The dielectric spectra were analyzed by fitting with the following Cole-Cole equation®:

et =¢ —ie =€y 0<a<l, (5-1)

+ 1+ (iwt)l-@
where  is the angular frequency, Ae (= & - €x) is the dielectric strength, and & and & are the
“static-frequency” and “infinite-frequency” dielectric constants, respectively. 7 = 1/(2nf;) is the
relaxation time (where f; is the relaxation frequency), and a is the distribution parameter of
relaxation time. Figure 5-12 shows the Cole-Cole plots for the LF and HF modes. The
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determined parameters, Ae¢, f; and @, in the Cole-Cole equation are listed in Table 5-1. It is
important to note here that the A¢ is extremely huge (approximately 8000) for the LF collective
mode of the Nr, SmAPr and Isop phases. It is known that a value of the Ae for the collective
mode increases with the cell thickness.?!> When it is compared with cells having the same cell
thickness, the Ae of 8000 in 3 pm-cell is larger than those reported for bent-shaped’--?%%} and
rod-shaped molecules.'»>-!113

Figure 5-13 shows the temperature dependence of the Ae and f;, respectively. Through the
wide temperature zone from the SmAPr to Isop phases, the Ae is almost constant at around 8000.
On the other hand, the f; decreases with the decreasing temperature in the Nr and SmAPF phases,
both of which can be considered to be a thermally activated phenomenon like standard
Arrhenius one.?®?” The Arrhenius plots reveal good linear relationships (see Figure 5-14),
giving the activation energies of 13 and 45 kJmol™! for the Nr and SmAPr phases, respectively.

These values are comparable with those obtained for other bent-core compounds.?¢-°

Table 5-1. List of the Cole-Cole parameters, Ag, fr and a, collected from the data in Figures 5-
10 and 5-12.

SmAPFr Nr Isor
LF HF LF LF
Ag 7.9x10° 12 8.2x103 8.8x10°
£+ (Hz) 19 1.5%10° 73 89
a 0.13 0 0.10 0.10
12000 . :
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Figure 5-13. Temperature dependence of the estimated Ae and f; in di-5(3FM-C4T), measured

in a 3 um-thick ITO-cell.
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Figure 5-14. Temperature dependence of the logarithm f; as a function of inverse absolute
temperature of di-5(3FM-C4T), measured in a 3 um-thick ITO cell. The dashed lines are guide
for the eye.

Overall results clearly indicate that the nematic and smectic phases in di-5(3FM-C4) are

ferroelectric. Furthermore, the polar structure is maintained even in optically isotropic liquid.

5.4. Discussion

In twin dimers, the molecular axis is not generally coincided with the axis of side-wing
mesogenic cores because of the conformational constraint of the spacer alkyl chain.’! The
situation is the same in main-chain polymers.!”!® The plausible conformation to produce the
uniaxial LC order can be envisaged from conformational analysis. It has been performed on
spacer group of twin dimer, X-CO-O(CH2),O-CO-X, and main-chain polyesters having repeat
unit of -[ X-CO-O(CH2),0-CO]J-, where X is the aromatic mesogenic core. Spatial orientations
of a given mesogenic core have been elucidated in a Cartesian coordinate system fixed to the
preceding core.!® In the LC field, the orientation angle defined by unit vectors attached to two
successive rigid cores is important and has been evaluated for each conformation of the

intervening flexible segment.’! When the number of methylene units # in the flexible segment

(b)

Figure 5-15. Two possible bent-shaped (a) and U-shaped (b) conformations, assumed by the

twin molecules with the central alkyl spacer of odd-numbered carbons.
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is even, the angle 6 is found to be distributed in ranges of 0-30° (30-40 %) and 85-130° (60-
70 %). In this case, hence, the conformation that comforts to the uniaxial LC field exists. When
n = odd as in the present dimeric material, the major portion of the calculated angle 9 (80 %) is
distributed over a range of 50-90°. This is the reason why the twin dimer with » = odd assumes
occasionally bent shape in the LC field as illustrated in Figure 5-15(a), forming the ferroelectric
and anti-ferroelectric smectic LCs,!*¥2-3 and the twist bend nematic LCs.3”** On the other hand,
to some degree (~20%), orientations are also permitted in the angle 6 > 160°. In this case, one
mesogenic core is folded back nearly antiparallel to the other mesogenic one (see Figure 5-
15(b)). It is called U-shaped conformer, and has never been assumed by main-chain polymers
and twin dimer with a pentamethylene spacer, although it sometimes appears when 3-methyl
pentamethylene is used as a spacer.*** U-shaped conformations were also reported for bent-
shaped molecules with an o-phenylene unit within the aliphatic spacer.*®

Keeping this conformational constraint in mind, let’s speculate how the twin molecules with
n =5 can form the Nr phase with the polarization along the n-director. At first, one envisages
that twin molecules taking a bent conformation form the nematic LC. It is so-called twist bent
nematic LC (N1g).>”* In the present case, however, the Ntp is unlikely because two mesogens
within a molecule give the oppositely directed components of dipole moment along n-director,
which cannot yield the polarity along the director. The plausible molecular conformation is of
U-shaped one. This U-shaped molecule possesses the parallel alignment of two mesogens and
then a polar head-tail character, which allows to produce the ferroelectricity as illustrated in
Figure 5-16(a). Its molecular length indeed corresponds to that elucidated from the XRD
observation.

The expected Ps for Nr comprising of the U-shaped molecules can be calculated as follows*’:

Py = Nu (5-2)
where N is the number of dipoles per unit volume, and u is the electric dipole moment of one-
side mesogen. Since the molecule assume the U-shaped conformation, N is twice the number
of molecules per unit volume. Under the assumption that the density of the Nr phase may be
around 1.1 gcm?, the Ps is calculated as 5.0 uCem. The observed Ps of 4.3 (= 8.6 /2) uCem™
is slightly smaller than the expected Ps.

Here, a simple question arises why the twin molecules in the nematic LC field assume the
unusual U-shaped conformation, but not the bent-shaped one. If the polar association is the top
priority as a consequence of interaction of the huge dipole moment,**° then the answer is likely
to be because only the U-shaped molecules are capable to produce the polarity along n-director
in the uniaxial nematic field.

The SmAPF phase is formed from the molecules with the bent conformation in such a well-
known manner that bent molecules are packed perpendicularly to the layer with the same
directionality of bent (polar) direction parallel to the layer. It is illustrated in Figure 5-16(b) as
elucidated from the characteristic XRD pattern of Figure 5-4(c). Only a change of the
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Figure 5-16. Illustrations of the molecular alignment in the Nr (a) and SmAPr phases (b)-(d),
as elucidated from the XRD pattern under the magnetic field. In the Nr phase, the molecules
assume U-shaped conformation with a polar head-tail character, and then uniaxially aligned
with the same directionality of polarization to produce the ferroelectricity. The n-director
corresponds to the magnetic field. The transformation to the SmAPF phase composed of the
bent-shaped molecules occurs in such a way that the axis of one-side mesogen corresponds to
the n-director of the preceding N phase (magnetic direction), in other words, the normal of
smectic layer (solid arrow) 1s inclined with the azimuthal angle of 30° to the magnetic field, but
in freely selected elevation direction. Then, the X-ray beam enters with different angles to the
bent plane of the molecules. In (b), (c) and(d), three representative orientations corresponding
to the XRD patterns of Figures 5-4(c), 5-4(d) and 5-4(c) are illustrated, respectively.

birefringence color on switching as observed in Figures 5-6(b) and (c) is due to the polar
direction parallel to the layer. The reversal polarization of around 4 pCcm™ is half of that
(around 8 pCem™) in the Nr phase, which is due to the halved dipole moment in the bent
molecule with a bent angle of 120° in a comparison of the U-shaped molecule.

The transition of the Nr phase to the SmAPr phase is hence accompanied with the
conformation change of U-like conformer to a bent-shaped one. As described above, during this
transition, the XRD patterns of the SmAPF phase appear differently irrespective of uniaxial
orientation of the proceeding Nr phase. This different appearance can be explained when the
conformation change occurs in such a way that the axis of one of mesogen coincides to the

nematic director as described in Figure 5-16(b)—(d). At this occasion, other side-wing mesogens
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are inclined in a direction of the azimuthal angle of 60°, but in a freely selected elevation
direction. In other words, a smectic layer structure is formed such that its layer normal lies
along the azimuthal direction of 30° to the magnetic field direction. Then, the X-ray beam enters
with different angles to the bent plane of molecules as described in Figures 5-16(b)—(d), leading
to the various oriented patterns in Figures 5-4(c)—(e). With the X-ray beam orthogonal to the
plane, the bent plane in Figure 5-4(c) lies perpendicularly to the X-ray beam, while in Figure
5-4(e), it is parallel. All other patterns including the pattern of Figure 5-4(d) are with different
irradiation angles.

In the SmAPr phase, the smectic layer should be constructed by each molecule with the micro
segregation of a central alkyl spacer part and an alkyl tail part, and strictly speaking, the spacing
of the first layer reflection should correspond to the molecular length of around 47.0 A3
However, the observed layer spacing, 23.4 A, is half of that. The lack of the first order layer
reflection is likely due to the nearly equal length of the alkyl tail and central alkyl spacer.

The Isop phase, in contrast to the normal isotropic phase, exhibits the electric switching and
SHG activity, suggesting the polar structure. Although the reversal Ps deceases with the
increasing temperature, it remains 4 pCem still at 240 °C, 30 °C higher than the N phase
temperature. The collective fluctuation of polarization in the dielectric mode is invariably
observed as well: the A¢ and f; are almost the same as those in the Nr phase. Probably, this Isop
phase possesses some special polar aggregation of molecules in short-range domains.’>? The
SHG detection suggests that the domain size may be larger than the wavelength of YAG laser,
but no information on this has been obtained from the small-angle XRD. Here, one might have
a simple question whether any transition of the Isop to normal Iso phase is present or not? At
least in the present dimer, the polar structure is invariably detected up to 300 °C where the
thermal decomposition becomes too significant to be ignored. This interesting Isop phase is

currently being researched.

5.5. Conclusions

Di-5-(3FM-C4) with the fluorine-substituted mesogenic core as a side wing linked by
pentamethylene spacer was synthesized. It is characteristic that the side wing mesogenic core
has huge dipole moment of 11.23 D. This material forms three polar phases, Isop, Nr and SmAPE
phases, as clarified from the electric switching, SHG, and dielectric measurements.

For the Nr phase, the dimeric molecules assuming U-shaped conformation behaves as polar
rod-shaped molecules, and their polar association produces the polarity along n-director. The
reversal Ps is approximately 8 pCem™, which corresponds to that calculated from the dipole
moment of one side mesogenic core of 11.23 D. The SmAPr phase, on the other hand, is
composed of bent-shaped molecules. Hence, the transition from the Nr includes the
conformational change of the molecule. XRD observation indicates that it occurs in such a way
that one mesogenic axis of the bent-shaped dimeric molecule matches the n-director of the

preceding Nr phase. The reversal Ps is around 4 pCem™, half of that in the N phase, which also
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corresponds to the value calculated from the bent-shaped conformation of the molecule. Note
that this reversal Ps is the largest value among conventional bent-shaped LCs. The polarization
reversal current and SHG activity are also observed in the highest temperature Isop phase. The
reversal Ps decreases with the increasing temperature, but it remains a high value of 4 uCem?
at 240 °C, which is 30 °C higher than the Nr phase temperature. The structure analysis is still
under investigation.

Three polar phases exhibit the collective polarization fluctuation mode at around 100 Hz in
the dielectric measurement, giving the high dielectric constant over 8000 derived from the large

dipole moment.
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CHAPTER

General Conclusions

In the following, the results obtained in each chapter of this thesis are summarized, and the
molecular design for the dielectric strength (Ae) and spontaneous polarization (Ps) enhancement
in the bent-shaped dimeric molecules are proposed.

In Chapter 1, "General Introduction", it was stated that high A¢ and Ps are essential for the
realization of high-performance flexible electrochemical devices using ferroelectric liquid
crystals (LCs). By reviewing the conventional research on ferroelectric LCs, the bent-shaped
dimeric molecules were selected from the viewpoint of the variety of LCs alignment structures
and the low temperature of the LCs phase, and the significance of the research for the
establishment of the molecular design in high Ae and Ps was shown.

In Chapter 2, “Huge Dielectric Constants of the Ferroelectric Smectic-A Phase in Bent-
Shaped Dimeric Molecules”, in order to grasp the Ae of the ferroelectric phase in the bent-
shaped dimeric molecules and obtain the molecular design for the Ae enhancement, the
dielectric relaxation properties of the ferroelectric smectic-A (SmAPr) phase formed by
mixtures of bent-shaped dimeric molecules with different alkyl chain lengths was analyzed.
The SmAPr phase exhibited a collective mode with cooperative dipole orientation at about 500
Hz. The A¢ increases dramatically with increasing LC cell thickness. It exceeds 7000 for a 50
um-thick cell, which is much higher than the Ae¢ reported for the other bent-shaped molecules.
As the cell thickness increases, the LC domain size increases. This means that the number of
interacting dipole moments is increasing. From this result, it is clarified that the highly
cooperative orientation of the dipole moment in the bent-shaped dimeric molecules brings about
a huge Ae.

In Chapter 3, “Electric Switching Behaviors and Dielectric Relaxation Properties in
Ferroelectric, Antiferroelectric and Paraelectric Smectic Phases of Bent-Shaped Dimeric
Molecules”, in order to obtain the molecular design for the Ae enhancement, the relationship
between the dielectric relaxation properties and electrical switching behaviors in the SmAPF,
antiferroelectric smectic-A (SmAP,A) and antiferroelectric smectic-C (SmCaPa) phases was
analyzed. In the SmAPF phase, a small threshold electric field (Ew) of less than 1 Vum™ for
ferroelectric switching is characteristic and the Ew decreases with increasing cell thickness. In
dielectric measurements, a collective mode appears at a low frequency of about 500 Hz and has

a large Ae over 1500 in a 3 pum-thick cell. The Ae greatly depends on the cell thickness, and
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increases up to 10000 in a 80 pm-thick cell, while the collective mode frequency decreases
from 500 Hz to 200 Hz. In the SmAPA phase, although the Ew is higher than in the SmAPF
phase, still low at about 2 Vum™ for a 3 um-thick cell. A similar cell thickness dependence is
also observed, with the Ew decreasing to 0.6 Vum™' for an 80 um-thick cell. In the dielectric
measurements, the SmAPA phase is a cell thickness dependence similar to the SmAPF phase,
with the Ae increasing to 200 for the 3 pm-thick cell and 2000 for the 80 pm-thick cell. Another
antiferroelectric phase, the SmCaPa phase, has the Ewn of 10 Vum™ in a 3 pm-thick cell and a
very low Ag of 8. A plot of the obtained Ae versus the reciprocal En revealed that all the data
were on a straight line. The lower Ew (i.e., the energy barrier between the two polar states)
enhances the cooperative orientation of the dipoles, resulting in higher Ae.

In Chapter 4, “Spontaneous Polarization Characteristics in Polar Smectic Phases of Fluoro-
Substituted Bent-Shaped Dimeric Molecules”, in order to obtain the molecular design for the
Ps enhancement, three types of the bent-shaped dimeric molecules are synthesized by fluorine
substitution on the mesogenic unit and, the effect of fluorine substitution on the polar smectic
phase was analyzed. The fluorine-substituted dimeric molecules form the SmAPr and SmCaPa
phases, respectively, depending on the fluorine-substituted position. The fluorine substitution
lowers the transition temperature by 10-30 °C without significantly changing the temperature
range of the smectic phase. This behavior is speculated to be due to a decrease in intermolecular
force. The fluorine substitution can also increase the dipole moment of the molecule. The
estimated dipole moments of the one-sided mesogens in the non-fluorinated dimeric molecule
(C16), the two fluorinated dimeric molecule (2F-Y-C16) and the four fluorinated dimeric
molecule (4F-XY-C16) are 5.99, 6.85 and 7.94 D, respectively. Furthermore, the reversal Ps of
C16, 2F-Y-C16 and 4F-XY-C16 were 0.64, 1.64 and 2.42 puCecm™, respectively. A clear
proportional relationship was observed by plotting the obtained Ps against the dipole moment
of the one-sided mesogen. From this result, it was clarified that fluorine substitution to the
mesogenic unit increases the dipole moment of the molecule, resulting in a high Ps value.

In Chapter 5, “Three Distinct Polar Phases, Isotropic, Nematic and Smectic-A Phases Formed
from Fluoro-Substituted Dimeric Molecule with Large Dipole Moment”, a novel dimeric
molecule with large dipole moment was developed to enhance the Ps and Ae. A dimeric
molecule, di-5(3FM-C4T), with fluorine-substituted mesogenic cores as side wings connected
by a pentamethylene spacer was synthesized and demonstrated for the Ps and Ae. Due to
effective fluorine substitution, the mesogenic core has a huge dipole moment of 11.23 D. From
polarization switching, second harmonic generation and dielectric measurements, it was found
to form the SmAPE, ferroelectric nematic (Nr) and polar isotropic (Isop) phases. The N phase
is composed of U-shaped molecules that behave like rod-shaped molecules. The Ps is about 8
uCem, reflecting the huge dipole moment of the mesogenic core. On the other hand, the
SmAPr phase is formed by bent-shaped molecules. The Nr-SmAPF phases transition has a
structural change from a rod-shaped to a bent-shaped molecule, which is induced by a

pentamethylene spacer in the dimeric molecule. The Ps of the SmAPr phase is about 4 pCem,
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which is half that of the Nr phase as expected from the bent-shaped molecule, but is the highest
among conventional bent-shaped LC molecules. The highest temperature Isop phase still
exhibits the polar structure and may have polar aggregations of molecules in small domains.
Three polar phases were found to have a high Ae of 10000 reflecting the huge dipole moment
and the oriented structure.

From the above, it is important to increase the dipole moment, increase the number of
interacting dipole moments, and decrease the Ew for the ferroelectric switching as the molecular
design for the huge Ae. Furthermore, it is suggested that increasing the dipole moment is
important as the molecular design for huge Ps. The dipole moment, which is common to the A¢
and Ps enhancement, is effectively increased by substituting the highly electronegative fluorine

used in this thesis in the director direction of the molecule.
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