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General introduction

1. Applications of calamitic liquid crystalline materials

Since the discovery of the liquid crystal (LC) phase in cholesteryl benzoates and acetates by
the Austrian botanist Friedrich Reinitzer in 1888, over 80,000 LC molecules have been
synthesized. So far, LC molecules have been applied for the preparation of various optical,
electrical, and strength materials by taking advantage of their anisotropic properties, response
to external fields, and ability to self-assemble. Representative examples include LC displays
such as those used in televisions, personal computers, and mobile phones. In particular,
nematic LC materials containing calamitic (or rod-like) molecules are of high importance and
have practical applications in LC displays (twisted nematic (TN), super twisted nematic

(STN), and polymer-stabilized blue phase LCs).!

Over the last two decades, LC materials with high birefringence have been extensively
investigated for new applications. Such materials have a small cell gap and small film
thickness, which lead to a short response time that is advantageous in the applications
discussed above. These materials can also be employed for various optical and electronic
applications such as cholesteric films (selective reflection films, wide reflection films, and
laser emission films),? photostorage devices for holographic applications,® and LC lenses.* In
this thesis, the term “high-birefringence material” is applied to nematic LC materials with

positive birefringence, such as calamitic molecules.

A general description of LCs and their optical properties is provided in Section 2.
Subsequently, the nematic phase and optical properties of calamitic molecules are discussed

in Section 3. The context and purpose of this thesis is discussed in chapter Section 4.



2. Brief overview of LCs
2-1. Liquid crystal

LC phase is located between the three-dimensional crystal phase and the isotropic liquid
phase in thermodynamic phase diagrams (Fig. 1) and possess remarkable features hovering
between the properties of liquids and crystals. In particular, LCs not only possess various
anisotropic properties associated with crystals, but also exhibit liquid fluidity. The LC
materials may be divided into two main categories depending on whether they exhibit
thermotropic or lyotropic mesophases. The former is observed when the temperature is
changed, whereas the latter occurs in suitable solvents and is observed when the solute
concentration is changed. In other words, lyotropic LC materials are usually mixtures.

Additionally, some LC molecules exhibit both thermotropic and lyotropic mesophases, which

are known as amphotropic mesophases.

Crystal Liquid Crystal Liquid

Fig. 1. Schematic descriptions of crystal, LC, and liquid phases.

2-2. Thermotropic LCs

Thermotropic LC molecules are further classified based on their molecular shapes, into
calamitic and discotic molecules, and the representative molecular structures are shown in Fig.

2. Generally, calamitic LC molecules are composed of a rigid part (the so-called mesogens)



such as cyclohexyl rings and unsaturated bonding (aromatic rings, alkenes, and alkynes) and a
flexible part such as alkyls, alkoxys, and esters, and are fabricated into rod-like shapes. On the
other hand, discotic LC molecules are containing a circular core consisting of large
n-conjugated molecules such as triphenylene and pyrene, and many flexible tails, which are
attached to the discotic core. Generally, both types of LC molecules generate various
mesophases, owing to the microphase separations between the mesogenic and flexible parts,

induced by the excluded volume effect and van der Waals interactions.

CsHqq

Fig. 2. Representative molecular structures of calamitic and discotic molecules.

2-3. LC phase categories

Thermotropic LC phases are mainly categorized into three types based on the orientational
order or translational freedom, namely the nematic phase, smectic phase, and columnar phase.

The three LC phases are schematically depicted in Fig. 3.

(1) Nematic phase (Fig. 3(a)):The nematic phase contains rod-like molecules as well as
discotic molecules, which are termed as the calamitic nematic and discotic nematic phases,
respectively. Since the nematic phase has translational freedom in all the three directions,

there is no layer structure and it is considered to be the most fluid LC phase.

(2) Smectic phase (Fig. 3(b)): Smectic phases have translational freedom in two directions, as

a result of which they have a layer structure and the molecules can exhibit liquid behavior in



each layer. In addition, there are various types of smectic phases, depending on whether the

molecules are tilted at each layer.

(3) Columnar phase (Fig. 3(c)): Columnar phases usually consist of one-dimensional
columnar aggregations of discotic or polycatenar molecules, and the columnar aggregations
form hexagonal and rectangular lattices. There are various types of columnar phases,

depending on molecular tilt in the layers, similar to the smectic phases.

Fig. 3. Schematic images of the (a) nematic phase, (b) smectic phase, and (c) columnar phase.

2-4. LC polymers'®

The LC phases are not only observed in low-molar mass compounds, but also in polymers. A
number of LC polymers (LCPs) have been reported to date. The first reported LCP was a
lyotropic LC from tobacco mosaic viruses in 1937.° In addition, a variety of thermotropic
LCPs were developed in the 1960s. LCPs have mesogenic parts in the main chain, side chain,

and hybrid chains, which are shown in Fig. 4.



The properties of LCPs include a combination of properties of polymers and low-molar
mass LCs. In the case of main-chain LCPs, since their mesogenic parts are directly connected
in the main chain, their mobility is highly restricted. As a result, their structures become rigid,
resulting in poor processability and response to external fields. However, they have high
thermal stability and strength. Therefore, main-chain LCPs are usually used in applications
where heat-resistant and high-strength materials (fibers) are required. An example of such a

material is Kevlar.

In the case of side-chain LCPs, the mesogenic parts and polymer chains are usually
connected via alkyl chains of a certain length (e.g., hexyl chains). In addition, the mobility of
the mesogens is not strongly restricted by the polymer chains. Therefore, the properties of
side-chain LCPs more closely resemble those of low-molar mass LC compounds than
main-chain LCPs. As a result, side-chain LCPs are appropriate for optical applications. The
properties of hybrid LCPs are similar to those of side-chain LCPs.

= Wa e W WS W

Main chain LCP

Side chain LCP

Hybrid LCP

Fig. 4. Schematic descriptions of the structures of LCPs.



2-5. Optical properties of LCs"’

For electro-optical applications, the optical properties of anisotropic LC materials are
described by the refractive indices, which are defined by an optical indicatrix having up to

three principal refractive index axes, as shown in Fig. 5

—p 1

X

Fig. 5. Optical indicatrix.

In the above equation, ni, ny, and nzrepresent the three principal refractive indices, and X, v,

and z are the corresponding directions along the three principal axes.

For the uniaxial phases, including the calamitic and discotic nematic phases as well as the
orthogonal (non-tilted) smectic and columnar phases, n; is equal to n,, i.e., there are two

principal axes. In this case, ns is the optical axis, and the indicatrix is symmetric about the n3



axis. A light beam entering a uniaxial LC material is split into extraordinary and ordinary rays,
which are derived from anisotropic structures similar to the crystal phase. The two rays
separately leave the LC medium at different times. As a result, two images appear with
respect to the object viewed through an anisotropic LC medium (the so-called double
refraction). The difference originates from the extraordinary and ordinary refractive indices
(ne and n, corresponding to nz and n; and/or n,, respectively). This difference is described by
birefringence (An), which represents the difference between the refractive indices (i.e., An =
Ne - No). The two refractive indices have different properties. Although an ordinary ray
propagates along the wave normal and obeys Snell’s law, an extraordinary ray is not parallel
to the wave normal. Moreover, an extraordinary ray relies on the angle of incident light and

the refractive index (ne) is defined by the following equation (Eq. 2).

Tl”TlJ_

Ne =

(2)

\/nnz cos 20 +n,?sin 26

where @ is the angle between the n; axis and the transmitted light. For 6 = 0, i.e., when the
incident light enters along the optical axis, ne = n, = n,. In this case, the light can transmit
without change in the polarizability, i.e., the material behaves as an optically isotropic
medium. Further, there are types of two birefringence properties, namely positive (ne > no, An
>0) and negative (ne < n,, An < 0) birefringence. Positive birefringence typically occurs for
general uniaxial calamitic molecules or LC phases, including nematic and smectic A phases,
whereas negative birefringence occurs in the cholesteric phase (chiral nematic phase) and

discotic LC phase, as schematically described in Fig. 6.
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n. > n, (i.e. An>0) n. > n, (i.e. An <0)
Optic axis

Fig. 6. Schematic descriptions of positive and negative birefringences.

When all the three refractive indices are different, i.e., ny # n,# ns, there can be two
optical axes perpendicular to the cross section of the optical indicatrix. Such phases are

optically biaxial and include the biaxial nematic, tilted smectic, and columnar phases.
3. High-birefringence materials

In order to develop high-birefringence materials, calamitic molecules exhibiting the nematic
phase are very important, since they exhibit large positive birefringence, and can be easily
aligned by applying an external force, owing to their fluidity. In this Section, the structure and

optical properties of the nematic phase and their molecular design are described.

3-1. Nematic phase’

Generally, the nematic phase is usually described as a one-dimensional ordered elastic liquid,
which has no long-range positional order or layers. The average direction, called the nematic

director (n) is the orientational order of the molecular long axis, as schematically depicted in



Fig. 7. Molecules along the director as well as those pointing in the opposite direction (rotated
by 180°) are regarded as equivalent. Therefore, the molecules have a disarrayed head to tail
arrangement, where n = -n. Thus, this phase has rotational symmetry with respect to the
director. The degree of orientational order in the direction along the director is given by the
order parameter (S). Typically, the following equation (Eqg. 3) is used to describe the nematic

phase.
1 2
Sz=§<3c059—1> 3)

where 6 represents the angle between the individual molecules and the director, and the
brackets in the equation indicate the temporal-spatial average for the assembly of molecules.
In the above equation, S; is the scholar order parameter, which is equal to the average of the
second Legendre polynomial (S, = <P,>), which describes the phase transition from the
isotropic to the nematic phase. S, values of 0 and 1 indicate random molecular order (i.e.,
isotropic liquid) and perfectly oriented molecules along the director, respectively. For a
typical nematic phase, experimental values of the scholar order parameter are between 0.3 and
0.7. When the isotropic phase transitions to the nematic phase, the value is relatively small,

and it increases with decreasing temperature.



director (n)

Fig. 7. Nematic phase.

3-2. Optical properties of the nematic phase®”’

Based on the optical properties, the nematic phase may be broadly classified into three types,
namely the uniaxial nematic phase with positive birefringence, uniaxial nematic phase with
negative birefringence, and the biaxial nematic phase. The uniaxial nematic phase is of most

interest, since typical high-birefringence materials exhibit this phase.

As mentioned above, calamitic molecules of the nematic phase exhibit positive
birefringence (ne > n, and An >0). In this case, the molecular long axis and short axis
correspond to ne and n,, respectively, which have slightly different dependence on
temperature. Generally, n. decreases with increasing temperature, whereas n, slightly
increases with increasing temperature. Consequently, An decreased with an increase in the
temperature. Therefore, experimentally observed behavior can be understood based on the
equation relating the anisotropic refractive indices with the molecular polarizability
anisotropies. In general, for the refractive index of an isotropic medium, the Lorentz-Lorentz
equation (given by Eq. 4), which relates the microscopic molecular polarizability with the

macroscopic refractive index, is as follows:



(n*—1)  pNsa
(n2+ 2) 3Ms,

(4)

In the above equation, n is the mean refractive index, p is the molecular density, o is the
molecular polarizability, M is the molecular weight, N is the Avogadro’s number, and g IS

the permittivity of vacuum. Eq. 4 is often applied to anisotropic fluid media (nematic LCs).?

(ne” — 1) _ pNya,
(n?+ 2) 3M¢g,

(n,> — 1) _ pNaa,
(n?+ 2) 3Me,

(5(b))

In the above equations, o, and a, are the average polarizability along the directions
parallel and perpendicular to the optical axis, respectively. The two parameters, a. and o, can
be described as a function of the anisotropy of molecular polarizability Ao, which represents
the difference between the molecular longitudinal o and transverse oL polarizabilities and the

orientational order parameter S (Eq. 6(a) and 6(b)).’

A, =a+ gAaS (6(a))

A, =a— %AOLS (6(b))

In the above equations, o is the mean molecular polarizability (a = (o + 20L)/3).

Combining equations 5 and 6, the following equation can be derived (Eq. 7).



(ne” — n,°) _ pNjAaS
(n2+ 2)  3Mg,

()

Eq. 7 indicates that the birefringence is a function p, Ao, and S. Moreover, since o is
larger than o, for calamitic nematic molecules (i.e., Aa = aj-o; > 0), ne must be larger than

No, indicating positive birefringence.

From Eqg. 5 and 6, it may be seen that the n, and n, values are primarily influenced by oe
and oy, as a result of the temperature dependence of S. With an increase in the temperature,
the values of o, and p decrease owing to the decrease in the value of S. Therefore, ne
significantly decreases with an increase in the temperature. On the other hand, the temperature
dependence of n, may be slightly complicated, because a. and p exhibit inverse temperature
dependences. For nematic materials with a relatively large value of Aa, a, significantly
increases with increasing temperature, resulting in an increase in n, as a function of
temperature. For nematic materials with smaller Ao values, there is a smaller change in o,
with respect to temperature. When the influence to n,, which is caused by thechange in p and

oo, IS the same, the ny curve is almost flat.

For calamitic nematic materials, ne, no,, and An also show wavelength dispersion.
Generally, these values decrease with increasing wavelength (so-called positive dispersion)

and obey Cauchy’s equations as described by Wu and coworkers.*?

3-3. Molecular design of high-birefringence materials

According to Eq. 7, the values of ne, n,, and An are primarily determined by Aa as well as the

molar volume (V = M/p) at a constant reduced temperature, since S depends on temperature.



The Aa value is determined by the molecular structure. On the other hand, for an absorption

medium, the refractive indices can be expressed using Eqg. 8.

n=n, —jk (8

where n; determines the velocity of light in the medium, j = v—1, and k represents the
absorption coefficient. Therefore, the refractive index is strongly influenced by the electric

absorption of molecules.

In general, large conjugated rod-like structures are highly suitable for the preparation of
high-birefringence materials, owing to high « values and electronic absorption. Therefore,
aromatic rings are more effective compared to aliphatic rings such as the cyclohexyl ring,
which is also employed as mesogenic cores. The most widely used aromatic ring is the
benzene ring, which is fabricated along with linear structures, i.e., para-phenylenes. The most
popular high-birefringence materials were cyano biphenyl derivatives represented by 5CB,
reported by Gray, Harrison, and Nash in 1973.}' These materials have attractive
characteristics, including high An values close to 0.2 and a room-temperature nematic phase.
In addition, ter-phenyl derivatives, which also exhibit high birefringence, have also been
extensively studied.'? Besides these, various nematic molecules with naphthalene rings have
been reported.”® While these derivatives have extremely high birefringence (An > 0.5), their
transition temperatures are also relatively high. Finally, heterocyclic molecules have also been

13(a),14

employed.

In order to expand the anisotropic structures, various linkage groups are employed to
bridge the ring structures. So far, various molecules containing ester and thioester

linkageshave been reported.”® In particular, high-polarizability groups (bondings) such as



unsaturated linkage groups including alkene, acetylene, di-acetylene, and endiyne, are highly
effective for enhancing birefringence. Incorporation of these groups results in high Ao values
and/or electric absorption shifts to the long wavelength range.**** For example, nematic LC
diphenyl-acetylene derivatives (the so-called tolane-type LC materials) have been used in
super twisted nematic (STN) displays.>*® Various diaryl-diacetylene derivatives have also
been reported.>**®" Moreover, the introduction of high-polarizability groups such as
halogens, cyano, and isothiocyanate groups at the terminal position of the mesogenic parts,
leading to high anisotropy of molecular polarizability, is also very effective. This has been

employed in many studies reported in the literature.>**°

In addition, flexible alkyl spacers at terminal positions and substituents at lateral position
are also important, in order to adjust the phase structures and/or the phase transition
temperatures.In the case of the former, generally when longer alkyl chains are employed, the
transition temperatures can be decreased and some smectic phases are likely to be formed.
The latter case is most suitable for decreasing the transition temperature.’® Usually, relatively
small substituents such as fluoride chloride, methyl, and ethyl groups are selected, because

larger substituents can strongly affect the refractive index properties.

Calamitic nematic molecules usually exhibit ne values in the range of 1.4 to 1.9, with An
values between 0.02 and 0.4. For particularly high-birefringence materials (e.g., An > 0.3), the
birefringence tends to be measured from eutectic mixtures, with room temperature nematic

materials." Molecular design for high-birefringence materials are shown in Fig. 8.



Lateral position: F, -CH;, -C,H;
Alkyl tail

Terminal position: -NCS, -CN, Cl, -OCF,

Fig. 8. Molecular design of typical high-birefringence materials.

4. Context and purpose of this thesis

4-1. In-depth investigation of the refractive index and birefringence from

single-component systems

In most cases, refractive indices of LC molecules are measured by the Abbe’s method, which
is widely known as a relatively easy and highly accurate method. The method is based on the
measurement of the critical angle between the LC medium and a standard prism whose
refractive index is known. Owing to the critical angle measurement principle, the refractive
index of the prism is required to be higher than that of the LC medium. However, the choice
of the prism is often restricted in the case of high-birefringence LC molecules (or
high-refractive index materials), since the high extraordinary ray refractive indices often
exceed those of the prisms. In such cases, the critical angle cannot be measured and the
refractive indices cannot be calculated. In addition, this method is also restricted by the high

transition temperature of LC materials. In a typical Abbe’s refractometer, the measurable



temperature is up to 50 °C. Therefore, the refractive indices of LC materials are extrapolated
from those of binary or multi eutectic mixtures of room-temperature LC materials. This is a
good approach for estimating the refractive indices of LC materials, since it allows easy
comparisons with other LC molecules under standard conditions. However, this approach
does not take into account the temperature dependence of high-birefringence materials.
Determination of refractive indices from a single-component system is important for not only
developing and improving materials, but also to obtain a fundamental understanding of the

basic chemistry.

In this thesis, | have tried to investigate in detail the refractive indices and birefringences
of a single-component system containing target LC materials. They were determined by the
interference method, which is based on the interference of extraordinary and ordinary rays for
monodomain homogenously aligned nematic LC materials, achieved in a uniaxial rubbing cell.
The method is described in detail in Chapters 1-1 and 2-2. Further, the temperature and

structure dependence of refractive indices were investigated in detail.

4-2. LC phase structure analysis of conjugated calamitic materials

In most studies, the usual calamitic nematic phases are typically ignored for structure analysis,
because they are considered to be highly fluid and as having less complicated structures than
other mesophases. High-birefringence calamitic molecules are also included among these
materials. Therefore, although high-birefringence nematic materials have been reported, their
microscopic structures in the nematic phase are usually not investigated in most studies.
However, | believe that investigating these structures is highly important for the development
of optical materials, since the refractive indices originate from the aggregation systems as

distinct from a single molecule.



Moreover, this topic is very intriguing from the point of view of fundamental scientific
understanding. Generally, it is thought that all types of molecules aggregate with each other,
forming transitional clusters containing a few molecules in the isotropic phase. In the case of
LC phases, these clusters are known as cybotactic clusters. In the cases where larger
cybotactic clusters are formed in the nematic phase, they are called “cybotactic nematic
phase”, which is a term first proposed by De Vries in 1970."° This phase has been classified
into two main types, namely cybotactic nematic A (Neyba) and C (Ncybc).20 In the former phase,
the molecules in the clusters are oriented along the director, i.e., the clusters are similar to the
smectic A phase. In the latter case, the molecules in the clusters are tilted with respect to the
director, i.e., the clusters are similar to the smectic C phase. These phases are thought to be
the origin of the “biaxial nematic phase,” which is a controversial type of nematic phase. In
recent years, a number of bent-type nematic molecules have been synthesized, since they are
known to have relatively large cybotactic clusters, owing to the shape effects.?* While, there
have also been several studies on calamitic nematic molecules for elucidating the cybotactic

nematic phase.'%2():22

In this context, | investigated the phase structures of conjugated calamitic nematic
molecules using polarized optical microscope (POM) observations and X-ray diffraction
(XRD) measurements, in order to understand the correlations among molecular structures,

aggregation states, and refractive indices, as well as to study their features.

4-3. Development of high-birefringence LCPs

As described in Section 2-4, side-chain LCPs are more suitable for preparing
high-birefringence materials compared to main-chain LCPs. Since high-birefringence
materials consist of multiple aromatic rings, unsaturated bonds, and high-polarizability

substitutions, they are likely to lead to highly ordered smectic phases, a property that is



especially pronounced in polymers, since monomers only have nematic phases. Therefore,
there have been very few reports on high-birefringence nematic LCPs or even side-chain
LCPs so far (Fig. 9). For example, Okano et al. have reported a high birefringence value of
0.72 at 633 nm for a side-chain LCP with an azotolane core that exhibits only a nematic
phase.?® In addition, the derivatives of this LCP were also investigated.”* Furthermore,
Kawatsuki et al. have reported tolane and bistolane-based side-chain LCPs.” Since the above
polymers are utilized for common holographic applications, they usually have
photoisomerization or photoreactive units. In 2010, Chen et al. reported mesogen
jacketed-type LCPs, whose mesogenic units are attached laterally to the main chain with or
without short spacers, for applications in optical retardation films.”® These polymers
contained conjugated heterocyclic calamitic molecules in the side chain and exhibited high
birefringence, as evaluated in their amorphous states. Moreover, there have been several
reports on the effect of polymerization on birefringence. Lub et al. have reported that the
birefringences of polymers that undergo a photocrosslinking reaction between two
functionalized monomers are improved compared to the corresponding values for the
monomers, owing to increased order parameters.”’ These mesogens are usually not

conjugated molecules.

In terms of the refractive indices and/or assembly states, to the best of my knowledge, the
relationships between uniaxially aligned nematic polymers having calamitic conjugated
mesogens in the side chain and the monomers have never been understood. Therefore, I
investigated novel high-birefringence nematic side-chain LCPs, in which calamitic conjugated
mesogens were introduced in the side chains. Phase structural analyses and refractive index
measurements were conducted for these materials and compared with the values for the

monomers. Further, | attempted to prepare a uniaxially aligned high-birefringence polymer



film using a photocrosslinking reaction, by employing conjugated calamitic molecules as

monomers.
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Fig. 9. Molecular structures of various high-birefringence LC polymers.
4-4. Development of novel high-birefringence materials

Sulfur atoms are known to be highly effective in improving the refractive index since they
have higher polarizability compared to ubiquitous atoms such as carbon, nitrogen, and oxygen.
Therefore, sulfur atoms are also expected to have a beneficial effect on high-birefringence

materials.

There have been a few reports on sulfur-containing calamitic nematic materials, whose
molecular image is shown in Fig. 10.%® Seed et al. reported that although calamitic molecules
having butylsulfanyl groups (SCsHy) are good candidates for high-birefringence materials,
such molecules have unstable monotropic mesophases, highly ordered smectic phases, or no
mesophases.®@2?® These are thought to be due to the high level of molecular
attractionbetween sulfur-containing molecules because these molecules not only experience

high dipole interactions due to high polarizability, but also experience chalcogen interactions



(the so-called S-S contacts), which are attractive interactions derived from intra- or
intermolecular n—d* interactions of sulfur atoms attached to the chalcogen element. In
particular, the chalcogen interactions are of great importance in organic electronics® and
structural chemistry,®! since they lead to well-organized and/or specific molecular assemblies.
Disc® and bent-type** LC compounds with alkylsulfanyl groups in smectic or columnar

phases have been reported.

While thiophene-based rings are categorized into rigid aromatic rings, they are considered
to be good candidates for the preparation of LC mesogens. Since they also exhibit similar
strong interactions, they have been mainly studied for applications in organic electronics.®
Therefore, a large number of studies on thiophene-based LC materials with highly ordered
smectic phases have been published. Generally, the 2 and 5 positions on the thiophene ring
are exclusively substituted; as a result, the ring is slightly bent or has an expanded molecular
rotational volume. Moreover, the structure itself makes it difficult for calamitic molecules to
generate the nematic phase.*® So far, various thiophene-based calamitic molecules have been
studied. B*@14% Nevertheless, very few reports exist on the stable nematic phase and

refractive index properties.

In the context, | have tried to develop sulfur-containing calamitic nematic molecules
including molecules with alkylsulfanyl groups and thiophene-based calamitic molecules as

novel high-birefringence nematic materials.

Fig. 10. Molecular image of sulfur-containing rod-like materials.



Abstract
Chapter 1

The results of the refractive index and phase structure analyses of diphenyl-oligoyne
molecules, which are comprised of two aromatic rings connected by a single or multiple
acetylene bonds, are described in Chapter 1 (Fig. 11). In LC chemistry, examples of such
molecules include the diphenyl-acetylene derivatives (the so-called tolane-type molecules).*®
As mentioned previously, these molecules have been used for LC displays. Moreover,
diphenyl-diacetylene (DPDA) molecules are also known to be nematic molecules that exhibit
high birefringence values. LC DPDA derivatives were first reported by Grant in 1978.'®
Subsequently, Wu et al. reported their high birefringence properties in 1989."® Since then, a
number of DPDA derivatives have been synthesized for various LC applications.’” These
molecules not only exhibit higher birefringences (or refractive indices), but also have more
stable nematic phases compared to those of tolane-type LC materials. These properties may
allow us to investigate the dependence of refractive indices and phase structures on the
temperature and homologous series length, for both alkyl chains and ring structures. Owing to
the reasons mentioned in Section 4-1, these materials have mostly been evaluated in eutectic

mixtures. Moreover, their microphase structures in the mesophases have also not been

understood yet.

In Chapter 1-1, | describe the synthesis of two series of DPDA materials, containing
alkyl and alkoxy tails with lengths of m at both of the terminal positions (DPDA-Cm and
DPDA-OCm, respectively). The dependence of the birefringence properties of these materials
on temperature, substitution, and chain length are described in detail. In Chapter 1-2, the
investigation is extended to diphenyl-acetylene (tolane LC materials) and
diphenyl-triacetylene (DPTA) materials, in order to understand the effect of acetylene bonds

on the refractive indices and LC phases of diphenyl-oligoyne LC molecules with the same



alkoxy tails and an m value of 6. In Chapter 1-3, | describe the synthesis of fluorinated
DPDA-OCm, where fluorine was substituted at the ortho-positions, next to the terminal
alkoxy tails, in order to decrease the phase transition temperatures for obtaining more useful
materials. The effect of fluorine on the refractive indices and thermal transition behaviors
were evaluated in detail. In Chapter 1-4, investigations on the nematic phases of
DPDA-OCm and the fluorinated DPDA-OCm using POM observations and XRD
measurements are described in detail. In addition, these phases were compared to determine
the effect of fluorine on the LC phase structures. In Chapter 1-5, the synthesis of
polymethacrylate with a DPDA moiety in the side chain is described, in order to develop

high-birefringence side chain LCPs.

Fig. 11. Molecular structure of diphenyl-oligoynes.

Chapter 2

The refractive indices and birefringence properties of dinaphthyl-oligoynes, wherein the
phenyl rings of diphenyl-oligoynes are replaced with naphthyl rings at the 2, 2’-positions (Fig.
12), are outlined in Chapter 2. Since naphthalene has a more anisotropic structure and higher
polarizability than benzene, it is often incorporated into calamitic nematic materials for
obtaining high-birefringence materials.*® Furthermore, incorporating naphthalene is effective
for achieving the nematic phase. Linearly conjugated structures can be fabricated by
substitution at the 2,6-position. However, these structures are less anisotropic than linear

para-phenylenes. For example, Uchimura et al. reported that bisbiphenyl-diacetylene



derivatives exhibited not only high transition temperatures, but also highly ordered smectic |
and J phases, and therefore their birefringences could not be measured.® Meanwhile, Hsu et
al. reported that dinaphthyl-diacetylenes showed exclusively enantiotropic nematic phases.*
However, their refractive indices and birefringence properties are unknown, although these

materials are expected for new extremely high-birefringence nematic materials.

Dinaphthyl-acetylenes, which can be classified under tolane homologs, are also expected
to be high-birefringence nematic materials, and are more useful for practical applications.
However, although they have simple structures, there are no detailed reports regarding them

in the literature.

In order to realize extremely high birefringence properties, in Chapter 2-1, | describe the
design of dinaphthyl-diacetylenes with alkoxy tails at both the terminal positions
(DNDA-OCm). The dependence of their transition behaviors and birefringence properties on
the temperature and number of carbon atoms have been investigated in detail. In Chapter 2-2,
| describe the accurate determination of n. and n, of highly birefringent DNDA-OCm by the
multiple-beam interference method and their dependence on temperature and alkyl carbon
number. In Chapter 2-3, | describe the synthesis of dinaphthyl-acetylenes with alkoxy tails
having a length of m (DNA-OCm), as novel high-birefringence materials. The transition
behaviors and birefringence properties of their homologs containing different alkoxy tails
lengths, were investigated in detail. In Chapter 2-4, the design of side chain LCPs, i.e.,
polymethacrylates having DNA mesogens in the side chain, are described, in order to develop

new high-birefringence nematic LCPs.

Fig. 12. Molecular structure of dinaphthyl-oligoynes.



Chapter 3

A summary of the phase structures, refractive indices, and birefringences of bistolane-based
materials is provided in Chapter 3. Bistolanes, which were reported first by Pugh and Percec
in 1990, consist of three benzene rings connected by two triple bonds joined at the
p,p’-positions of the central benzene (Fig. 13).° Since they form linear n-electron conjugated
structures, they are more favorable for use as high-birefringence LCs than other molecular
core units such as tolane, DPDA, and biphenyl. Consequently, bistolane-based materials have
received attention.** Moreover, since not only both of the terminal positions, but also various
lateral positions of bistolane can be substituted owing to the presence of thecentral ring, its
structure is appropriate for various functionalizations. There have been several reports in the
literature regarding the introduction of alkyl, alkoxy, cyano, and thiocyanate groups at
terminal positions as well as methyl and ethyl groups at the lateral positions. In particular, in
the latter case, it is known that the transition temperatures of the bistolane materials are
decreased and their nematic phases are expanded. These features are very important, not only
from the view point of their use in various applications, but also in terms of basic scientific
understanding. However, the birefringence properties and phase structures of single
component systems of bistolanes are yet to be reported. This is also true for fluorinated

derivatives, where the effects of fluorine and its position have not been investigated yet.

Bistolane-based molecules have more thermal and photo stability than diacetylenes.
Therefore, if a molecular design of bistolanes exhibiting relatively low transition temperatures
and a wide nematic phase range can be achieved, they can be employed for photo-crosslinking

polymerizations, that are required for high-birefringence uniaxial films.

In Chapter 3-1, the design and synthesis of three types of bistolane-based LC molecules are
described, two of which have fluorine atoms at other positions, in order to elucidate the

fluorine substitution effects between the assembly states and the optical properties of LC



materials. In Chapter 3-2, | describe the preparation of mono- and di-functionalized
bistolane-based methacrylate monomers, substituted with one fluorine atom in the central
rings, in order to synthesize uniaxial high-birefringence polymer films by means of a

photo-crosslinking reaction.

A==

Fig. 13. Molecular structure of bistolanes.

Chapter 4

In Chapter 4, the development of novel sulfur-containing calamitic LC materials is described.
As mentioned in Section 4-4, the development of these materials is very important for not
only preparing high-birefringence materials, but also in terms of fundamental understanding
of LC chemistry. Owing to strong intermolecular interactions, it is difficult to synthesize these
materials with stable mesophases. Although | attempted to synthesize various calamitic
molecules with alkylsulfanyl groups, all the molecules did not possess stable mesophases, as
described in Chapter 4-3. Therefore, in order to realize calamitic LC molecules with
alkylsulfanyl groups, | present the following two strategies - (1) introduction of fluorine at the
central ring of bistolane-based molecules with alkylsulfanyl groups at both of the terminal
positions and (2) using hydrogen bonding between carboxyl groups in tolane-based molecules.
In the former case, since intermolecular interactions are decreased because of the presence of
fluorine, it may lead to the presence of mesophases.'® In the case of the latter, it is known that

benzoic acid derivatives have mesophases,*

since they can form structures with a great
degree of anisotropy, owing to their dimerization. Furthermore, according to some reports in
the literature, hydrogen bonding produces more molecular disorder than covalent bonding.*®

Therefore, | believe that hydrogen bonding can allow molecules to rotate and/or translate,



leading not only to expanded anisotropic structures, but also the formation of some

mesophases.

On the other hand, in order to develop new thiophene-based calamitic molecules having
nematic phases in a wide temperature range, | designed diaryl-diacetylene molecules with a
thiophene-based, condensed, and di-cyclic structure. Diaryl-diacetylenes were selected as the
core, since they tend to form nematic phases, owing to the slip alignments resulting from the
dumbbell-like structure shown in Chapter 1-2. Moreover, in order to expand their anisotropic

structures further, rings larger than the thiophenyl ring were introduced.

In Chapter 4-1, | describe the design of novel bistolane-based LC molecules fluorinated
at the central rings. The phase transition behaviors of these molecules were investigated by
POM observations and DSC measurements, and their birefringence properties were evaluated.
Consequently, with the aim of developing materials with even wider nematic phases and
higher birefringence properties, the design of methylthio group containing asymmetric
bistolane-based molecules that have cyano or isothiocyanate groups at the other terminal
positions is described in Chapter 4-2. In Chapter 4-3, | describe the design of a
hydrogen-bonding tolane-based molecule with terminal carboxyl and alkylsulfanyl groups, in
order to test a different strategy from those described in chapters 4-1 and 4-2, for obtaining
sulfur-containing calamitic LC molecules. In order to develop new high-birefringence
thiophene-based nematic materials, the synthesis of four diaryl-diacetylene derivatives
containing thiophenyl-benzene, benzothiophene, bithiophene, and thienothiophene as diaryl
structures is described in Chapter 4-4, and their thermal transition behaviors and optical

properties are investigated in detail.



General conclusion

With the goal of developing high-birefringence nematic LC materials, | have synthesized
various nt-conjugated calamitic (or rod-like) molecules based on diaryl-oligoyne and bistolane
skeletons, and have evaluated their refractive indices and birefringence properties from
single-component systems. In addition, | have analyzed the LC phase structures of these
materials. The significance of this study lies in the fact that | have not only developed novel
high-birefringence LC materials, but have also investigated the correlations between their
optical properties, molecular polarizabilities, and assembly states. As described in Chapters 1
and 2, molecules with a large molecular polarizability anisotropy exhibited not only larger ne,
but also slightly larger n, values, compared to molecules with smaller molecular polarizability
anisotropy, resulting in larger birefringence. On the other hand, in the case of the polymers
containing DNA moieties in the side chain (described in Chapter 2-4), the birefringence
values were observed to increase with an increase in the molecular weight and were in the
following order: monomer < oligomer < polymer. It may be noted that the birefringence
values are different, even though the molecular polarizabilities of the three types of molecular
units are comparable. In addition, even though sulfur-containing LC molecules exhibited
larger molecular polarizabilities, these molecules exhibited not only larger n. values, but also
comparable or slightly smaller n, values, resulting in higher birefringence compared to those
of derivatives with alkoxy tails, as described in Chapters 4-1 and 4-2. These results are
attributed to the fact that the order parameter (S) of the sulfur-containing LC molecules is
increased as a result of polymerization and intermolecular attractive interactions of the sulfur
atoms. In other words, the incorporation of conjugated structures in the side chain and the
presence of sulfur-containing substitutions with specific attractive interactions are effective in
improving the birefringence properties of these compounds. In the future, |1 hope that new

nematic high-birefringence molecular designs and nematic LC polymer materials continue to



be developed for various practical applications.
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