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Chapter 1

General introduction

1.1. Philosophy of this thesis

|II

The term of “material” indicates “an element constituting a tissue expressing various functions”.

Since ancient times, human beings have produced various “tools” and “equipment” to make their
lives rich and comfortable. The primitive tools and dwelling were made of “stones”, “woods”, “plant
fibers” and “soils”, which is derived from natural products. Along with the development of civilization
and the progress of technology, human beings have come to process and manufacture “bronze”,
“copper” and “iron”. These ancient metals and alloys are regarded as the first artificial materials.
These inorganic materials can be obtained by simple smelting technique that metal ores are ignited
with fagots and charcoals. Chemical reactions in these processes can be explained by “reduction
reaction” of metal ores. Following the melting of metal ores under the ignition condition,
nonmetallic elements such as oxygen, sulfur and hydrogen in the ores can be burned with natural
fuel and removed out as oxidized gasses from the molten system. While the manufacturing
technology by using the minerals, and processing technology of natural inorganic/organic matters
had been developed from ancient, the establishment of organic synthetic materials technology was
delayed to modern ages. In fact, the "medieval castle" in Japan consists of various facilities such as
"moat", "stone wall", "tower", "hall" and the materials forming them are "earth", "timber", " "metal
fittings" and so on. Facilities constructed with various materials are appropriately arranged and
organized so that the castle can demonstrate its role to the utmost. Here, looking at the material,
"earth" is a chemical mixture composed of coarse-grained minerals, colloidal mixtures, and
organism-derived organic substances in various compositions. "Stones" are mixtures of inorganic
minerals containing silicate as a main component and various minerals. On the other hand, "timbers"
are based on organic polymer composed of polysaccharide such as cellulose and hemicellulose and
lignin. All of these organic components are synthesized not by artificial but biochemical reactions. In
this way, no organic synthetic materials had been used before “urea” was developed in 19th
century.!

Even in present time, many natural materials are used for various “tools” and “equipment”
because they are easy to obtain and also apply the conventional methods. However, natural
materials such as “stones”, “timbers” and “plant fibers” have serious concerns in that they are not
composed of a single and the same chemical species. In addition, they also have big difference in
compositions, chemical and physical structures, and physical properties depending on the species,
biological environments and production processes. The precise control of chemical compositions and
organized structures in natural materials are impracticable in present because the precise conditions

such as the formation processes and mechanisms of a lot of natural products are never completely
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clarified and understood. Thus, production location, environments and collected portions of natural
materials are critical issues in practical use. In contrast, the chemical species and whole compositions
of artificial synthetic materials are obvious. Furthermore, the control of well-organized structure and
chemical modification are also possible. Thus, various material systems can be designed and
developed.

Depending on the function of interest, you can classify the materials in different ways. Based on
the chemical elements constituting them, it can be classified into organic materials, inorganic
materials and organic-inorganic composite materials.

Since each of these materials is diverse, its physical properties such as density, light and heat
absorption characteristics, softening temperature, and other chemical properties (weather resistance
including thermal stability and light stability) are different. Therefore, an appropriate material is
selected based on the characteristic which is indispensable in the application.

My main scientific interests cover organic materials. This is because organic compounds can be
designed in a wide variety of chemical structures and can be arranged in various ways by applying
the reaction technique of organic synthetic chemistry.” From this point of view, the combination of
several components with possibilities of inducing different features can lead to the construction of
functional molecules.? Especially, low molecular weight organic compounds with stereo-regularity
can be synthesized and isolated by common organic synthetic technique in contrast to conventional
polymers obtained by radical reactions. Therefore, the structural control of self-assemblies based on
single component system as well as the mixtures system with precise compositions can be achieved.

Through my study described in this thesis, it will be considered about the development of
multi-functional materials centering on thermotropic LC materials as one of the significant
self-assembled systems.” As a model case, the material systems with “carrier transport” and
“ferroelectric” properties will be discussed.

What | would like to described in this Ph.D. thesis is "the importance of understanding the
various inter- and intra-molecular interactions", "the possibility of controlling a self-assembled
structures by an application of those weak interactions in the appropriate balance for the required
functions", "the realization of hierarchical and utilized functions along the nano-structurization
strategy" and "the development of novel organic-based multifunctional material system by using the
conventional technique of organic synthetic chemistry".

| believe that our m-conjugated ferroelectric liquid-crystalline systems are important trajectory on
materials science as well as liquid-crystalline science, due to the novel concept which is
experimentally demonstrated the efficient carrier generation and transport assisted by ferroelectric

internal field in the bulk (Figure 1-1).
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Figure 1-1. Schematic illustrations of m-conjugated ferroelectric liquid-crystalline system as an

example of multi-functional materials.

1.2. Ferroelectric materials’
1.2.1. Basic concept of ferroelectrics

The existence of spontaneous electric dipoles and their thermal dependence has been known
since ancient times. In the 18th and 19th centuries, the quantitative characterization studies on this
phenomenon were carried out. These studies have greatly led to the establishment of the perception
that the physical effect based on thermal change of electric dipole moment is a "pyroelectric" effect.’®
Furthermore, the phenomenon that electrical polarity is generated under the application of external
stress, which is known as “piezoelectric” behaviors, was discovered by J. Curie and P. Curie in 1880 as

a result of systematic study on “pyroelectricity”.’

The Curie brothers also revealed that charge
development upon uniform thermal treatment are different from that upon non-uniform heating due
to the thermal stress originated from the “pyroelectricity”. From the above description, the
"pyroelectric" and “piezoelectric” materials are defined as matter in which the magnitude of the
electric dipole moment can be changed by thermal and pressure stimuli, respectively. It is noted that
“pyroelectric” materials are subset in “piezoelectric” materials.?

The term of “ferroelectricity” indicates a property posessing a sponataneous polarization which
can be reversed by the external electric field.” ° This term got to use in the analogy to
"ferromagneticity" which exhibiting a permanent magnetic moment because the “ferromagnetic”

phenomenon had been recognized in scientific society before the discovery of "ferroelectricity". The
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essential condition for the expression of "ferroelectricity" is a structure that allows uniaxial
orientation of permanent dipole moments in the molecular aggregation state as well as dynamic
behavior which can reverse a direction of the dipole moment. All “ferroelectric” materials also work

as “pyroelectric” and “piezoelectric” materials (Figure 1-2).

/ Piezoelectricity \

Polarization change by external pressure

Pyroelectricity

Thermal polarization change
Ferroelectricity
Polarization inversion

NS #

Figure 1-2. Schematic illustrations of ferroelectric system.

In the ferroelectric systems, the polarization state is induced by an electrical poling treatment and
the generated polarization state is retained even after removing the external bias. In practical, the
ferroelectric polarization and charge accumulation behaviors are important properties as a function
which can be applied to sensors, memory and integrated devices.

The hysteresis behaviors are observed in plots of polarization (polarization charge density) as a
function of the external voltage (electric field) (Figure 1-3). The ferroelectric hysteresis loop can be
experimentally obtained by Sawyer-Tower method. On each region of the loop displayed in Figure 1-3,
the dipole distribution inside the aggregation structures is schematically explained as follows.
Position (a) is the initial state, in which polarization is still not generated. At position (b) under the
positive bias external field (+E), the electric dipoles can be aligned to compensate for the external
stimulus. As a result, the polarization state (internal electric field) is generated in the bulk. The
situation after the bias is returned to zero from state (b) corresponds to position (c), where the
polarization state with the value of +P, is maintained even under zero bias. At position (d) under the
negative field (+£,), the electric dipoles should be aligned in reversed direction to the case of position
(b). At position (e), which corresponds to the state after removed the negative bias, the opposite
polarization state with the value of -P, is induced. On the basis of such behaviors, various devices
based on ferroelectrics such as ferroelectric random access memory (FeRAM) can demonstrate their
functions. For instance, the FeERAM system is incorporated in a circuit using a large number of
electrodes, records binary information as local polarization, and reads and writes by using an
electrical signal (voltage, current). Physical values such as coercive electric field, residual polarization,

and spontaneous polarization can be estimated from the hysteresis loop. The coercive electric field
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(+E., -E.), which is the electric field when the polarization becomes zero, corresponds to the
intersection point of E axis and polarization plot. The intersection and extrapolation points of
polarization plot and P axis indicate the remanent polarization (+P,, -P,) and the spontaneous

polarization (+P;, -P;), respectively.
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Figure 1-3.  Schematic illustrations of (a) application profiles on external electric field, and (b)

typical ferroelectric hysteresis loop.

Some analogous substances of ferroelectric materials exhibit double dielectric hysteresis
behaviors (Figure 1-4). This phenomenon is defined as “anti-ferroelectricity”. In the anti-ferroelectric
system, no spontaneous polarization is generated on zero bias. Under the application of electric field
above a certain threshold value, the ferroelectric-like dielectric behaviors are observed and two

hysteresis loops according to the positive and negative electric field are induced.

Figure 1-4. The typical anti-ferroelectric double hysteresis loop.

As an extremely rare phenomenon, "ferrielectricity" which displays triple dielectric hysteresis

behaviors is also found. In the ferrielectric system, three ferroelectric-like loops are obsereved in low
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electric field range as well as high electric field ranges in positive and negative regions (Figure 1-5).
Under the application of electric field above a certain threshold value, the ferroelectric-like
behaviors are observed and two hysteresis loops are induced in the positive and negative field

regions.

Figure 1-5. The typical ferrielectric triple hysteresis loop.

Temperature-dependence of dielectric constant in ferroelectrics is explained by the Ferroelectric
Curie-Weiss law. The Curie-Weiss law expresses the relation between the absolute temperature (T)
and the relative dielectric constant of ferroelectrics (&) with using specific coefficient (C) and

temperature (T¢) (Equation 1-1).

& = [Equation 1-1]

T—T,

The threshold temperature T, is called as “Curie temperature”, at which the denominator of
equation 1-1 is zero and relative dielectric constant diverges. The Curie temperature indicates the
phase transition point from ferroelectric phase to another non-ferroelectric (paraelectric) phase. In
the simplest ferroelectric system exhibiting only a ferroelectric-paraelectric transition, the
ferroelectric phase lies in low-temperature side to the paraelectric phase in which no spontaneous
polarization is generated. In this ferroelectric system, ferroelectric behaviors can be observed below
the Curie temperature. However, the ferroelectricity drastically dissappered above the Curie
temperature (after the phase transition).

The typical plot of relative dielectric constant as a function of absolute temperature (7) is as
shown in Figurel-6. For the ferroelectric-paraelectric phase transition, the temperature-dependences
of the relative permittivity, electrosensitivity, and polarization are different between the first and
second order phase transitions. In the case of the first order ferroelectric-paraelectric transition,
relative dielectric constant discontinuously jumps up at the Curie temperature (Figure 1-6a). The
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relative dielectric constant is maximized on the Curie point and decayed in higher temperature above

it. In case of the second order ferroelectric-paraelectric transition, relative dielectric constant is
diverged at the Curie temperature (Figure 1-6b).

(a) (b)

el -
el -

ot

TIK

Figure 1-6. The typical plots of relative dielectric constant as a function of the temperature in cases
of (a) the first order ferroelectric-paraelectric

transition, and (b)
ferroelectric-paraelectric transition.

second order

Here, the reciprocal of relative dielectric constant are focused on. In general, the inverse for
relative dielectric constant (&, ) is converted into the form with reciprocal of electrosensitivity (;[1).
The correlation between dielectric polarization vector (P) and external electric field vector (E) is

expressed as Equation 1-2 with coefficient of electrosensitivity () and permittivity of vacuum (&o).

P =¢gxE (x>0) [Equation1-2]

In the basic physics of dielectrics system, the correlation between vector of electric flux density
(D) and external electric field vector is defined as Equation 1-3.

D = eyE + P = g.6¢E  [Equation 1-3]

From Equations 1-2 and 1-3, relative dielectric constant can be described as Equation 1-4 with
using the coefficient of electrosensitivity.

e=1+y (x>0) [Equation1-4]

Therefore, the inverse for relative dielectric constant can be expressed with the reciprocal of
electrosensitivity as Equation 1-5.
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g 1=0+x) (A+x>1) [Equation1-5]

The typical plot of reciprocal of electrosensitivity as a function of temperature is as shown in
Figure 1-7. In the ferroelectric system based on the first order phase transition at the Curie
temperature, the drastic and discontinuous change is observed at the Curie temperature (Figure
1-7a). In this case, the reciprocal of electrosensitivity is linearly changed in ferroelectric and
paraelectric phases. The intersection point of plots does not coincide with the Curie point.
Extrapolation point on the temperature axis (7o) of the plot contributing to the paraelectric phase
indicates the temperature where the free energy of the system becomes apparently zero. In contrast,
the reciprocal of electrosensitivity continuously changes in the ferroelectrics exhibiting the second

order phase transition at the Curie temperature (Figure 1-7b).
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Figure 1-7. Temperature dependence of reciprocal of electrosensitivity (a) in the first-order

transition system, and (b) in the second-order transition system.

There is the same difference in the temperature-dependence of spontaneous polarization
between the first-order transition system and the second-order transition system (Figure 1-8).

In the first-order transition system, the spontaneous polarization discontinuously and abruptly
drops on the Curie temperature (Figure 1-8a). In contrast, continuous and gentle attenuation
behavior on spontaneous polarization is observed in the second-order transition system (Figure
1-8b).
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Figure 1-8. Temperature dependence of spontaneous polarization (a) in the first-order transition

system, and (b) in the second-order transition system.

The above discussion on dielectric constant is in static condition. It is noted that their dielectric
properties depends on frequency of the external AC bias due to the origin of the polarization.
Dielectric dispersion phenomenon is observed in common with all these polarizations. The electric
dipole moment is generated by “orientation polarization”, “ion polarization” and “electronic

polarization”.

“Orientation polarization” can be produced in polar molecular system with permanent dipole
moment. To be brief, this phenomenon is caused by the uniaxial orientation of permanent dipole
moment under the application of external bias. In polar molecular system, local polarization (in
molecular scale) is formed in the initial stage without external electric field, because the electronic
density in a molecule is biased by contribution of electronegativity. Although “ion polarization” and
“electronic polarization” are considered as the result of “induced dipole” by the external stimulus,
therefore, “orientation polarization” is different from those polarizations. The contribution of
external electric field is only the induction of the dipole reorientation behavior to compensate for the
external stimulus. In the initial state (without external bias), the direction of local dipole moments is
random and thus the sum total of local polarization results in zero. Under the application of the
appropriate electric field, the sum total of local polarization has some values by the uniaxial
orientation of dipoles.

“lon polarization” can be induced by displacements of cations and anions in the ionic complex
when the external electric field is applied. The dispacement behavior of ions depends on the electric
field intensity.

“Electronic polarization” can be induced by deformation of the molecular (atomic) orbitals as well

as displacement of nuclei.
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It should be noted that the actual polarization phenomenon is caused by cooperation of these
three polarizations. Therefore, the polarization of the whole system is physically treated as the sum
of the contributions of all these polarizations.

Here, the situation that the external electric field is applied to any dielectric material will be
considered. The correlation between dipole moment (m) of the material and external bias electric

field (E) is expressed by the following equation (Equation 1-6) with polarizability factor ().
m = aFE  [Equation 1-6]

Polarizability factor of ion polarization («;) and that of electronic polarization («.) are defined in
Equation 1-7, 1-8 as analogy of Equation 1-6, respectively. The factors indicated by m; and m, are

where the moments corresponding to the ionic dipole and electronic dipole, respectively.

m; = a;E  [Equation 1-7]

m, = a,E  [Equation 1-8]

By using a factor of permanent dipole moment (m,), polarizability factor of orientation
polarization (&) are described as Equation 1-9 based on classical statistical mechanics.
2
My

a, = —— Equation 1-9
P = 3T [Eq ]

In particular to the polar molecular system, therefore, the overall polarizability factor (o) can be

expressed as Equation 1-10.

2
Mp

3kT

a=a;+a,+ [Equation 1-10]

The dynamics of molecules, atoms and electrons is contributed to frequency dependence of
polarizability factor and dielectric constant. In the case of considering the frequency dependence of
“induced polarization”, it can be roughly explained by a harmonic oscillator model.

The phenomenon that dielectric constant depends on the frequency of external bias is
considered as “dielectric dispersion”. The AC external electric field as a function of time (t) can be

defined as Equation 1-11 with using imaginary unit (i) and angular frequency ().

E =Eyexp(iwt) (i =+v—1) [Equation1-11]

The frequency dependence of electric flux density is defined as Equation1-12 by considering the
phase shift (4).

D = Dyexp(iwt —A)  [Equation 1-12]
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Following Equation 1-3 which describes the static condition, the linear combination between
Equation 1-11 and Equation 1-12 is formally defined as Equation 1-13 with using complex dielectric

constant (&,).
D = gegE  [Equation 1-13]

The definition equation of complex dielectric constant is Equation 1-14.

. D .( Dy .
g =¢ —ig" =—cosd — l( 2 smA) [Equation 1-14]
EoE EoE
0L0 00

In physical, £’ and tan4 indicate energy loss when AC electric field is applied to the dielectric.
The dielectric is generally considered as an equivalent circuit composed of electrostatic capacity (C,)

and the resistance (R,). The relation between these factors can be expressed by Equation 1-15.

8”
— =tand =
£ RpCpw

[Equation 1-15]

Dielectric dispersion is explained by two types of mechanism. In the case of orientation
polarization, relaxation-type dispersion is observed. In this relaxation-type dispersion, dielectric loss
causes due to the delay of the dipole rotation dynamics to the external electric field. On the other
hand, resonance-type dispersion is observed for induced (ionic and electronic) polarization. The
resonance-type dispersion is considered as elastic vibration system with decay.

To explain the relaxation-type dispersion, the simple one dimensional system which possesses
thermodynamic energy potential curve in solid state as shown in Figure 1-9 will be considered. As an
assumption, the following conditions shall be applicable to this thermodynamic model. The
orientation vector of permanent dipole moment will be parallel or anti-parallel to the horizontal axis
in this simplified system. The thermodynamic energy potential barrier (U,) will be located between

two energy potential minimums and the permanent dipole will be vibrating with thermal frequency

(an/2m).

4 U (potential energy)

> X

Figure 1-9. Potential curves in solid state with permanent dipole (F: external electric field).
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In this model, the Debye dispersion formula described as following equations (Equation 1-15,
1-16) is derived by the Debye theory on dielectric dispersion with using the relaxation time (7).

g'(w) —e(o0) = % [Equation 1-15]

8”((1)) = % [Equation 1-16]

These two equations describe the correlation between the complex dielectric constant and the
relaxation time. The plot for these equations as functions of wr is as shown in Figure 1-10. The real
part £’ is stepwise decreased along with the increase of external electric field frequency. This change
behavior briefly shows that the dipole inversion cannot follow the speed of electric field change
gradually. In the small (@7 region, the dipole inversion can follow the electric field change. In
contrast, however, the dipole cannot reverse the direction in the region of large enough (w7)™. The
imaginary part £’ is maximized in the point where is @ = 7. This model describes the system which

has only single relaxation time. It is noted that there is a distribution in relaxation time in the actual

system.
1 (r)rr'(‘l+(92 r2) T
=17 {1+mzr'z)
05 | =
O '] 1
0.01 0.1 1 10 100

T

Figure 1-10. Theoretical plots for Debye dispersion formula.

The resonance-type dispersion is considered as the system composed of multicomponent
oscillators. In this case, real part £’ and imaginary part £’ can be expressed as following with using
damping coefficient (/) (Equation 1-17, 1-18).

{£(0)—&(0)}wo?(wo*~w?)

(Wo2—w2)2+I2 w2

e'(w) = g(o) + [Equation 1-17]

" 0)—&(0)}wo?I .
& (a)) = {fa()o)Z—iEZ))z}:fzw? [Equation 1-18]
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The plot for real and imaginary parts of complex dielectric constant as functions of the frequency
wis as shown in Figure 1-11. The real part &’ gets zero on the point where is @ = ax. On the other

hand, the imaginary part £”’ is maximized on the point where is @ = .

g’ (w), " ()

Figure 1-11 Theoretical plots of complex dielectric constant as functions of the frequency for

resonance-type dispersion.

The plot for frequency dependence of complex dielectric constant under the contribution of
orientation polarization and induced polarization is shown in Figure 1-12. It should be noted that the
characteristic frequencies of corresponding dielectric dispersion behaviors are different maginitude

and depends on the type of polarization.
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Figure 1-12  Frequency dependence of complex dielectric constant.
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1.2.2. Brief history of ferroelectrics *°

Ferroelectricity was first discovered by study on “Rochelle salt” reported by J. Valasek in 1920."
He investigated the dielectric properties of “Rochelle salt” from 1919 under the supervision of
Professor W. F. G. Swann. Then, he observed the uncommon dielectric hysteresis behaviors, that is
ferroelectric hiterersis, in “Rochelle salt”. Furthermore, his deep and systematic study revealed the
temperature dependence of piezoelectric activity and phase transition behaviors in “Rochelle salt”.
Valasek's study was undoubtedly inscribed as a vital milestone in the history of ferroelectricity and
ferroelectric materials. Following the first experimental study of the ferroelectric salts, P. Scherrer
and G. Bush clarified the ferroelectricity of KH,PO, which exhibits high average dielectric constant.
Through their study, KH,PO, shows low critical temperature about 123 K.*2 Up to the present, KH,PO,
has been a model and substance in the ferroelectric science.

A little late from the study of ferroelectric salts, ferroelectric ceramics system was found in 1940’s

1314 After that, the spread and

by some independent groups in United States and Russia.
development of ferroelectric ceramics led to the construction of doped ferroelectric ceramics
systems such as Pb(ZrTi)O; (PZT)" and (Ba,Sr)TiO; (BST).' As the industrial applications, some
inorganic ferroelectric materials have been used for ceramics capacitors and ferroelectric random
access memory (FeRAM) etc. in the present.™

The interests of ferroelectric study after 1950’s can be roughly classified as two trends. One trend
is perovskite-based ferroelectrics and another one is organic ferroelectric materials. In the organic
system, the ferroelectric behaviors of thiourea were discovered in 1959." Ferroelectric liquid crystals,
which is described in detail on the latter section 1.5., have been developed in 1975.%8 After a while, R.
G. Kepler and coworker reported the ferroelectric behavior in poly(vinylidenefluoride) (PVDF) as the

1% Almost at the same time, T. Furukawa and coworkers

first example of ferroelectric polymers.
deeply investigated the ferroelectricity in PVDF**® and copolymer of vinylidenefluoride and
trifluoroethylene (P(VDF-TrFE)). ™ Compared with ferroelectric ceramics, the reports on ferroelectric
polymers are not so much, but nylon (polyamide)-based polymers as well as PVDF-based polymer
systems also exhibit ferroelectric properties.”® Focusing on the influence of hydrogen bonds to
ferroelectric nature, Y. Tokura and coworkers developed the ferroelectrics based on supramolecular

complex and have investigated the issues systematically.”*

1.2.3. Classification of ferroelectrics

Ferroelectric materials are roughly classified into “displacement-type” and “order—disorder-type”
depending on the difference in generation mechanism of spontaneous polarization. The well-known
inorganic ferroelectric ceramics such as BaTiO; and PZT is typical “displacement-type” materials. In

contrast, “Rochelle salt”, the oldest ferroelectrics, belongs to “order-disorder type” materials.> 2
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1.2.3.1. Conventional displacement-type ferroelectrics

Most of the inorganic ferroelectric ceramics are belonging to this type. In this system, the
symmetry breaking originated from distorted structures by the displacement of heavy metal and
non-metalic elements results in the ferroelectric nature. In general, this displacement-type
ferroelectrics exhibit the first-order ferroelectric-paraelectric phase transition behavior. Therefore,
relative permittivity, electrosensitivity and spontaneous polarization are discontinuously changed on
the Curie temperature. Most of ferroelectric ceramics have perovskite or similar structures in their
crystalline states. The displacement behavior in the ferroelectric crystalline phase has anisotropy. The
direction of spontaneous polarization is parallel to the displacement axis corresponding to crystal
structures of the ferroelectric phase. Considering the crystal structure of the ferroelectric phase, the
required crystal systems for exhibiting the ferroelectricity is allowed to generate the spontaneous
polarization and to be stable states.

Typical ferroelectric perovskites are BaTiO;, PbTiOs;, KNbO; and BiFeO;. The representative

ferroelectric parameters for these ferroelectrics are summarized in Table 1-1.

Table 1-1  Ferroelectric parameters for typical ferroelectric ternary transition metal oxides.” >

Compounds T./°C P,/ uCem?(T/°C)
BaTiO; 135 26 (23)
PbTIO; 490 >50 (23)

NaNbO; -200 12 (-200)
KNbO, 435 30 (250)
BiFeOs 850 6(—)

KIO, 212 3 (-100)
CsGeCls 155 15 (25)

Perovskite-type compounds are ternary transition metal oxides represented by the general
chemical formula AMO; composed of the central transition metal species M, the dissimilar metal

species A and oxygen atoms. The typical crystal structure is as shown in figure 1-13.
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Figure 1-13 A schematic illustlation of typical crystal structure for perovskite-type metal oxides.

After the discovery of ferroelectricity in BaTiOs, analogous multi-element transition metal oxides
extensively were developed and investigated their polarization behaviors. The deep studies revealed
that not all of the perovskite-type metal oxides exhibit ferroelectricity. Furthermore, paraelectric
perovskites such as KTaO; and SrTiO; or antiferroelectric perovskites such as PbZrO; are found
through those investigations. Since the design of ferroelectric perovskites is not limited only to the
ternary system, multicomponent ferroelectrics can be also designed and synthesized in which A or M
sites are partially substituted by different metal species. Up to now, a lot of partially-substituted
ferroelectrics comprised of various metal elements with different compositions have been developed.
PZT is the most typical this type of materials. Their ferroelectric parameters depend on the Zr
substitution ratio of Ti sites. Typical ferroelectric parameters for partially-substituted ferroelectrics

are summarized in Table 1-2.

Table 1-2  Ferroelectric parameters for partially-substituted perovskite-type ferroelectrics.” 2> **

Compounds T./°C P,/ uCcm?™(T/°C)
(Kq.5Big.5)TiO3 270 —
(NagsBig5)TiO3 200 8 (116)
Pb(ScosNbg5)03 90 4 (18)
Pb(Zno 33Nbg67)Os 140 24 (25)
Pb(Cdo 33Nbo 7)Os 270 0.65 (25)
Pb(Zro5,Tio.48)O3 386 ~30(rt.)
Pb(Zro»5Tio.75)O3 ~450 >3 (—)

Some ternary transition metal oxides with similar structures to perovskite such as LiNbO; and

LiTaOs also exhibit ferroelectricity. Their physical properties are listed up in Table 1-3.
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Table 1-3  Ferroelectric parameters for metal oxides with similar structures to perovskite.”> >

Compounds T./°C P,/ uCcm?(T/°C)
LiNbO; 1210 71 (23)
LiTaO, 665 50 (—)

YbMnO; ~720 ~6(—)
YMnO; ~640 ~6(—)

The exhibition of ferroelectricity depends on a stability of the polarized structure. The polar
vector (the vector of spontaneous polarization) is discussed from the symmetry of the crystal
structure. Ferroelectric phenomenon is one of the results from symmetry breaking. In the case of
cubic crystal structures where every lattice constants are equivalent, ferroelectricity can not
developed. In the other six crystal structure systems except for cubic structures out of the seven
crystal systems, some structures permit the existence of polarization vector. Considering the crystal
point group, the polar vector can be allowed in ten point groups among all thirty-two point groups.
These ten structures are regarded as polar point groups. The characteristics of polar crystal structures

are summarized in Table 1-4.

Table 1-4  Classification of polar crystal systems.>®

Polar vector

Crystal systems Crystal classes Point group
component

Tetragonal Ditetragonal pyramidal Cay (4mm) (0,0, 2)
Tetragonal Tetragonal pyramidal C,(4) (0,0, 2)
Hexagonal Dihexagonal pyramidal Cey (6Mmm) (0,0, 2)
Hexagonal Hexagonal pyramidal Cs (6) (0,0, 2)
Trigonal Ditrigonal pyramidal rhombohedral hemimorphic Csy (3m) (0,0, 2)
Trigonal Pyramidal rhombohedral tetragonal Cs(3) (0,0, 2)
Orthorhombic Pyramidal Cy (mm2) (0,0, 2)
Monoclinic Domatic Cs (m) (x,0,2)
Monoclinic Sphenoidal G, (2) (0,y,0)
Triclinic Pinacoidal C (i) (x,y,2)

In some ferroelectrics, sequential ferroelectric-ferroelectric phase transitions are observed. The

most typical ferroelectric perovskite BaTiO; exhibits three phase transitions which come from
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paraelectric cubic — ferroelectric tetragonal, ferroelectric tetragonal — ferroelectric orthorhombic and
ferroelectric orthorhombic — ferroelectric trigonal transitions. All these transitions are first-order type.
All these ferroelectric crystal structure and direction of sponataneous polarization are shown in

Figure 1-14.

(a) (b) ()

e

Figure 1-14  Schematic illustlations of crystal stuructures and polarization direction for BaTiO; in

(a) ferroelectric tetragonal, (b) ferroelectric orthorhombic, and (c) ferroelectric trigonal phases.

1.2.3.2. Conventional order-disorder-type ferroelectrics

Most of organic ferroelectrics and ferroelectric salts are included to the “order-disorder-type”
ferroelectrics. In this type of ferroelectrics, uniaxial arrangement of dipole moments instead of
displacement generates spontaneous polarization. The order-disorder-type ferroelectrics generally
exhibit the second-order ferroelectric-paraelectric phase transition behavior.” Thus, relative
permittivity, electrosensitivity and spontaneous polarization are continuously changed on the Curie
temperature.

The typical order-disorder-type ferroelectrics are alkali metal nitrites. The Curie temperature and

spontaneous polarization for ferroelectric metal nitrites are summarized in Table 1-5.

Table 1-5  Ferroelectric parameters for alkali metal nitrites.” >

Compounds T./°C P,/ uCem?(T/°C)
NaNO, 163 8 (100)
KNO, 47 2.8 (25)
AgNa(NO,), 38 1.5 (37)

Typical crystal structures of order-disorder-type ferroelectric salts in ordered (ferroelectric) phase

and disordered phase are shown in Figure 1-15.
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(b)

Figure 1-15 Schematic illustlations of crystal stuructures and polarization direction for

order-disoreder-type ferroelectric salts in (a) disordered phase, and (b) ferroelectric ordered phase.

“Rochelle salt” and related tartrate salts are also representative “order-disorder-type”

ferroelectrics. The physical properties are summarized in Table 1-6.

Table 1-6  Ferroelectric parameters for tartrate salts.> %

Compounds T./°C P,/ uCcm™(T/°C)
Rochelle salt (NaOCOCH(OH)CH(OH)COOK - 4H,0) -18,24 0.25(5)
NaOCOCH(OH)CH(OH)COONH, - 4H,0 -164 0.21(-181)
LIOCOCH(OH)CH(OH)COONH, - H,0 -167 0.22 (-178)
LIOCOCH(OH)CH(OH)COOTI - H,0 -263 0.14 (-272)

“Rochelle salt” has specifically two phase transition points (T.). In the temperature range from
-18 °C to 24 °C, “Rochelle salt” forms ferroelectric monoclinic sphenoidal C, (2) crystal structures. The
high-temperature disordered crystalline phase is piezoelectric orthorhombic D, (222) phase. The
orthorhombic crystal melts at 70-80 °C. The crystalline phase below -18 °C is considered as re-entrant
orthorhombic phase. The orientation of hydroxyl groups could be essential to the ferroelectric nature.
From the comparison of the ferroelectricities with deuterated substituted salts, it is conceivable that
hydrogen bonding contributes to the ferroelectric nature.

Some glicine derivatives belong to order-disorder-type ferroelectrics. The physical properties are

summarized in Table 1-7.
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Table 1-7  Ferroelectric parameters for glycine derivatives.” >

Compounds Chemical Formula T./°C P,/ uCcm?™(T/°C)
Triglycine sulphate (NH,CH,COOH);: H,S0, 49 2.8 (20)
Triglycine selenate (NH,CH,COOH);: H,Se0O, 22 3.2 (10)

Triglycine fluoberyllate (NH,CH,COOH);: H,BeF, 75 3.2 (20)
Diglycine nitrate (NH,CH,COOH),: HNO; -67 1.5 (-190)
Glycine silver nitrate NH,CH,COOH- AgNO; -55 0.6 (-170)

Glycine is the simplest amino acid which composing the polypeptide in the living body. Glycine
and its derivative can form the hydrogen bonding network in the self-assembled structure. The
orientation of polar groups is effective to appearance of ferroelectricy. Hydrogen bonding network
can also affect to the ferroelectric properties.

Dihydrogenphosphate and dihydrogenarsenate salts also have the formability of hydrogen bond.
The representative ferroelectric dihydrogenphosphate and dihydrogenarsenate salts are listed up in
Table 1-8. The transition temperature and spontaneous polarization are also described in the same

table.

Table 1-8  Ferroelectric parameters for dihydrogenphosphate and dihydrogenarsenate salts.>**

Compounds T./°C P,/ uCcm™(T/°C)
KH,PO, -150 4.75 (-177)
RbH,PO, 126 5.6 (-183)
KH,ASO, -176 5.0 (-195)

The deuterated substitution of salts affects to their ferroelectricity by the change of hydrogen
bonding environment. The transition temperature and spontaneous polarization of ferroelectric
deuterated salts are displayed in the Table 1-9. These experimental facts indicate that the hydrogen
bonding network affects to the ferroelectric nature. In particular, the phase transition temperature
rise about 100 K by deuterium substitution in KH,PO, system of which three-dimensional hydrogen

bonding network is formed in the crystalline state. Regarding the mechanism of ferroelectricity

25 26
1, l

development in this system, some models (Slater mode
|’27

proton tunneling model,” over-damped

I, two coupled oscillators model,”” PO,

31
,

phonon mode coupled proton-optic-mode mode

30 32
1, l,

order-disorder model,”™ coupled proton-internal vibration model,” asymmetric potential mode

33
I

proton-polaron model™ etc.) have been proposed. However, all models have some drawbacks in
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inconsistensy to experimental facts, such as explanation by proton tunneling model in which KH,PO,
system is treated as displacement-type ferroelectrics. Therefore, the clarification of the mechanism
remains still big issues.

It is noteworthy that more pronounced isotope effect called "deuterium displacement induced
phase transition" has been found in O-H-O hydrogen bonds (zero-dimensional hydrogen bonding)
system, which is isolated from creating hydrogen bonding network.*

Table 1-9  Ferroelectric parameters for deuterated salts.> **

Compounds T./°C P,/ uCem?(T/°C)
NaOCOCD(OD)CD(OD)COOK - 4D,0 222,35 0.35 (6)
(ND,CD,COOD)s- D,S0, 60 3.2 (-60)
(ND,CD,COOD)5- D,BeF, 77 —
KD,PO, .60 4.83 (-93)

1.2.4. Ferroelectric self-assemblies

Ferroelectric property in polymer system was found in 1980 for the first time.” The
ferroelectricity in PVDF and P(VDF-TrFE) is generated from elctric-field-responsive molecular dipoles
originated from fluoro groups.* The ferroelectric behaviour are also found in Nylon system. In the
Nylon system, the orientation of amide groups is a key to the ferroelectriciy.*® All these ferroelectric
polymers are classified into order-disorder-type ferroelectrics.’’

FLC materials also are one kind of ferroelectric self-assemblies. The detailed explanation is
decribed in later section.

The background study on supramolecular ferroelectrics were carried out by scientific interests on
ferroelectric salts forming the hydrogen bonding network.*® The ;
ferroelericity originated from positional shift (displacement) of [;]
hydrogen atoms was found in the crystal of 1,4- +N X

diazabicyclo[2,2,2]octane  perchlorate = (dabco-HCIO,) and H

1,4-diazabicyclo[2,2,2]octane perrhenate (dabco-HReOQ,) salts [&j
(Figure 1-16). In these dabco salts, one-dimensional +N X
H

intermolecular hydrogen bonds between the same species (dabco ;
units) are essential to the exhibitance of ferroelectricity.®®> ¢ In [;j
these ferroelectric dabco salts, one-dimensional intermolecular +z X dabco-HCIO, : X = CIO;
hydrogen bonds between the same species (dabco units) are : dabco-HReO,: X = CIO,
essential to the ferroelectric nature. Figure 1-16  One-dimensional
hydrogen bonding network in

ferroelectric dabco salts.
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From the viewpoint of components for forming intermolecular networks, two types of hydrogen
bonds can be considered. One is homo-type intermolecular network, in which hydrogen bonds are
formed between the same chemical species. The other is hetero-type intermolecular network, in
which hydrogen bonds are formed between diferrent species. The ferroelectric hydrogen-bonded
complex salts are based on the later hetero-type intermolecular hydrogen bond networks. S. Horiuchi
and coworkers are developed ferroelectric supramolecular two-conpornent crystal based on
chloranilic acid and phenazine in 2005.%° Also, the analogous ferroelectric co-crytal system are
developed by using bromanilic acid, iodanilic acid, and fluoranilic acid as acidic component with
phenazine or 5, 5’-dimethyl-2, 2’-bipyridine as basic component.*® The ferroelectric nature originated
from dynamic shuttling of protons is found in the co-crystal of 2,3,5,6-tetra(2-pyridinyl)pyrazine with
chloranilic acid and related acids.**

The single component suparamolecular ferroelectric system based on proton transfer was first
developed in 2010. The supramolecular assemblies of cloconic acid exhibited tha large spontaneous
polarization due to the proton transfer by the enol-ketone tautomerism.** The ferroelectric behaviors
originated from tautomerism inspire the recent ferroelectric investigations.

External-stimulus-induced ferroelectric nature in charge-transfer (CT) complexes has been
IS 43

investigated since 1980’s.”” Many study on ferroelectric neutral-ionic phase transition in CT

3% 4% However, the leakage current and the difficulty of preparing high

complexes was carried out.
quality large-scaled single crystal prevented from obtaining ferroelectric hysteresis loop as clear
evidence.” The ferroelectric hysteresis loops of CT complexes was obtained for the first time by the
study on tetrathiafulvalene (TTF)-(p-bromanil) complex in 2010 (Figure 1-17).% For the related
complexes TTF-(p-chloranil) and TTF-(2-bromo-3,5,6-trichloro-p-benzoquinone), clear ferroelectric
hysteresis loops were also obtained.”” Some ferroelectric CT complexes such as TTF-pyromellitic
diimine derivative (PMI) and 1,6-diaminopyrene (DAP)-PMI were recently developed as inspired by

these successful achievements (Figure 1-18).*

Ferroelectric phase
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Figure 1-17  Schematic illustlations of self-aasembled structure and polarization direction for CT

complex TTF-(p-bromanil) in the ferroelectric phase.

27



Donor

6 NH; Ferroelectric phase
=)
HN
DAP P
i
Acceptor
HO
N 0 0
¥ ;:@:‘;
N N
L
0 o) N
PMI o

Figure 1-18  Schematic illustlations of self-aasembled structure and polarization direction for CT

complex DAP-PMI in the ferroelectric phase.

Furthermore, ferroelectric supramolecular systems (metal-organic framework and physical
xero-gel etc.), which concerted plural intermolecular interactions such as hydrogen bond, CT

interaction and coordination interaction are developed.*>°

1.3. Liquid crystals ~

1.3.1. Basic concept of liquid crystals *

The term of “Liquid crystal” indicates “a material which forms dynamic ordered structures”. This
English term has been widely used as a translation of German word “Flissige Krystalle” which had
named in the early stage of liquid crystal study.”® Liquid-crystalline (LC) phase is a mesophase which
lies between crystalline and liquid phases. LC systems generally have molecular orientation order in
the mesophase. It should be noted that the molecular aggregation system which has only positional
order and not orientation order is “plastic crystal” system. In the most of LC phases, the anisotropic
environment is generated due to the LC structures comprised of molecules with a large aspect ratio.
The anisotropic LC molecular structures are reflected to the optical, magnetic and electric
anisotropies.

The LC properties are generally characterized with using polarizing optical microscopy (POM),
powder X-ray diffraction measurement (XRD) and differential scanning calorimetry (DSC).

POM observation is usually carried out under the crossed nicols. The plane of polarization rotates
by birefringence, when the polarized light passes through the liquid crystal medium. Since the

polarized component of transmitted light which is parallel to the analyzer can pass it, the optical
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patterns reflecting the LC morecular ordered structure with some defects can be observed. The
optical patterns provide some significant information for the assignment of LC phase.

In XRD, diffraction patterns corresponding to the periodicity of the electron density distribution is
obtained. Layer, cubic or cylindrical LC structures give some diffraction peaks corresponding the
lattice constants in the LC phases. Since dynamic LC ordered structures is more disordered than
crystalline structures, the diffraction peaks in the LC phase are usually weakened and broadened.

DSC thermograms provide the thermodynamic parameters such as transition temperature,
transition enthalpies and enthalpies. For the LC compounds, plural phase transition peaks are usually

observed on the plots.

1.3.1. History of liquid crystals >’

Thermotropic LC phase was first discovered by F. Reinitzer who was an Austrian botanist through
the study on phase transition behaviors of benzoate derivatives in 1888.>* He observed strange
melting behaviors in cholesteryl benzoate on heating process. The stepwise melting behaviors of the
cholesterol derivative suggested the apperanace of a mesophase between crystalline (solid) and
isotropic liquid phases. The crystalline solid of cholesteryl benzoate changed around 145 °C to the
cloudy fluids, which is liquid-crystalline state, and then transited to the clear molten state around
180 °C.>*** F. Renitzer got interested in the unique cloudy fluids state, and he asked O. Lehman who
was a German physicist to scrutinize the properties of the mysterious fluids. O. Lehman clarified by
polarizing optical microscopy that the strange fluids show birefringence (optical anisotropy) and
named the fluids (fluidy state) as “Fliissige Krystalle” in German.”® As described above, the recorded
history of the "thermotropic liquid crystals" began with fundamental research by two scientists in
19th century.

The brief history of liquid crystals is summarized below.

1854: Discovery of myelin sheath based on lyotropic LC system®

1888: Discovery of anomalous phase transition behavior in cholasteryl benzoate®

1904: Publication of “Fliissige Krystalle”>*

1911: Publication on optical characteristics of twisted nematic arrangement for LC compounds®’

1927: The study on the influence of electric and magnetic fields on LC structures>

1949: Suggestion of Onsager’s hard-rod model*

1959: Establishment of Maier-Saupe theory of liquid crystals®

1963: Development of regular domain patterns in nematic liquid crystals under the application of
electric field®

1965: Development of LC polyamide Kevlar® by DuPont Co., Ltd. ©

1968: Development of the first LC display by RCA Laboratory®®
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1968: Discovery of guest-host effect with dichroic dye®

1971: Establishment of drive principles based on "twisted nematic mode" for liquid crystal displays
(LCDs)*®

1973: Synthesis of 4-pentyl-4’-cyanobiphenyl (5CB) for the application of displays®®

1973: Placing on the market of portable calculator equipped with LCD based on dynamic scattering
mode

1975: Discovery of ferroelectric liquid crystals™®

1977: Discovery of discotic liquid crystals®’

1986: Commercialization of color liquid crystal televisions based on TFT-LCD by Matsushita Electric
Industrial Co., Ltd.

1994: Commercialization of FLC display by Canon Co., Ltd.

1.3.2. Classification of LC phases "

Liquid crystals are roughly classified into two types by the factor which induces dynamic
properties. One is a temperature transition type as "thermotropic liquid crystal system", and the
other is a concentration transition type as "lyotropic liquid crystal system". In the thermotropic LC
system, the thermal fluctuation of molecules, which disturbs the crystalline packing and weakens the
intermolecular interaction, induces the LC phase. Molecular arrangement and molecular orientation
(degrees of structural order) depend on the degree of contribution of thermal fluctuation. As the
result, various liquid crystal structures are formed. In the lyotropic LC system, the solvation behavior
as alternative of thermal fluctuation inhibits the crystalline packing and weakens the intermolecular

interaction for appearance of mesomorphism.

68a, 69

1.3.2.1. Lyotropic LC system

Lyotropic LC system is usually composed of amphiphilic molecules such as “soap” with solvents. In
the lyotropic LC system, LC molecules exhibit mesophase in a certain concentration range. In general,
a solution of lyotropic LC molecules shows isotropic phase in low concentration range below the
critical concentration. In high concentration region exceeding the critical concentration, the biphasic
state (the coexistence of optically anisotropic and isotropic phases) is appeared. In further higher
concentration region, the entire system shows a single liquid crystal phase. In this type of liquid
crystal, the solvation environment strongly depends on the concentration. Here, typical lyotropic
binary mixture system with amphiphilic molecule and water will be described as an example. Under
the condition that the amphiphile concentration exceeds the critical micelle concentration, micelles
are formed through the self-organization of each hydrophobic moiety by the hydrophobic interaction.
The micelle concentration increases along the increase of the solute concentartion. As the micelle

concentration increases, each micell rearranges the aggregation structure and forms lyotropic LC
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structure with solvent molecules. The lyotropic self-assembled LC structures are strongly affected by
the free volume ratio between hydrophilic part, hydrophobic part and solvating solvent molecules. In
the case where there is no big difference in the three-dimensional spreads of free space between
non-polar and polar parts, lyotropic LC molecules exhibits lamella (L,) phase with a layer
structure(Figure 1-19a). When the diference between each three-dimensional spreads of free space
is gradually increased, lyotropic LC structures change to normal bicontinuous cubic (V,), reversed
bicontinuous cubic (V,), normal hexagonal (H;), reversed hexagonal (H,), normal cubic (l;) and
reversed cubic (l,) structures. In V; and V, phases, the slight difference of free volumes between
hydrophilic and hydrophobic parts induces the curvature into the layer ordering and forms the
bicontinuous cubic structures with double gyroid interface (Figure 1-19b, c). In the case of increasing
difference of free volumes of two parts, closely packed hexagonal cylinder structures are formed and
assembled into the the H; and H, phases (Figure 1-19d, e). When there is an extreme bias in their
free volumes, |, or |, phases are induced. In |; and I, phases, small aggregates of LC molecules have
cubic lattice arrangement (Figure 1-19f, g). The lyotropic LC structures are similar to those of

thermotropic LC system.
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Figure 1-19. Schematic iilustartions of self-assembled structures in lyotropic LC system.
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In some cases, molecules bearing a rigid central aromatic core working as dye unit (chromophore)
or biofunctional unit with flexible side chains can form LC ordered structure with assistance of sovent
molecules. Such LC system is called "chromonic liquid crystal".>® " In chromonic systems, the
aggregation of core unit induces the formation of mesophases.” The typical chromonic LC materials

are as shown in Figure 1-20.”
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Figure 1-20. Chemical structures of representative chromonic LC compounds.72

As can be easily assumed from the fact that the first discovery of lyotropic LC structures was in
myelin sheath,® the lyotropic LC system can be found in living body system. Lipid bilayer membranes
(cell membranes), polypeptides, nerve tissues and bacteriophages are biomaterials based on the
lyotropic LC system. These hierarchical LC self-assembled structures play important roles in the

biological functions.”

1.3.2.2. Thermotropic LC system™

Unlike lyotropic systems, thermotropic LC systems are possible to exhibit mesophases without
the support of solvents. In general, thermotropic LC molecules have flexible chains and a rigid core.
Rigid cores are usually comprised of aromatic moieties and determine the optical and electronic
property of the LC self-assemblies. In contrast, flexible units are associated with the softness and
flexibility of the assemblies. The self-assembled structure in the LC phase reflects molecular shapes
and structures of thermotropic LC compounds. The free volumes of flexible side chains have strong
dependence on temeperature. The balance of free volumes between rigid core and flexible unit is

very important for exhibiting the thermotropic LC properties.

A) Calamitic liquid crystal system

From the viewpoint of conventional liquid crystal science, molecules with a large aspect ratio of
molecular structure tend to exhibit mesomorphic properties. In particular, rod-like molecular
structures are typical mesogen skeleton which has been widely studied. “Calamitic” liquid crystal is

the self-assembled system comprised of rod-like molecules.

32



Nematic phase

Nematic (N) phase is the simplest and most fluidic state in calamitic LC system. LC molecules in N
phase do not have a three-dimensional positional order, but only orientational order (Figure 1-21).

In the N phase composed of rod-like molecules with large aspect ratio, characteristic phenomena
are generated. The N LC materials exhibit optical, electrical and magnetic anisotropy due to the
anisotropic electron density distribution formed on rod-like molecules. The N phase can be regarded
as a low viscous LC phase, because the attraction terms of intermolecular interactions in N phase are
generally smaller than those in other LC phases. As the offset behavior of the external field due to
the polarization produced by permanent or induced dipoles, therefore, LC molecules in N phase
respond to the electric field and the molecular reorientation behavior are induced. This field-induced
reorientation behavior in the N LC system is utilized for the conventional drive principle of liquid
crystal display, which is the most typical and successful application of liquid-crystalline system. In
addition, the N LC material is the most suitable LC system for control of molecular orientation. This is
because structural defects other than dislocations (point defect) cannot generate in N phase and
monodomain N LC structure can be formed by the uniaxial alignment of LC molecules. In fact, the
methods to control molecular orientation in N phase by rubbing techinique have been established.”
The horizontal and vertical alignment films composed of polymers such as polyvinyl alcohols and
polyimides are widely utilized. Furthermore, uniaxially aligned monodomain structure of N LC
materials can be formed by a rubbing technique for producing uniaxial grooves on substrates. Up to
now, deep investigations on orientation control of LC molecules have been made it possible to
control the precise orientation angle of LC molecules. Photo-alignment technique applying the

photoisomerization behavior of azobenzene has also been established.”

I

Figure 1-21. A schematic iilustartion of self-assembled structure in N phase.
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Typical N LC molecules are shown in Figure 1-22.%%7°
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Figure 1-22. Chemical structures of representative N LC compounds.®® 7

As is described former, the structural defects that can exist in the N phase are only dislocations.
The feature of the defect formation is reflected to the optical textures under crossed nichol. The
typical optical patterns in nematic phase are “Schrielen” textures (Figure 1-23). Although the
schrielen textures are also observed in the homeotropic region of a smectic phase, only 4-brush-type
can be found for the smectic phase. The coexistence of 2-brush-type and 4-brush-type schrielen

patterans is strong evidence on the identification of nematic phase.

Figure 1-23. Typical “Schrielen” texture in N LC phase.”’

Smectic phases

Smectic phases are another type of the calamitic LC phases and have higher structural orders
than N phase. Although LC molecules in N phase have only orientation order, LC molecules in smectic
phases have positional orders and form the layer structures. Smectic phases are classified more finely
according to existence of intralayer positional order and relationship between layer normal and
molecular orientation direction. The structural features of each smectic phase are shown in Figure
1-24 below.
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Figure 1-24. Classification of smectic LC phases.

The smectic LC materials also exhibit optical, electrical and magnetic anisotropy originated from
the anisotropic electron density distribution of rod-like molecules. Smectic phases are generally
regarded as more viscous phase than N phase, because smectic LC molecules are bounded by strong
intermolecular interactions than N LC molecules.

Typical smectic LC molecules are shown in Figure 1-25.76% 7
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Figure 1-25. Chemical structures of representative smectic LC compounds (SmA: smectic A, SmB:

smectic B, SmC: smectic C, SmE: smectic E, SmF: Smectic F).763’ 8
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Chiral nematic and chiral smectic phases’ ** ®

Typical N and smectic phases are achiral calamitic LC system. As the introduction of molecular
chirality to calamitic LC molecules brings to the drastically structural change described below, LC
system with the chirality is distinguished with the achiral system and considered as independent
chiral LC system. Molecular chirality usually induces the formation of helical structures, due to
minimization of elastic free energy in the system. The helical structure and helical axis reflect the
absolute configuration of the molecules labeled (R) or (S). The helical nature based on molecular

82

chirality is important for functions such as chiral molecular recognition.”” Even when helical

structures are not formed, furthermore, molecular chirality breaks the symmetry of a system, which
generates the characteristic phenomena such as ferroelectricity.™® 8" 8

Chiral LC phases can be induced by the introduction of molecular chirality to the LC system. The
Induction of chiral LC phases is generally achieved by a doping of chiral addidtives into LC materials.
Chiral LC phases also can be found in single component LC molecues with molecular chirality.

When a chiral side chain is introduced to the LC molecule which has a tendency to exhibit N
phase, it twists around the axis perpendicular to the molecular long axis (director), resulting in the
formation of a helical structure spontaneously (Figure 1-26a). This twisted nematic phase is called as
a chiral nematic (N*) or a cholesteric phase. (The name of cholestric phase is derived from the fact
that this phase was first discovered for cholesteryl esters.) In the N* phase, specific selective
reflection is observed. The characteristic phenomenon is originated from the helical structure of the
N* phase and the helical pitch depends on the temperature of the LC system. Therefore, it has been
demonstrated for the application to the thermal sensor.®* Moreover, the design of the luminescent LC
materials offers circularly polarized light (CPL) emitting devices®> and organic lasing media.*

In smectic phases, chiral side chains often generate a helical axis along the layer normal. In
SmC-type LC phase where the director tilts to the layer normal, the director changes periodically
along the layer normal (Figure 1-26b). This tilted Sm phase with chirality is defined as a chiral smectic
C (SmC*) phase. This phase often exhibits ferroelectricity and the application to high speed displays

was attempted.®’
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Figure 1-26. Schematic illustrations of the helical structures in (a) N* and (b) SmC* phases
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Typical chiral LC molecules are shown in Figures 1-27°%>* # and 1-28.'® #

Rotation (+)

Figure 1-27. Chemical structures of representative N* LC compounds.>® >* %
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Figure 1-28. Chemical structures of representative chiral smectic LC compounds.

B) Discotic liquid crystal system

In addition to typical calamitic LC system composed of rod-like molecules, disc-like molecules also
are well-known as a mesogenic core. “Discotic” liquid crystal is the self-assembled system comprised

of such disk-shaped molecules.”

Discotic nematic and columnar nematic phases *°

Discotic nematic (Np) phase is the most disordered LC state in discotic LC system. Np phase
corresponds to N phase in the calamitic LC system. LC molecules in N, phase have only orientation
order but no positional order (Figure 1-29a).”*

On the hand, columnar nematic (N¢) phase is slightly more structured LC phase than Ny phase. LC
molecules in N¢ phase form only small columnar aggregates of which orientational order but not
higher positional-order (Figure 1-29b).”

These Np and N¢ LC materials composed of disk-shaped molecules also show optical, electrical
and magnetic anisotropic nature. Representative molecules exhibiting these LC phases are shown in
Figure 1-30°* and 1-31.**

Figure 1-29. Schematic illustrations of the self-assembled structures in (a) Np and (b) N¢ phases.
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Columnar phases **
Most of disc-like LC molecules exhibit the columnar (Col) phase. Representative Col LC

compounds are shown in
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Figure 1-30. Chemical structures of representative Np LC compounds.”
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Figure 1-31. Chemical structures of representative Nc LC compounds.*

Figure 1-32.5"%¢
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Discotic columnar LC molecules have position orders of
cylindrical assemblies. The fine classification of columnar phases is essentially based on the position

orders (packing styles). The structural features of each columnar phase are shown in Figure 1-33
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Figure 1-32. Chemical structures of representative Col LC compounds.
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Figure 1-33. Schematic illustrations of self-assembled structures in columnar phases.

C) Other liquid crystal system

Micellar cubic phase *’

Micellar cubic (Cub) phase has an isotropic LC structure in which nanometer scale aggregates are

arranged in a cubic lattice (Figure 1-34). When LC molecules have large difference of the free volumes

between mesogenic core and dynamic side chains, a large curvature should be generated. Therefore,

LC molecules do not behave as rods nor disks in the LC phase. In case of forming the Cub LC structure,

small spherical aggregates arranged in a cubic lattice are constructed by several LC molecules with

extreme free volume bias between rigid and flexible units. A variety of Cub LC structures can be

distinguished by the application of space groups in crystallography to the periodic array of small
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aggregates in the self-assembled structure. Representative Cub LC molecules are displayed in Figure
1-35.%% It is noted that Cub LC phases are optically isotropic. Therefore, it is only dark and no optical
patterns are obtained under the crossed nicols in POM observation. In LC system exhibiting several
mesophases, the Cub LC phase always appears as a high-temperature phase above Col LC phases.
Because LC materials in the Cub phase show high viscosity and low fluidity, the distinction between
Cub and isotropic molten phase would be possible by the application of mechanical shearing. In most
cases, the clear evidence of the assignment to the Cub phase is provided by XRD measurement as

well as the phase transition peak in the optically isotropic region on the DSC thermograms.
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Figure 1-34.  Schematic illustrations of self-assembled structures in Cub (Fm3m) phase.
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Figure 1-35. Chemical structures of representative Col LC compounds.*®
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Bicontinuous cubic phase % %1%

Bicontinuous cubic (Cuby;) phase is another type of isotropic LC phase. When the free volume
ratio is in the middle of volume ratio for fan-shaped and rod-like molecules, double gyroid interface is
induced and Cuby,; phase is formed (Figure 1-36). Various Cuby,; LC structures can be also described by
space groups. Im3m-, la3d-, Pn3m- and R3c-type Cuby,; structures have been recognized. The similar
self-assembled structures are also found in self-assemblies composed of ionic crystals,"® block

103

copolymers'® or lyotropic LC system.'® LC Cuby; phases also work as optically isotropic phase like

Cub phase. It is noteworthy that Cuby; LC phase always appears as low-temperature phase below Col
LC phases in the LC system showing the several LC-LC phase transitions. The typical Cuby LC

compounds are shown in Figure 1-37.'*

Figure 1-36. Schematic illustrations of the self-assembled structures in Cuby, (Ia3d) phase.
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Figure 1-37.  Chemical structures of representative Cuby,; LC compounds.104

Blue phase'®

Blue phase (BP) is one of the chiral LC phase and appears between isotropic liquid and N* phases.
The existence of BPs seems to have already been found by F. Reinitzer and O. Lehmann in dawn of
study on liquid crystals. However, it took more than 80 years to be clarified the detail on BPs, of

which pioneering study was carried out by G. W. Gray and A. Saupe in the middle of 20th century.'®
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The LC BPs have been extensively studied since 1980, following the advanced study by G. W. Gray, A.

105¢, 107

Saupe and coworkers. The important work by H. Kikuchi and coworkers in 2002 brought the

108

turning point for the study of BPs.” They found the stabilization effect of the BPs by complexation

with small amount of polymers. The discovery of polymer-stabilized BP contributed to the expansion

105e

and deepening of the BPs’ study.” " Up to now, LC structures of BPs (BP1, BP2) have been clarified by
the contribution of polymer-stabilized system and development of structural analysis technology by
synchrotron radiation. There are three types of LC structures in BP phase depending on packing
arrangements (Figure 1-38).'%% Further aggregation of cylindrical assemblies with N* helical
orientation leads to form the hierarchical order structure with cubic lattice arrangement. Thus, BP
exhibits the optically isotropic. The self-assembled structure in blue phase has structural frustration.
Therefore, the LC temperature range of blue phase is generally narrow (typically about 1 K). It is

noted that LC structure of BP3 is still not clarified.
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Figure 1-38. Schematic illustrations of LC structures in (a) BP1 and (b) Bp2.10%¢

Twist grain boundary phase "°® 10" 1%

Twist grain boundary (TGB) phase is also frustrated liquid-crystalline system under chiral
environment. S. R. Renn and T. C. Lubensky reported the existence of TGB phase for the first time in
1988."'° TGB phase appears in the midlle of N* and smectic (SmA* or SmC*) phases. In the LC
structures of TGB phase, smectic clusters seem to be twisted around an axis perpendicular to the
layer normal and periodically arranged in helix (Figure 1-39). The competition between
intermolecular interactions to form the smectic layer and N*-type helical twisting field originated
from molecular chirality induces the twisting grain boundaries. As a result, frustrated LC structures of

TGB phase are formed. Typical TGB LC compounds are displayed in Figure 1-40.'"
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Figure 1-39. Schematic illustrations of LC structures in TGB phase.'®
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Figure 1-40.  Chemical structures of representative TGB LC compounds.'"*

1.3.3. Conventional LC model '

Conventional LC molecules consist of rigid cores and flexible side chains. The side chains weaken
the strong interaction between the aromatic cores by their thermal motion to form LC phases. In
conventional molecular designs of the LC compounds, non-polar alkyl chains are usually used as
flexible units. The thermodynamic stability of the LC phases has generally explained by a few models

based on the classical Onsager hard-rod,>® **2 Maier-Saupe,6°’ 112

and Gay-Bern models.”> ' All these
models assume simple rigid molecules with a cylindrical symmetry and single intermolecular
interaction. They are not proper for the LC molecules consisting of a few incompatible parts causing a

competition of plural intermolecular interactions.
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1.3.4. nano-segregated LC system'**

Soft matter represented by block copolymers, physical gels consisting of fibrous aggregates and
liguid crystals are characterized by self-assembled supramolecular structures. Molecules
functionalized with aromatic cycles, aliphatic alkyl chains, polar amide groups etc. form the various
supramolecular self-assemblies depending on the volume fractions of the incompatible units and

102, 103, 115

intermolecular interactions. The LC system utilizing segregation of incompatible unit in

molecular scale is defined “nano-segregated LC system”.™ Figure 1-41 demonstrates a schematic
illustration of supramolecular structures constructed by the molecules bearing incompatible
functional moieties. In general, rod-like molecules form layer structures while fan-shaped molecules
assemble into cylindrical structures. In the case of the LC molecules bearing incompatible side chains
with a large difference of the free volumes, a large curvature should be generated, so that the layer
or cylindrical structures are disturbed and gyroid or spherical structures are formed. The
self-assembled systems provide an effective methodology for the construction of the novel functional

materials based on bottom-up approach.'****

Rod-like molecules Fan-shaped molecules

Self-organization

«

‘: W [/

Figure 1-41. A schematic illustration of various self-assembled structures composed of

incompatible parts

These LC molecules to produce self-assembled supramolecular structures are composed of
several incompatible segments. Dynamic ordered structures of LC phases are originated from the

thermal motion of the flexible units. The freedom of the molecular motion is strongly associated with
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one of the most significant property of LC materials, the formation of large-area homogeneous thin
films.

The side chains of LC molecules not only disturb the molecular aggregation by their thermal
motion, but also promote the formation of supramolecular assemblies through nanosegregation.
Thus, the optimization of the chemical structures of the flexible side chain units as well as the rigid
cores contributes to the developments of the novel multifunctional materials. Especially, the organic
materials based on the concept of nanosegregation will contribute to the establishments of the novel

functional material development strategies.™®

1.3.5. LC materials as organic functional materials > 18 119

As is mentioned former, LC molecules have dynamic ordered structures in the mesophase. The
anisotropic nature in most of LC structures is reflected to the orientation-dependence in some
features such as birefringence. In addition, low viscous LC materials can response to the exteranal
stimuli. Most typical applications of LC materials are electro-optical devices such as liquid crystal

121 These utilizations are based on the

displays (LCDs),”* "® optical shutters'*® and dimming windows.
optical anisotopy and electric-field responsiveness of LC materials.

The most conventional and typical LCD cell is “twisted nematic (TN) cell”. In this case, LC
molecules are in a planer arrangement in the initial condition without an AC bias. In contrast, the
molecular orientation can be changed to homeotropic arrangement when the AC external field is
applied. In the case of random orientation, both molecular short axis and long axis factors of the
dielectric constant contribute to light transmission in crossed nickol. In the homeotropic orientation,
however, the contribution of long axis factor is suppressed and that of short axis factor is
two-dimenssionally averaged by the spin motion. Therefore, liquid crystal layer in homeotropic
orientation bahave as isotropic media and polarized light can be transimited in crossed nickol. In the
situation of such planar arrangement, the polarized light can be shut off by the contribution of
birefringence in contrast to the situation of homeotropic arrangement. The typical LC materials for

762,122 © mixtures are generally used for the application to LCDs,

LCDs are shown in Figure 1-42.
because some properties such as phase transition temperature, viscosity, refractive index and

response speed can be easily tuned by optimization of components and their composition ratio.”®
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Figure 1-42.  Representative LC conponents for the application to LCDs.”* '*?

As is mentioned in former section, FLC materials are also investigated for electro-optical devices.
The detail of FLC materials will be described later.

Representative practical applications of liquid crystal materials system other than electrooptical
devices are engineering plastics based on LC polyesters and LC polyamide such as Kevler®,'?* optical
compensation films,*** and chiral nematic temperature sensors.®* For these functions, LC ordered
structures and orientation of LC molecules are important rather than the chemical structures.
Molecular designs for these applications are based on conventional LC models.

Needless to say, not only aggregation structures but also chemical structures have a great
influence on the function. In contrast to conventional molecular design based on aliphatic side chains,
alicyclic ring and aromatic ring, molecular design strategy relied upon the charcteristic of functional
groups and skeletons can be considered. In a molecular design including the polar units, coordination
sites and extended m-conjugated skeleton at the same time, the balance of several intermolecular
interactions should be deeply considered. The first consideration focusing on the intermolecular

125,126
Th

interactions in the LC system is the study and development of supramolecular LC system. e

k.126a-d

first example of supramolecular LC materials are based on hydrogen-bond networ Following

the development of hydrogen-bond supramolecular LC materials, variety of supramolecular LC

systems have been investigated by utilizing metal coordination bonds,’”’ halogen bonds,'*®

charge-transfer,"® dipole-dipole™ and ionic interactions.™!

The idea base on cooperation of these
intermolecular leads to the construction of nano-segregated LC system. Furthermore, unconventional
material designs coupled with exotic functions and LC dynamic ordered structures can be considered.

As focused on the LC self-assembled structures, LC molecules form the well-defined
multi-dimensional nano-channels, depending on the balance between the free volumes of central
mesogen core and dynamic side chains. The formed nanometer-scaled channels provide conduction

pathways for ionic** or electronic charge carriers,*> or mass transport pathways for nanoporous
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membranes.”**

135

For another application of LC system, light-responsive LC materials,”” mechano-responsive LC

136 137

materials~™ and biomedical LC matrials™’ have been investigated.
In this thesis, photoconductive LC materials and ferroelectric liquid crystals are focused on. The

details of those materials are described in follow.

1.4. LC semiconductors >3

LC molecules to produce self-assembled supramolecular structures are composed of several
incompatible segments. In general, LC molecules have flexible chains and a rigid core. Rigid cores are
usually comprised of aromatic moieties and determine the optical and electronic property of the
supramolecular assemblies. In contrast, flexible units are associated with the softness and flexibility
of the assemblies. Dynamic ordered structures of LC phases are originated from the thermal motion
of the flexible units. The freedom of the molecular motion is strongly associated with one of the
most significant property of LC materials, the formation of large-area homogeneous thin films.

Extended m-conjugated molecules can work as organic semiconductors based on the carrier
conduction through the « orbitals. Liquid crystals having extended m-conjugated units also exhibit the
carrier transport properties. LC semiconductors exhibit good carrier transport properties comparable
to organic polycrystalline semiconductors and conjugated polymers. From the viewpoint of the
carrier transport property, a single-crystal structure in which m-conjugated molecules are stacked
closely in a crystal lattice is most favorable because intermolecular m-orbital overlaps are maximized
and structural disorder to inhibit charge carrier movement is minimized. However, the
single-crystalline materials generally have a difficulty in the preparation of the thin film with the low
defect density. Polycrystalline thin films can be produced by a vacuum process. However, their carrier
transport properties are inferior to single-crystalline materials, due to the domain boundaries, which
are inconsistency of the molecular orientation and are regarded as a major problem on the carrier
transport property. In contrast, LC semiconductors are less affected by the domain boundaries due to
their dynamic ordered structures.

In addition, LC materials have good solubility in conventional organic solvents, due to the thermal
motion of the flexible side chains. In the processability, crystalline materials are unfavorable because
of their poor solubility and the difficulty in the preparation of homogeneous thin films. In contrast, LC
semiconductors provide the good solubility and homogeneous thin film formation property, and are
suitable for device production with solution processes including a printing technology.

Up to now, the design of aromatic cores has been studied mainly for LC semiconductors. However,
the roles of side chains are not negligible. The side chains of LC molecules not only disturb the
molecular aggregation by their thermal motion, but also promote the formation of supramolecular

assemblies through nanosegregation. Thus, the optimization of the chemical structures of the flexible
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side chain units as well as the rigid cores contributes to the developments of the novel
multifunctional materials.
The molecular design is very impotant to develop the novel multifunctional LC materials. The

character of molecular structures will be described as follows.

1.4.1. Classical LC semiconductors bearing alkyl side chains
1.4.1.1. LC semiconductors based on aromatic hydrocarbons

Chemical structures of representative LC semiconductors are shown in Figure 1-43. In the
aromatic hydrocarbons, triphenylene, phenyl naphthalene and perylene tetracarboxylic acid bisimide
(PTCBI) are typical mesogens for LC semiconductors. Haarer’s and Boden’s groups reported LC
semiconductors based on the triphenylene core with high carrier mobilities in their LC phases.***"°
Disk-like shaped LC triphenylene derivatives generally form columnar structures.
2,3,6,7,10,11-Hexahexyloxytriphenylene (1), and 2,3,6,7,10,11-hexahexylthiotriphenylene (2) are
well-known examples. The triphenylene cores stack and form one-dimensional conduction paths of
electronic charge carriers in their columnar LC phases. The triphenylene cores are an electron-rich
aromatic unit and favorable for hole transport. The hole mobilities of these triphenylene-based LC
were on the order of 10*- 102 cm?V™* s determined by time-of-flight (TOF) method. 3% &

In addition to columnar phases consisting of disk-like LC molecules with extended n-conjugated
systems, efficient carrier transport was observed in smectic phases consisting of the LC hydrocarbons
having relatively small m-conjugated systems. The phenyl naphthalene derivatives (3) bearing simple
alkyl chains exhibit several smectic LC phases and the hole and electron mobilities in their ordered
smectic phases reach the order of 10 cm?V™" s.'* The PTCBI is well-known as a representative
mesogenic core which shows the electron transporting property.**" '*? The PTCBI core has an
electron-deficient nature because of four electron-withdrawing carbonyl groups. Most of LC PTCBI

14241143 Basides, LC PTCBI derivatives with the asymmetrical

derivatives exhibit the columnar phase.
side chains or long alkyl chains form the lamellar LC structures.'* & Sudhélter and coworkers
reported a LC PTCBI derivative bearing two octadecyl chains, which form a smectic phase. The
electron mobility in the LC phase was evaluated by the pulse-radiolysis time resolved microwave
conductivity (PR-TRMC) method and the electron mobility reaches the order of 10" cm?V™* s™*.14%

It is noted that the carrier mobility estimated by PR-TRMC method is higher than the value
estimated by a TOF method. A carrier mobility obtained by the PR-TRMC method is a band mobility,
which corresponds to the rate of intermolecular charge transfer without a carrier trapping process.
The value determined by the TOF technique is a drift mobility, which involves detrapping processes of

charge carriers from localized states formed by impurities and defects.
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Figure 1-43. Chemical structures of representative LC semiconductors™®*4% 147130
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1.4.1.2. LC semiconductors based on heteroaromatic moieties

Not only the aromatic hydrocarbons, but heteroaromatic LC semiconductors also have been
reported. Ohta and coworkers synthesized symmetrical and asymmetrical phthalocyanine
derivatives (6, 7) which formed the columnar LC structures. They evaluated their carrier transport
properties by TOF or PR-TRMC methods.%® 144 ¢

Swarts and Cook’s group also synthesized LC metal-free phthalocyanines.'**® Cook, Ozaki and
coworkers developed a LC phthalocyanine derivative (8) octa-substituted at non-peripheral positions.
They evaluated the drift carrier mobility in the crystalline and hexagonal disordered columnar phases

110 addition, they

of the phthalocyanine 8, which increases to the order of 10" cm’ V' s
fabricated the bulk heterojunction organic photovoltaic cells using the LC phtharocyanin derivative 8
as a hole-transport material."**® The LC zinc porphyrin oligomer (9) was synthesized by Aida’s group.
The metalloporphirin 9 exhibited rectangular columnar phases in which band mobilities were on the
order of 102 cm?V™* s.***" Wiirthner et al. synthesized an asymmetrical zinc chlorophyll derivative
(10), of which carrier mobility evaluated by the PR-TRMC method were on the order of 102 cm’V™'s™

Y% Shimizu and coworkers developed a LC dithienonaphthalene (DTN)

in the columnar LC phase.
derivative (11) and fabricated the high performance thin film transistors whose active layer
composed of the LC DTN." Funahashi, Hanna and coworkers synthesized phenylbenzothiazole
derivatives (12) which exhibited smectic LC phases. Ambipolar carrier transports were observed in
their smectic LC phases. The hole and electron mobilities were of the order of 10% cm? Vvt g7 140 144k
In this way, the chemical structure of the central aromatic core has an impact on the
self-assembled structure, influencing on carrier transport property. The closed packing of the
m-conjugated moieties is required for the efficient carrier transport and high carrier mobilities have

been observed in ordered LC phases. LC compounds bearing heteroaromatic cores exhibit redox

145 139, 140

activity,"* mechanical stimuli-responsiveness'*® as well as carrier transport property. Especially,
oligothiophene frameworks are considered as a substructure of polythiophenes, which are typical
n-conjugated polymers. Based on the idea that organization of the oligothiophene cores in LC phases
should enhance the electronic properties, LC oligothiophene have been studied for the alternative

materials. % 1%/

The thiophene rings prefer all-trans (transoid) conformation to all-cis (cisoid) or
twisted conformations generally. As the expanding the m-conjugated planes with increasing the
number of thiophene rings, the planarity of the aromatics are maintained. The extended
m-conjugated system is preferable for the efficient charge carrier transport, leading to the
bathochromic shift of the absorption maxima. However, the melting points of the compounds are
remarkably raised and their solubilities are reduced due to the enhanced self-association of the
extended m-conjugated plane.

Low solubility of the extended m-conjugated materials causes difficulties in the synthetic and
purification processes. For the fabrication of practical electronic devices using wet processes
represented by a printing technique, m-conjugated materials with high solubilities are indispensable.

One method to increase their solubilities is the introduction of the linear alkyl chains to the
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heteroaromatic cores. Conventional LC molecules consist of aromatic cores and alkyl chains, and
exhibit good solubility in organic solvents.

A lot of LC oligothiophene derivatives have been reported up to the present time.**® McCulloch
et al. reported that the quaterthiophene derivatives (13) bearing the polymerizable acrylate groups
in the terminal of the side-chains exhibit the LC properties. In the report, they prepared the
field-effect transistors (FETs) with using the LC qurterthiophenes as the active layers and

148 Garnier and Horowitz et al. reported that 5,5""'-

demonstrated the performances of the devices.
dihexyl-2,2":5%, 2"":5”,2"’-quarterthiophene (DHA4T) shows a smectic phase, indicating the formation
of the layer structure at an elevated temperature. They also demonstrated the performance of the
FETs based on the DHAT and showed that the field-effect mobility reached on the order of 10? cm?

V' 1.1 Although various symmetrically alkylated terthiophene and quaterthiophene derivatives

d,**®* 1% the melting points of these compounds are generally above 100 °C and

have been synthesize
room-temperature LC oligothiophenes are quite limited.

Funahashi et al. have synthesized room-temperature oligothiophene liquid crystals bearing the
normal linear alkyl chains.”® Especially, 3-TTPPh-5 (18) shows the ordered smectic phase in a wide
temperature range including room temperature. We have observed that high hole mobility in the
ordered smectic phase of 3-TTPPh-5 exceeding 10" cm” V™' s*. We have explained that the hole
transport in the LC system of 3-TTPPh-5 is based on the band-like conduction mechanism by the

observation of temperature- and field-independent mobility over wide temperature range.™™

Using
this compound, field-effect transistors were produced by a spin-coating method. When the
transistors were fabricated on polymer films, their performance was retained under the application
of the strain around 10%.

Heteroaromatic LC semiconductors with heavy chalcogens have an advantage over aromatic
hydrocarbon-based LC semiconductors because they have relatively large van der Waals’' radii.
Increase in the overlaps between the m-molecular orbitals enhances the carrier transport. In fact,
high carrier mobilities comparable to those of amorphous silicon have been achieved in the crystal
phase of heteroaromatic compounds.

Recently, organic crystalline semiconductors based on thienothiophene units have been reported.
The representative crystalline semiconductors based on sulfur containing aromatics are shown in
Figure 1-44."™ Takimiya’s group reported that the preparation of the high performance organic
field-effect-transistors using the [1]benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives for

! The high carrier mobility in this system derived from the large transfer

crystalline active layer.
integral which is affected by the large van der Waals’ radius of sulfur atoms on the BTBT core and the

Sulfur-Sulfur interaction.
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Figure 1-44. Crystalline semiconductors based on sulfur-containing aromatics*>****

Bao’s and Tsukagoshi’s groups reported that the achievements of high field-effect mobiliies on
the order of 10° cm? V' s' by controlling the molecular orientations with
2.7-dioctyl[1]benzothieno[3,2-b]-[1]benzothiophene (C8-BTBT) and the analogues (19) for active
layers.”” Dinaphtho[2, 3-b:2’, 3'-flthieno[3, 2-b]thiophene derivatives (20) also have good field-effect

-1 153

mobilities up to the order of 10" cm’ V' s In addition, Yasuda and Adachi’s group recently

reported fast carrier transport in the crystal phases of sulfur-containing aromatics (21-23) expanded

% Thus, it is

the m-electron system of the dithienothiophene (DTT) skeleton utilizing the S-S contact.
significant to optimize the intermolecular interactions which directly contribute to the self-assembled
structures of low molecular-weight heteroaromatic compounds for the carrier transport property.
Single-crystalline materials are the most suitable for high performance devices at the sacrifice of
their processability. In polycrystalline materials, the grain boundaries are an obstacle to efficient
carrier transport. In contrast, LC semiconductors have a big advantage over crystalline materials in
the film-forming property and processability.
In the conventional molecular design of LC semiconductors, flexible long alkyl chains are introduced
to the central extended m-conjugated aromatic core. It is reported that C8-BTBT and the analogous
compounds Cn-BTBT (n = 6, 10, 12) form smectic mesophases.155 In the C8-BTBT system,
liquid-crystallinity of the C8-BTBT improves the solubility in the organic solvents and the molecular

1% and the same effect should

orientation. The DTT derivatives (21) also form smectic phases
contribute to their processability. The LC systems can be considered for the construction strategy on
the low-cost and high-performance electronic devices. lino, Hanna and coworkers ascertained the
effect of the LC property to the device performance. They fabricated thin film transistors using
C10-BTBT, whose active layers prepared by a spin-coating technique in different temperatures at
crystalline and LC phases. The device based on polycrystalline thin films spin-coated in the LC phase
exhibited superior performance to the devices using the active layers spin-coated at room

1> Gomez and coworkers demonstrated the optimization of the quenching temperature

temperature.
from melting state to crystalline phase on the C8-BTBT system. They obtained the thin film with

suitable morphology for field-effect transistors by controlling of crystallization.™’
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As shown in Figure 1-45, BTBT-based LC compounds were synthesized aiming for the

158 .
lino,

improvement of the device performance by structural reorganization effect in the LC system.
Hanna and coworkers synthesized a thienyl substituted BTBT derivative (24), which exhibits smectic A
and smectic E phases. They fabricated thin film transistors whose active layer was composed of the
thienyl-BTBT derivative. The active layers were prepared by the spin-coating technique in the LC
temperature range. They also studied on the thermal treatment effect upon the film morphology and
the device performance.”® A phenyl substituted BTBT derivative (25), which exhibits smectic A and
smectic E phases, was also synthesized by the same group. The device performance of the thin film
transistors based on the phenyl-BTBT derivative were evaluated in wide temperature range including

138 Hasegawa et al. synthesized analogous phenyl-BTBT derivatives. They

158c

the LC phase temperature.
studied on the influence of the alkyl chain length upon the solubility and thermal property.™ Méry,
Shimizu and coworkers synthesized a dialkenyl substituted BTBT derivative (26), which forms the
lamella-columnar LC structure. They evaluated the carrier transport property by time-of-flight
technique. The drift mobility in the LC phase of the compound was on the order of 10? cm? V! s8¢
Choi’s group synthesized thienylethenyl-BTBT derivatives (27), which exhibit smectic phases. They

fabricated thin film transistors based on the thienylethenyl-BTBT derivatives."®

CgHi7 \5/ S\ S/ C1on1

24 25
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-

26 27
Figure 1-45. BTBT-based LC semiconductors™®

On the other hand, the various aromatic systems behave as the rigid core. The aromatic rings are
also electronically and spectroscopically active units due to the m-electrons. From these characteristic
properties of aromatic rings, the aromatic cores have been mainly focused upon for the conventional
molecular design of the functional soft materials. So far, the expansion and modification of
n-conjugated moiety have been studied for the tuning of HOMO and LUMO energy levels and/or the
intramolecular charge-transfer. As a result of these studies, the tuning of the redox activities and
absorption properties as well as the enhancement of the carrier mobilities have been achieved.**®
159

In these molecular designs, not only the aromatic hydrocarbons but also heterocycles and fused

aromatic rings are used for a central core.'®
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1.4.2. Nanosegregated LC semiconductors
1.4.2.1. LC semiconductors bearing polar side chains

Some characteristic unconventional LC systems, which are not possible to be explained by the
classical theoretical models, have recently reported.'®* For the explanation of these unconventional
LC systems, the concept of nanosegregation has been proposed.®™ % %2 This model describes that
the various LC structures are formed by the nanosegregation between the incompatible segments
(e.g. polar and non-polar units) of the LC molecules. In the molecules having both the polar ionic unit
and non-polar alkyl chains, the incompatible units are independently assembled to form the
nanosegregated structures. We focus on the structures of side chains of the LC molecules and
describe the LC material design based on nanosegregation.

163

The LC systems based on the polar side chains such as oligo(ethylene oxide) units,” propylene oxide

units,*®* fluoroalkyl chains*® and perfluoroalkyl chains have been reported.'®®

These polar side-chains
having larger dipole moments compared to the non-polar aliphatic and/or aromatic rings. Therefore,
the side chains are immiscible with aromatic cores and aliphatic side chains, resulting in microscopic
segregation on the order of nm scale. It has recently been pointed out that the nanosegregation
strongly contributes to the stabilization of the LC phases.'®’

Figure 1-46 exhibits molecular structures of m-conjugated LC’s bearing polar side chains.
Tschierske et al. reported that oligothiophene derivatives (28) bearing glycerol groups and lateral

168

alkyl chains formed the hexagonal and tetragonal columnar superstructures.™ Schenning and Meijer

et al. synthesized sexithiophene derivatives (29) functionalized by oligo(ethylene oxide) chains. These
compounds formed the smectic layer structures associated with coiled aggregates. In the

self-assembled coils, m-conjugated rigid cores and flexible polar side chains were separately

169
d.

assemble Gregg et al. synthesized LC PTCBI derivatives (30, 31) bearing the linear or branched

oligo(ethylene oxide) chains. These compounds formed interdigitated or tilted lamellar structures.

170

Moreover, they also evaluated the electronic properties of the PTCBI derivatives.”” Shimizu and

coworkers developed the perfluoroalkyl-substituted LC triphenylene (32)**

and phthalocyanine
(33)."% Aida’s group synthesized an LC metalloporphyrin dyad (34) asymmetrically substituted by

polar and non-polar side chains.*”
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Figure 1-46. Nanosegregated n-conjugated LC compounds'®**”?
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1.4.2.2. LC semiconductors bearing side chains with ionic moiety
Other than the polar side chains described in the preceding section, LC molecules having an ionic
unit at the terminal of the alkyl side chain have been reported so far. The LC molecules having

1744 sulfonium,*” imidazolium,*’® and pyridinium moieties’”” have been

ammonium,*’™* phosphonium,
synthesized. The main driving force of the formation of their LC phases is nanosegregation.®' This
phenomenon is similar to the micelles and vesicles in water in the surfactant systems.

Figure 1-47 shows molecular structure of LC semiconductors bearing ionic moieties at the
terminals of the alkyl chains. Funahashi and Kato et al. synthesized a phenylterthiophene derivative
(35) having ionic imidazolium units at the terminal of side chains. These compounds formed
nanosegregated smectic layer structures, in which ionic units and rigid m-conjugated aromatic cores
were separately assembled. In these LC systems, the electrochromism was observed under the
application of a DC bias without any electrolytes. In the nanosegregated smectic phases, ions can be
transported within the two-dimensional mantles while the electronic charge carriers can also move

178 Fukushima et al. synthesized triphenylene derivatives

within the layers made from aromatic cores.
(36), in which six imidazolium groups and central aromatic core were connected via aliphatic linkers.
These compounds exhibited columnar LC phases. Moreover, the triphenylene derivative having the

tetrafluoroborate anions as counterparts can be hybridized with ionic liquids and carbon

176h, 179
nanotubes.
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Figure 1-47. Chemical structures of m-conjugated LC compounds bearing the side chains with ionic

moietiesl76h, 178,179

1.3.2.3. Nanosegregated LC semiconductors bearing non-polar side chains

As mentioned in former section, nanosegregation effect is remarkable in the formation of the LC
phases of the molecules bearing polar functional groups. Even in the LC phases of the molecules
bearing non-polar side chains, this nanosegregation effect is also significant. Non-polar side chains do
not only weaken the strong interaction between m-conjugated cores to induce LC phase, but also
promote structural formation by their attractive interaction.

Most general flexible units are linear alkyl chains while rigid cores are often heteroaromatic units.
Thermal motion of the alkyl chains weaken the strong interaction between the heteroaromatic cores,
resulting in the appearance of LC phases and increase in the solubility. On the other hand,

heteroaromatic cores are self-organized in soft aggregates by the attractive interaction and

56



nanosegregation of the alkyl chains. Yasuda and Kato et al. synthesized LC oligothiophenes (37-39)
with polycatenar structures, as shown in Figure 1-48. It should be noted that various LC structures
such as miceller cubic (0OD), columnar (1D) and smectic (2D) phases were formed due to the
nanosegregation between n-conjugated oligothiophene units and alkyl side chains. In addition, they
verified the ambipolar carrier transporting properties in the columnar and smectic phases.'*>“ 4%

In the polycatenar LC molecules, nanosegregation effect of alkyl chains should be more remarkable,

compared to the classical LC molecules bearing one or two alkyl chains.
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Figure 1-48. The chemical structure of LC oligothiophene derivatives'*>® 4%

Ohta et al. reported an evidence of an attractive interaction between alkyl chains in LC systems.

They synthesized octaalkoxy bis(diphenyldioximato) metal complexes (40) and octaalkoxy
180

bis(diphenyldithiolene) metal complexes (41) (Figure 1-49).” The alkylated complexes exhibited
bathochromic shift in UV-VIS absorption spectra compared to non-alkylated analogues. This result is
attributed to the compression of the columnar aggregates by the attractive interaction between the

alkyl chains.'®*
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Figure 1-49. The chemical structure of LC metal complexes®

Branched alkyl chains are more bulky than the linear alkyl chains. The branched chains have low
interfacial free volumes and high surface coverage. Therefore, the aggregation of the molecules
bearing the branched alkyl chains should be relatively weakened compared to those bearing linear
alkyl chains.®

Figure 1-50 demonstrates the molecular structures of LC semiconductors bearing branched alkyl
chains. Funahashi and Kato reported that phenylterthiophene derivative (42) with

3,7,11-trimethyldecyloxy groups exhibits a nematic phase around room temperature.'*’

This report
provides one example of the effectiveness of the branched alkyl groups for the formation of LC
phases with the low order. The introduction of the branched aliphatic unit results the appearance of
the nematic phase around room temperature. The hole mobility in the nematic phase of the

1

compound was 4x10" cm? V' s'. Recently, Isoda and Tadokoro et al. reported that

tetraazanaphthacene (TANC) derivatives (43) bearing the 3,7,11-trimethyldecyloxy or

183

3,7-dimethyloctyloxy group as branched chains show the smectic phases.”™ In spite of the high

crystallinity of the TANC core, the compounds surprisingly shows the mesomorphism. The electron

mobilities of these LC TANC derivatives are of the order of 10 cm?V's™.
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Figure 1-50. Photoconductive LC compounds bearing the branched alkyl chain'®* '
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Among branched alkyl chains, chiral alkyl chains play significant roles in the living body systems.
Formation of supramolecular aggregates of chiral molecules for chiral molecular recognition has been
main research topics in biology, physics, pharmacy and chemistry. In chiral LC systems, helical
structures are formed so that in order to minimize the elastic free energy in the system. The helical
structure and helical axis reflect the absolute configuration of the molecules labeled (R) or (S).

When a chiral alkyl chain is introduced to the LC molecule which has a tendency to exhibit a
nematic phase, it twists around the axis perpendicular to the director, resulting in the formation of a
helical structure spontaneously. This twisted nematic phase is N* phase.

In the N* phase, specific selective reflection is observed. The characteristic phenomenon is
originated from the helical structure of the N* phase and the helical pitch depends on the
temperature of the LC system. Therefore, it has been demonstrated for the application to the
thermal sensor. Moreover, the design of the luminescent LC molecules offers materials emitting
circularly polarized light (CPL) and organic lasing media.

In the smectic phases, chiral alkyl side chains often generate a helical axis along the layer normal.
In the smectic phases in which the director tilts to the layer normal, the director changes periodically
along the layer normal (Figure 10b). Such a phase is called as a chiral smectic C (SmC*) phase. This
phase exhibits ferroelectricity and the application to high speed displays was attempted.

Figure 1-51 shows molecular structures of chiral LC semiconductors. Kelly, O’Neil and coworkers
developed a photoluminescent chiral nematic LC material 44, as shown in Figure 1-51. Compound 44
exhibits glassy N* phase at room temperature and its thin film exhibits a reflection band with a wide
wavelength range covering visible light region. The thin film emits high quality CPL fluorescence over
a wide wavelength range. They have also studied on the carrier transport properties in the N* phase

of the compound.™*

SN e n atstat SHUUUN

44

Figure 1-51. Photoconductive LC compounds bearing the chiral alkyl chain'®
As we describes in this section, the introduction of chirality to LC systems leads to the formation

of the helical structures in which optical and electronic properties couple to create new

opto-electronic functions.
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1.4.2.4. Nanosegregated LC semiconductors based on oligosiloxane units
Goodby et al. first reported the LC compounds (45-47) bearing the disiloxane and cage-shaped

silsesquioxane units in 1999 (Figure 1-52)."%

In this report, the cyanobiphenyl as the representative
mesogen with the side chain modified by the siloxane moieties were synthesized and they studied
the influence of the siloxane moieties on their LC properties. The stabilization of LC phases and drops
of their melting points were observed. Their mesomorphisms are based on the formation of
core-shell structures resulting from the nanosegregation between the siloxane moieties and the rigid

biphenyl cores.
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Figure 1-52. Chemical structures of LC cyanobiphenyl derivatives having oligosiloxane moieties'®

In past years, it has been revealed that the linear siloxane chains instead of the alkyl chains are
effective to the stabilization of the LC phases. The rotational barrier of the siloxane bond is lower
than that of the carbon-carbon bonds of the alkyl groups, and the dimethylsiloxane unit is bulkier
than the methylene unit in alkyl chains. Apparently oligosiloxane units should have a tendency to
destabilize the formation of LC phases. However, some experimental results described later have
indicated that linear siloxane units contribute to the stabilization of the LC phases. This remarkable
stabilization of LC phases should be owing to the nanosegregation between dynamic siloxane units
and closely aggregated cores. The nanosegregation was driven by difference in the van der Waals
interactions between the siloxane units and the n-n interactions between the cores. Based on this
idea, some LC m-conjugated materials bearing the siloxane units have been designed and synthesized.

Figure 1-53 shows molecular structures of LC PTCBI derivatives bearing oligosiloxane chains. LC PTCBI
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derivatives (48, 49) bearing four linear siloxane units were synthesized in our group. The LC PTCBI
derivative (49) connected four trisiloxane moieties via swallow tail type linkers has lower melting
point than the PTCBIs functionalized with normal alkyl chains. The columnar phases of LC PTCBIs are
thermodynamically stable in a wide temperature range including a room temperature. They exhibit
high electron mobilities up to 10" cm?V™'s™ in the columnar phase at room temperature. In spite of
this high electron mobility comparable to those of molecular crystals, the LC phases are soft at room
temperature and soluble even in nonpolar solvents. Uniaxially aligned thin films can be produced on
friction-transferred substrates by a spin-coating method. This efficient electron mobility should be
attributed to a nanosegregated columnar structure. In the LC phase, one-dimensional stacking
aggregates of m-conjugated cores is formed and they are surrounded by liquid-like mantle consisting
of disordered oligosiloxane chains.®

Moreover, a hybridized LC system with a polar substituent and oligosiloxane units has been
reported. The PTCBI derivative (50) bearing two disiloxane units and a triethylene oxide chain was
synthesized. This PTCBI derivative exhibits a smectic phase at room temperature, which has a bilayer

¥7In this LC phase of

structure and can form the complex with Li ion maintaining the LC structures.
this compound, ion-conductive and electron-conductive layers are assembled separately on

nanometer scale through nanosegregation.
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Figure 1-53. LC PTCBIs bearing linear oligosiloxane chains'®® ¥’

Not only linear oligosiloxane chains, but cyclic oligosiloxane moieties can also function as side
chains of LC molecules. We have demonstrated the introduction of polymerizable siloxane rings to
PTCBI and oligothiophene skeletons in order to stabilize the LC structures (Figure 1-54). The PTCBI
derivative (51) bearing the four cyclotetrasiloxane units through the branched linkers exhibit the
rectangular columnar disordered (Coly) phase in a wide temperature range including room

temperature. Interestingly, the LC PTCBI derivative transitions around -35 2C to the LC glass state
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without crystallization. While maintaining the softness originated from core-shell type

supramolecular organization, the electron mobility at room temperature exceeds the order of 10

cm? V' 5.1 Apparently the cyclotetrasiloxane rings are bulky and should inhibit LC molecular order.
However, LC phases are stabilized over wide temperature ranges for oligothiophene and PTCBI
derivatives. We can design electronic functional materials which exhibit the LC phases over wide

temperature ranges, considering the volume balance between the core, chains and rings.
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Figure 1-54. LC -conjugated compounds bearing cyclic siloxane units'®®

1.4.3. Physics of LC semiconductors '*°

Carrier transport of LC semiconductors is generally explained by diverting the mechanism models
for molecular crystals and amorphous solids. It is noted that both models are not perfectly applicable
for LC semiconductors. Electronic structures in the molecular aggregation state depend on the
molecular packing and ordered structures. In organic molecular crystals with highly oriented and
arranged, band structures are generated due to overlaps between many molecular orbitals. The
bandwidth is generally narrow and on the orders of 10'-10> meV. Unlike inorganic crystalline
semiconductors, charge carriers in organic molecular crystals are tightly bound in the molecular
potential. Electron conduction in solid state is physically explained by two different conduction
mechanisms, that is band conduction and hopping conduction. Charge carrier mobilities are
drastically changed according to their contributions. In general, band conduction can be realized in
the highly pure single-crystalline semiconductors and leads to high carrier mobilities exceeding 10™
cm®V7's™. In contrast, charge carriers in amorphous solids or crystalline materials with low purity
should be transported by hopping conduction exhibiting low carrier mobilities. The disturbance of
energy levels hinders fast band conduction and results in charge transport by the hopping
mechanism. The difference of carrier transport mechainism is refelcted to temperature- and electric
field-dependence of carrier mobilities.

In general, carrier mobility (z) is defined as euation 1-19 and 1-20, where vy, m*, e, Tand F are
thermal speed, effective mass, elementary charge, carrier relaxation time and electric field intensity,

respectively.
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Uy = %TF [Equation 1-19]

T [Equation 1-20]

Carrier mobility is strongly affected by the transfer integral between proximity molecular orbitals.
In band conduction model, band width (B) is linear proportion to the transfer integral. Therefore,

equation 1-20 can be rewritten as follows.

u= e* TXB [Equation 1-21]

m

Theoretically, the correlation between carrier mobility (£) and absolute temperature (7) in the
band conduction model is given by the following equation, where A and v, are mean free path and

thermal speed respectively.'*

A _3
UX—xT 2
Vth

[Equation 1-22]

The above equation does not usually fit temperature dependence of carrier mobilities for real
organic molecular crystals. The experimental result for crystalline materials with high purity revealed
that carrier transport by hopping occurs in high temperature region and band conduction was
generated in a low temperature region. Thus, the correlation between absolute temperature and

carrier mobilities can be described as follow equation.*®

3
TR T_(5+n) [Equation 1-23]

For band conduction in which there are shallow trap sites and the detrap process is rate-limiting,
Hoesterey-Letson (HL) model has been proposed as equation 1-24, where 1, Ny, Ny and E; indicate
Intrinsic carrier mobility, number of carrier trap sites, number of transport sites (number of

molecules) and potential energy of trap level, respectively.™

BoM) _ 4] = p (Nx) 4 £ ——
In [#(T) 1] =In (No) + kT [Equation 1-24]

According to HL model, temperature dependence of carrier mobilities is defined by the balance
between the phonon scattering and the detraping behaviors.

For band conduction, carrier mobilities are basically independent to electric field except for the
high-field condition.**

On the other hand, hopping conduction shows different temperature- and field-dependence of
carrier mobilities. Carrier transport in organic crystalline system by hopping conduction is explained

1****and Mercus theory.™”

by polaron hopping mode

In energetically and structurally disordered system dominated by hopping conduction, charge
carriers are localized for most times in transport process. The locarization of charge carriers can be
considered as the expression of local radical cation or radical anion. The radical species are stabilized

by formation of polaron states. Carrier transport by the hopping mechanism can be regarded as
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propagation of the polaron state. The hopping probability of polarons (P,) is described by the
following equation 1-25 as a function of absolute temperature (T) and electric field strength (F) with

using polaron binding energy (Py)."**

D STy ion 1-
Py « exp( P + 2kaT [Equation 1-25]

Temeperature- and field-dependence of carrier mobilities in this condition follow the equation

1-26 by using averaged intermolecular distance (a).

. eaF
L= exp( ezazFZ)smh(szT)
— Mo’ - eaF

8E,kgT
pB (szT)

Marcus theory describes charge transfer rate between donor and acceptor species from

[Equation 1-26]

electromagnetic consideration. Although Marcus theory originally describes the behaviors of charged
species in a polar solvent, charge transfer reactions shows typical Arrhenius-type temperature
dependence. Because the carrier hopping probability in organic solids is linearly correlated to the
theoritical model, Marcus theory is sometimes utilized on discussion of carrier mobilities. It should
be noticed that temperature-dependence of carrier mobilities in organic solids does not always
shows Arrhenius-type behavior and is not always applicable of the theory. Charge transfer rate (k)
based on Marcus theory can be expressed as following equation, where h, J, A and AG, indicate
Planck coefficient, the degree of molecular orbital coupling between initial and final conditions,
rearrangement energy of electronic state associated with charge transfer and free energy change of

the reaction, respectively.'”®

= AR |- A (1 4 4G 2] _—
" hJamAkgT exp[ 4kgT (1 + 1 ) [Equation 1-27]

1" Mott theory195 and

For hopping conduction in amorphous solids, Miller-Abrahams mode
Gaussian disorder model**® have been suggested. In the Gaussian disorder model assumes a density
of state (DOS) for explanation of hopping rate of charge carriers. In this model, carrier transport
between adjacent hopping sites with Gaussian energy state distribution is considered. Here, standard
deviation of energy dispersion is defined as o. Temperature dependence of hopping mobility in the

Gaussian disorder model is shown by following equation.

u (T) < exp [— (3]2(;)2] [Equation 1-28]

Given that the hopping probability is expected to increase under the presence of an electric field,
hopping mobility is expressed by Equation 1-29 as a function of the electric field and absolute

temperature.

20

U=l exp [— (3RBT)2] - exp [C(U2 - ZZ)F%] (Z >1.5)

20

2 1
U=l exp [— (3RBT) ] - exp [C(U2 — 2.25)F5] (X <1.5) [Equation 1-29]
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In this equation, o is prefactor and C is constant. 2 indicates positional disorder and reflects

Y2 is included as a result of Pool-Frenkel type

fluctuations of geometry on molecular arrangement. F
carrier propagation.197
Some LC semiconductors exhibit high carrier mobilities exceeded 10" cm?V's™ around room

139i, 144f, 150c, 186b, 198

temperature. The order of carrier mobility reaching 10" cm®V's™ is located on the

% These high carrier mobilities are

borderline of band-like conduction and hopping conduction.
realized in the high-ordered columnar or smectic LC phases.
In most case of LC semiconductors, carrier transport is realized by hopping mechanism, due to

0

structural and energetic disorders by thermal fluctuation.”® Temperature- and electric

field-dependence of carrier mobilities are case by case.

d.*® The average

In N and N* phase, the thermal-activated tendency is usually observe
intermolecular distance in N (N*) phases is relatively longer than those in the other LC phases. In
addition, m-m interactions between the centaral m-conjugated cores are weak in N (N*) phases.
Therefore, the transfer integral (overlap between m-molecular orbitals) is small. Since hopping of
carriers occurs with high probability in the condition that central n-cojugated cores are close, carrier
transport is activated in high temperature region in which molecular motion is vigolous. Thus, carrier
mobilities show positive temperature dependency.

In some cases, negative temperature dependency of carrier mobilities is observed in LC phases.*®
In this case, hindering effect for carrier propagations seems to be dominant rather than the
promoting effect by thermal activation. The essence of hindering effect is phonon scattering
accompanying grating vibrations. The negative effect is originated from the decrease of the transfer
integral due to the vigorous molecular motion. The negative tendency of carrier mobilities to
temperature can be observed in the mesophase with the dense aggregation structures with few deep
trapping sites.

203
d.

In another case, temperature-independence of mobilities can be obsereve It is considered

that thermal activation and disturbance effects are balanced in this situation.

1.5. Ferroelectric liquid crystals 3" 83 204205

Mcmillan described the speculation on the possibility of ferroelectric liquid crystalline phases in
1973.°% After showing this theoretical consideration, Meyer et al. reported the first experimental
result of FLC system by using a chiral 4-{(4-decyloxybenzylidene)amino}cinnamate derivative
frequently called as abbreviation “DOBAMBC” in 1975 (as described in 1.3.2.2, Figure 1-28, left).'®
Most ferroelectric liquid crystals can be classified as order—disorder-type ferroelectrics,®” with the

%7 Anyway, the structural

exception of FLC surfactant complexes based on phosphonium salts.
symmetry breaking is indispensable to exhibit ferroelectricity.
Most of ferroelectric liquid crystals, including DOBAMBC, are based on chiral smectic LC system.

The essential requirements for chiral smectic FLC compounds are as follows.*%®
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1) LC molecules must have chiral atoms and are not racemic.
2) The molecules must have a component of permanent dipole perpendicular to the long axis
(parallel to the short axis).

3) They must form tilted smectic structures.
The above two requirements can be easily reflected to molecular design and synthetic routes.
However, the satisfaction of last requirement is the most difficult because it is difficult to predict the
phase transition behaviors and their self-assembled structures strictly. Since the molecular design
reflects the empirical rules, usually several kinds of analogous compounds is synthesized and
evaluated.

The expression mechanism of ferroelectric property is based on the precession of LC molecules.

As described in former section, the helical structures are formed on the electrically neutral state in
SmC* phase (Figure 1-55, center). The formed helical structures reflect the molecular chirality on the
LC molecules. In this neutral state, the random arrangement of the individual dipoles cancels each
other for an overall dipole moment of zero. When a DC bias is applied, the dipoles can be aligned to
compensate for the external electric field. As a result, polarized smectic structures are formed. The
polarization produces an internal electric field in the whole (Figure 1-55, left and right). After
removing the external bias, polarization are retained. The polarization can be inverted by the

application of reverse bias. Thus, the chiral smectic LC compounds can exhibit ferroelectric nature.

Figure 1-55.  Schematic illustrations of molecular orientation in SmC* phase under the external
field.

Characteristics in chemical structures of typical ferroelectric liquid crystal compounds are shown
below. The basic strategy of molecular design is followed the conventional calamitic LC models. The
remarkable features are that molecules have chiral side chain(s) and polar group(s) such as fluorine
group on the lateral position.

The first FLC compound DOBAMBC is Schiff’s base derivatives modified with chiral alkyl ester.*®

Inspired from DOBAMBC, some FLC Schiff’s bases were developed as shown in Figure 1-56.2%
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Figure 1-56. Chemical structures of FLC Schiff’s bases compounds.”®

Schiff’s bases are generally poor in chemical stability because they are hydrolyzable. For
improving the chemical stability, some azoxy- and azo-based FLC compounds were developed (Figure
1-57).%°
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Figure 1-57. Chemical structures of typical azoxy- and azo-based FLC compounds.**°

FLC compounds based on conventional biphenyl and cyclohaxane skeletons were also studied
(Figure 1-58).”"

Figure 1-58. Chemical structures of FLC biphenyl derivatives.”*!

For increase of the pontaneous polarization, a lot of FLC compounds in which ester units are

arranged in the center of core unit are reported (Figure 1-59).%*
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Figure 1-59. Chemical structures of FLC biphenyl derivatives.*?

FLC compounds containing the heterocycle unit are also reported (Figure 1-60).2"
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Figure 1-60. Chemical structures of FLC compounds containing the heterocycle unit.***

As displayed above, many FLC compounds are bearing ester groups as polar unit. Some FLC

system introducing the diferrent polar units such as fluorine, chlorine, bromine and cyano groups

were also developed (Figure 1-61).*

Figure 1-61. Chemical structures of FLC compounds bearing the additional polar units.?**
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Focussing on the origin of chiral unit, alchol, lactate, amino acid, chiral epoxide and fluorinated
side chains are selected as chiral origines. The representative chiral moieties for FLC compounds are

shown in Figure 1-62.
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Figure 1-62. Chemical structures of typical chiral units for chiral smectic-based FLC compounds.

Dispite of normal alkyl chains, another types of side chains can be applied to FLC system. As
shown in Figure 1-63, FLC molecules bearing a disiloxane or trisiloxane unit have been reported.

These ferroelectric LC materials exhibit temperature-independent interlayer distances. **°
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Figure 1-63. FLC compounds bearing a linear oligosiloxane chain.*"
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In general, the values of spontaneous polarization for FLC compounds are on the orders of 10°—
10> nC cm™. For improving the value of spontaneous polarization, many researchers synthesized and
investigated variety of FLC materials. As a result, the empirical molecular design strategy for realyzing
the large sponataneous polarization in FLC system was developed.

The typical FLC materials showing the large spontaneous polarization are listed up in table
1-10.4°

Table 1-10  The values of spontaneous polarization for tyical FLC materials.”*®

Entry Compounds P,/ nC cm?

1 (Reference: DOBAMBC) ‘\_\_\_\j el 2-5

J_/_/ 48
4 j_\—\jooy_{%{;—F/J 114
e

5 j_\—\ﬂ 9 o~ 250
OO

? 400
N= “F
(OO
7 190
8 1130
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For realizing the large spontaneous polarization, some key points of molecular design are
suggested as follows.

(1) The distance between mesogenic core and chiral carbon atom.

(2) The number of chiral units.

(3) Rotation barrier by introduction of lateral substituents and bulky rings.

(4) Polar unit with large dipole moment on the chiral atoms.

To my best knowledge, the maximum record on the spontaneous polarization in the FLC system is
1.1 x 10° nC cm™ of the FLC compound shown in Table 1-10, entry 8. It is noted that the spontaneous
polarization can change by the molecular arrangement, domain size, LC film thickness and purity as
well as measurement conditions and methods. In addition, the ferroelectric property is strongly
influenced by structural disorder, viscosity and molecular packing in the chiral smectic phase.
Therefore,

Although details are omitted, a bent-core-type FLC system based on a unique aggregate structure
of an achiral bent-shaped molecule (Figure 1-64) and ferroelectric columnar liquid crystals (Figure

1-65) have been also developed.?'”**®

oy o

Figure 1-64. A chemical structure of bent-shaped FLC compounds.?"’
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Figure 1-65. A chemical structure of ferroelectric columnar liquid crystals.”*®
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1-6. Multi-functional materials

In general, most of present tools and equipments are composed of various units, for which every
different functions are required. Thus, they are not composed of only single material. As constructing
equipment systems exhibiting advanced and complex functions, the simplest approach is to select
and arrange every parts corresponding to each functions according to their applications. If high
functional equipment is constructed by the method, however, the whole system becomes bulky and
heavy depending on the quantity of parts. Therefore, the integration of some different functions is
one of the attractive approaches for the development of advanced system complexes. The
application of the integration strategy to materials as basic units of each parts results in
multi-functional materials. The multi-functional materials expand the diversity of material systems.

There are some strategies for constructing the multi-functional system. The simplest strategy is
based on the mixtures system. In a simple composite system, the dispersibility of each functional
component is a critical challenge to be overcome in order to balance each of functions.

The other strategy is that the introduction of several different functional units into a single
molecule. Single molecular system composed of several functional units can be an effective approach
to the challenge of function compatibility. The segregation of incompatible functional moieties in
block molecules leads to the formation of various self-assembled supramolecular structures
depending on the volume fractions of the incompatible units and intermolecular interactions. The
microphase separation behavior in block copolymer system forms the sub-micron scaled channel
structures through the self-organization process. Liquid-crystalline (LC) system provides the dynamic

nanosegregated suprastructure which act in the nanometer-scale order.

1.7. Photovoltaic effect

1.7.1. Conventional photovoltaic effect **°

Conventional photovoltaic effect is based on Shotkey’s junction or p-n heterojunction. The energy
levels of metal are different from those of semiconductors. When metal and semiconductor are
contacted, their Fermi levels become equal immediately by inducing the electron transfer at the
interface. Thus, the internal built-in potentials are generated near the interface. Here, the case of
contact between metal and p-type semiconductor is regarded. In the case of using the p-type
semiconductor which has shallow HOMO level than Fermi level of metal, Ohmic junction is generated
after the contact of the semiconductor and metal. On the other hand, Shotkey’s junction is produced
by contact of metal with semiconductor having deep HOMO level than Fermi level of metal. For
Shotkey’s junction based on the metal—p-type semiconductor contact, the direction of charge
carrier transport is limited to one direction. The rectification behaviours are applicapable to diodes.
In addition, the built-in potential promotes the charge-separation and leads to the photovoltaic

effect. It is noted that Ohmic junction and Shotkey’s junction are also formed in the couple with
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metal and n-type semiconductor.

Next, the contact p-type semiconductor with n-type semiconductor is considered. The energy
levels of p- and n-type semiconductors are also diferrent. Therefore, the contact of these
semiconductors is induces the electron transfer at the interface. The built-in potential is also
produced by p-n heterojunction. The rectification and photovoltaic effects can be also obsereved.

The conventional photovoltaic effect is based on these Shotkey’s junction or p-n heterojunction.
The mechanism of conventional photovoltaic effect is explained as follows. In the first step, excitons
are generated by the light absorption. Then, charge separations from excitons arepromoted by the
internal field originated from heterojunctions. The generated charge carriers transport to two
electrodes. Finally, the carriers are collected as electrical power in electrodes.

This mechanism of conventional photovoltaic effect is applicable to both inorganic semiconductors
and organic systems. However, the diffusion distance of excitons is quite different between inorganic
and organic systems. The photoexcitons in organic semiconductors cannot diffuse exceeding around
10 nm in most cases. Charge separation occurs at the heterojunction interface. Because most of
excitons generated by photoexcitation annihilate, the charge generation efficiency becomes low. For
the improvement of charge separation efficiency, bulk-hetero junction and similar junctions with

d.?”® In addition, the other drawback of conventional

micro interface structures have been develope
photovoltaic effect is the limitation of output (open circuit) voltage. The open circuit voltage is
limited to the band-gap of active materials. Therefore, photovoltaic devices showing high output

voltage is unrealisable for the simple single unit cell.

1.7.2. Anomalous photovoltaic effect **

Anomalous photovoltaic (APV) effect is defined as band-gap-independent photovoltaic effect. The
first report on this specific phenomenon was described by Starkiewicz and co-workers in 1946 for PbS

films.?*

Following this first report, similar observations were reported for polycrystalline film of CdTe,
ZnTe and InP.**?% |t is scientifically valuable and interesting that the photovoltaic effect observed
with these inorganic thin films has resulted in a large photovoltage which is more than two to three
orders of magnitude larger than the band gap. However, the reproducibility of these phenomena was
very low. This drawback came from the fact that such a strange phenomenon is observed under the
singular sample conditions. The common point in these reports is that the anomalous phenomena
were observed in thin films deposited on angularly inclined substrates under the heating condition.

The mechanism of APV effect can be roughly explained by the model of inhomogeneity in the
charge distribution. The inhomogeneity can be generated by some situations. The situations are
generally explained by some categorized models.

The Dember effect is a phenomenon in which an electric field is generated due to the difference

in diffusion speed between holes and electrons in photoconductive materials. In the surface of the

photoconcutive materials, a pair of positive and negative charge carriers (holes and electrons) is
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generated by light illumination. In many cases, electron diffusion is faster than hole diffusion. Thus,
the difference between electron and hole diffusion rates induces the internal electric field and results

in an photovoltage derived from the inhomogeneous density distribution of holes and electrons in

the active materials.”®

7228

This unique phenomenon is also called “photo Dember effect”*”’ or “light
diffusion effect

lonic impurities and asymmetric aliovalent defects or dopant also cause inhomogeneous
environment and form the internal electric field for charge separation. As the generated charge is
transported to the electrode, APV effect can be developed.””

Ferroelectric domains have a large internal electric field originated from spontaneous polarization.
Some ferroelectric materials also exhibit the APV effect. The typical ferroelectric exhibiting the APV
effect is BiFeOs. In the single-crystalline BFO films which precisely controlled the crystal orientation,

the realization of high open circuit voltage exceeding 10 V was achieved.”*

It is noted that high
vaccum process and precise condition are reqired for preparation of the suitable thin films.?*!
Most of study is based on the inorganic ferroelectric system. The study on APV phenomena in

organic ferroelectrics is limited as two reports.”*

1.8. Objective of this thesis

Our group focus on the development of multifunctional LC semiconductors based on
nanosegregated LC supramolecular systems. The most important concept of nanosegeregated
functional LC materials is how to compete and arrange the several intermolecular interactions by the
suitable molecular design. Not only the molecular shape, aspect ratio and substitution positions but
also the kinds of m-conjugated unit, additional functional units and suitable flexble side chains is
important issues for the molecurar design.

In this doctor thesis, the molecular design philosophy is refelcted to the development of
n-conjugated ferroelectric liquid crystals. Moreover, APV effect in the m-conjugated FLC system, which
is coupled with charge transporting property based on the extended =-conjugated site and
spontaneous polarization derived from ferroelectricity, is investigated. For construction of
multifunctional materials, the study described in this thesis is considered to provide an example of
demonstrations with the single component soft material system with several different functional
units.

The essential point in this study is how to break the symmetry of the aggregation structure and
how to hold it below. As described in former section, chiral LC systems provide the one approach for
the structural symmetry breaking.

Recently, our group develped (R)- and (S)-dimers based on phenylterthiophene skelton exhibit the
N* phases (Figure 1-66). In the mixtures of the (R)- and (S)-enantiomers, the helical pitches were
tuned by changing the composition ratio of the both enantiomers. As optimizing the composition so

that the reflection band covers the luminescent band of the phenylterthiophene core, the prominent
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CPL emission was observe It should be considered that this chiral LC oligothiophenes shows one

application of chiral LC semiconductors.
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Figure 1-66. Chemical structure of chiral LC semiconductors exhibiting CPL emission.>*?

Another function of the chirality is breaking the symmetry of the systems, which is a key in this
study. In the ferroelectric phase, a macroscopic polarization is induced by the application of the DC
bias and the spontaneous polarization is maintained after switching off the bias. Recently,
fluorophenylterthiophene derivatives exhibiting the hole transport property in the ferroelectric SmC*

2% In this system, APV-like response was observed. This

phases were developed (Figure 1-67).
photovoltaic response should be caused by the internal electric field derived from the spontaneous
polarization of the ferroelectric materials while the conventional photovoltaic effect is originated

221

from the built-in potential formed at p-n junction.”” However, the mechanism of the photovoltaic

response has not been clarified.
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Figure 1-67.  Chemical structures of FLC fluorophenylterthiophene derivatives.”*

Based on the above, some smectic LC systems based on chiral phenylterthiophene derivatives

were investigated for exploring the possibilities of APV effect in LC system.
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1.9. Outline of this thesis

Following the general introduction as described in this chapter (Chapter 1), the APV phenomena
in some LC phases based on phenylterthiophene derivatives will be discussed.

In chapter 2, the study on the APV response of analogous compounds will be described. The
spontaneous polarization and carrier mobilities are strongly affected by the disorder of the molecular
aggregation structure. Chiral phenylterthiophene derivatives with a different side chain moiety were
designed and synthesized. As the introduced side chain unit, a hexenyl group with a small steric
hindrance and a bulky cyclic siloxane moiety were selected. These two compounds exhibit
ferroelectric chiral smectic C phases, in which carrier mobilities are different magnitude. From the
comparison of the APV response between these compounds, the relationship between their APV
photocurrents, spontaneous polarizations, and carrier mobilities was investigated.

In chapter 3, the influence of the molecular chirality to the APV phenomena will be discussed by
the study on LC enantiomer mixtures with some different composition. While spontaneous
polarization linearly depends on the enantiomer purity, carrier mobility is independent to the
enantiomer composition. The direct evidence of the correlation between the spontaneous
polarization and APV effect was indicated.

In chapter 4, the fixation of polarization state was investigated by the applying of surface
stabilization technique and the structural imomobilization method through the phase transition
under DC bias.

Finally, overall conclusion and some perspectives will be given in chapter 5.
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Chapter 2

Bulk photovoltaic effect in ferroelectric liquid crystals based on

phenylterthiophene derivatives

Abstract: Photovoltaic effect in ferroelectrics has attracted much attention, due to their potential of
generating a large open-circuit voltage. Recently, we focus on APV effect in FLC phase. In this work,
we have synthesized FLC phenylterthiophene derivatives, whose carrier mobilities are different
magnitude. They exhibit bulk photovoltaic effect in FLC phases. The photocurrent response is
correlated with the carrier mobility and spontaneous polarization in the FLC phase instead of ionic

impurities.

2.1. Introduction

As described in chapter 1, a few inorganic ferroelectric ceramics such as BaTiO; exhibits bulk
photovoltaic effect.”® The photovoltaic effect in ferroelectrics can produce a large open-circuit
voltage based on spontaneous polarization without p-n or Schottkey junctions.® However, most
typical inorganic ferroelectrics exhibiting the APV effect are unsuitable materials for the application
of solution-processes and the use for light-weight flexible devices. In addition, the absorption bands
of these ceramics lies in UV area, which results in low power conversion efficiency.”” The diversity of
molecular designs in organic materials provides some advantages in design and processability for
flexible and light-weight devices over the inorganic system. However, the report of bulk photovoltaic
effect based on organic ferroelectirics is much less. Only two organic ferroelectric systems based on
thin films of dye doped poly (vinylidene fluoride) and triphenylene ester have been investigated on
the APV effect.” These compounds are insulative and have no absorption bands in near UV and
visible areas. Thus, the power conversion efficiencies were less than 1%.’

Most of FLC materials have been developed for the application to high speed liquid crystal
displays.® Although ferroelectric columnar phases have been recently discovered, the ferroelectric
columnar LC materials are also electrically insulative and do not exhibit the photovoltaic effect.” A
SmC* phase consisting of chiral LC molecules has a helical structure, which is unwound to produce
spontaneous polarization under the application of the DC electric field. The ferroelectric properties
are strongly influenced by the molecular aggregation structure and moleculr ordering.

On the other hand, LC molecules comprised of extended m-conjugated systems work as organic
semiconductors which can be applied to some electronic devices such as FETs and solar cells.”
Carrier transport properties are also affected by the molecular packing in the self-assembled

structures.
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Recently, a few groups synthesized extended m-conjugated FLC compounds, which exhibits
photorefractive and rectification effects.™* Bulk photovoltaic effect in the FLC compounds based on a
phenylterthiophene moiety was found for the first time by our group.'> However, polarization of ionic
impurities should also cause photovoltaic effect without an external electric field, as observed in
perovskite compounds.®

In this study, we verify that this photovoltaic phenomena in the ferroelectric SmC* phase is
originated from the spontaneous polarization. We have synthesized analogous compounds bearing
an alkenyl chain and a bulky cyclotetrasiloxane ring (Figure 1). We studied the relationship between

their photocurrents, spontaneous polarizations, and hole mobilities.

(5)-2

Figure 2-1. Chemical structures of chiral phenylterthiophene derivatives (S)-1 and (S)-2.

2.2. Experimental Section
2.2.1. General Methods

All 'H- and C-NMR spectra were performed by solutions in CDCl; on a Varian UNITY
INOVA400NB spectrometer. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were performed by Bruker Daltonics ultrafleXtreme™. A polarizing optical microscope,
Olympus DP70, equipped with a handmade hot stage was used for visual observation of optical
textures. DSC measurements were conducted with a NETZSCH DSC 204 Phoenix. XRD patterns were
acquired with a Rigaku Rapid Il diffractometer equipped with a handmade hot stage with the use of
Ni-filtered Cu Ko radiation. Hole mobilities were measured by a time-of-flight (TOF) method. A liquid
crystal cell was fabricated by combining two glass plates. The cell was put on a hot stage and heated
above the clearing temperature. The sample was melted and capillary filled into the cell. The liquid
crystal cell was placed on a hot stage, DC voltage was applied to the cell using an electrometer (ADC
R8252), and a pulse laser illuminated the cell. The excitation source was the third harmonic
generation of a Nd:YAG laser (Continuum MiniLite I, wavelength = 356 nm, pulse duration = 2 ns) and
the induced displacement currents were recorded using a digital oscilloscope (Tektronix TDS 3044B)

through a serial resistor. Spontaneous polarizations were evaluated by the Sawyer-Tower method
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using triangular-wave bias (+ 5V, 100 Hz) with 2 um thick cells. The hysteresis loops were recorded
using a digital oscilloscope (Tektronix TDS 3044B) through a serial capacitor. The steady state
photocurrent response measurements were performed with a using of high-pressure mercury lamp
as a light source (light intensity: ~17 mW/cm?). In this measurement, a UV cut filter, an IR cut filter,
and some lenses were appropriately set on optical system. The induced photocurrents were recorded

using the digital oscilloscope through a serial resistor.

2.2.2. Materials

4-Bromo-2-fluorophenol, (R)-2-octanol, diethyl azodicarboxylate (40% in Toluene), thiophene,
2-bromothiophene, N-bromosuccineimide, 5-hexen-1-ol, phosphorus tribromide, trimethyl borate, 2,
2-dimethylpropanediol, tetrakis(triphenylphosphine)palladium(0), and [1,3-bis(diphenylphosphino)-
propane]nickel(ll) dichloride were purchased from Tokyo Chemical Industry. 1, 3, 3, 5, 5, 7, 7- Hepta-
methyl-1, 3, 5, 7-cyclotetrasiloxane and the Karstedt’s catalyst were purchased from Gelest Inc.
Tetrahydrofuran, toluene, 1, 2-dimethoxyethane, n-butyllithium (1.6 M hexane soln.), and the other
inorganic reagents were obtained from Wako Pure Chemical Industries. All of them were used

without further purification. Silica gel was purchased from Kanto Chemicals.

2.2.3. Synthesis

All reactions were performed under nitrogen atmosphere in a well-dried three-necked flask
equipped with a magnetic stirring bar.
Compounds (S)-1 and (S)-2 were synthesized as shown in scheme 2-1. The starting compounds (S)-3
was synthesized via the Suzuki-Miyaura reaction between 2-bromo-5:2’-bithiophene and
(S)-2-octyloxy-fluorophenyl borate, under the similar conditions to the previous report.! The
bromination reaction of compound (S)-3 with using N-bromosuccinimide was afforded to the
compound (S)-4. Then, phenylterthiophene derivatives (S)-1 bearing an alkenyl side chain was
synthesized via Suzuki-Miyaura reaction between brominated phenylbithiophene derivative (S)-4 and

alkenylthienyl borate 5. Compound (S)-2 was obtained via hydrosilylation of compound (S)-1.
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Scheme 2-1. Synthetic route of fluorophenylterthiophene derivatives (S)-1 and (S)-2.

6-Bromo-1-hexene

To stirred N, N-dimethylformamide (DMF; 600 mL) was slowly added dropwise phosphorus
tribromide (PBrs;, 28.5 mL, 300 mmol) at 0 °C over 20 min and gradually warmed to room
temperature. The mixture was stirred over 30 min. Then, 5-hexen-1-ol (50.0 g, 499 mmol) with dry
THF (90 mL) was slowly added to the cream-colored suspension cooling with ice-bath. After the
addition of 5-hexene-1-ol, the mixture was gradually warmed to room temperature and stirred for 24
h. The reaction mixture was quenched by H,0 (300 mL). The organic layer was separated and the
aqueous layer was extracted with hexane (100 mL x2, 50 mL x1). The collected organic fractions were

combined and dried over Na,SO,. After filtration, the crude solution was passed the short silica gel
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column (eluent: n-hexane) and distillated to give 6-Bromo-1-hexene as a colorless clear liquid (48.6 g,
60 % yield).

'H-NMR (400 MHz, CDCl,): 6=7.39 (d, 1H, J = 3.4 Hz), 6.83 (d, 1H, J = 3.4 Hz), 5.79 (ddt, 1H, J = 17.0,
10.2, 6.8 Hz), 3.42 (t, 2H, J = 6.8 Hz), 2.09 (quartet, 2H, J = 7.2 Hz), 1.88 (quintet, 2H, J = 7.2 Hz), 1.54
(quintet, 2H, J = 7.4 Hz).

2-(5-Hexenyl)thiophene

To a solution of thiophene (16.8 g, 200 mmol) in dry THF (250 mL) was slowly added
n-buthyllithium (n-Buli, 1.6 M in n-hexane soln., 114 mL, 185 mmol) with dry THF (50 mL) at -78 °C.
After the addition of n-Buli, the mixture was allowed to warm to 0 °C and stirred for 1 h. Then,
6-Bromo-1-hexene (25.0 g, 153 mmol) with dry THF (50 mL) was slowly added to reactant mixture at
0 °C. The obtained pale-yellow suspension was gradually warmed to room temperature and stirred
for overnight at room temperature. The mixture was quenched by H,0 (150 mL) cooling with ice-bath.
The product was extracted with hexane (100 mL x3, 50 mL x1). The organic layer was washed with
brine (150 mL) and water (100 mL) in this order. The collected organic fractions were combined and
dried over Na,SO,. After filtration, the crude solution was passed the silica gel column (eluent:
n-hexane) and distillated in vacuo to give 2-(5-hexenyl)thiophene as a pale-yellow clear liquid (17.1 g,
67 % yield).
'H-NMR (400 MHz, CDCl3): 5= 7.10 (m, 1H), 6.91 (m, 1H), 6.77 (m, 1H), 5.80 (ddt, 1H, J = 17.0, 10.2,
6.6 Hz), 5.00 (ddd, 1H, J = 17.0, 3.2, 1.6 Hz), 4.95 (ddt, 1H, J = 10.2, 3.4, 1.2 Hz), 2.83 (t, 2H, J = 7.6 Hz),
2.08 (quartet, 2H, J = 7.2 Hz), 1.69 (quintet, 2H, J = 7.6 Hz), 1.46 (quintet, 2H, /= 7.6 Hz).

2-(5-hexenyl)thienylboric acid 2,2-dimethyl-1,3-propanediyl ester

To a solution of 2-(5-Hexenyl)thiophene (10.3 g, 62.1 mmol) in dry THF (200 mL) was slowly
added n-Buli (1.6 M in n-hexane soln., 44.5 mL, 71.7 mmol) with dry THF (10 mL) at -78 °C. After the
addition of n-Buli, the mixture was stirred for 1 h at -78 °C. Then, the mixture was allowed to warm
to 0 °C for 10 min and cooled down to -78 °C again. Trimethyl borate (8.4 mL, 75.2 mmol) was slowly
dropwised over 20 min. to reactant mixture at -78 °C. The obtained pale-yellow suspension was
gradually warmed to room temperature and stirred for 20 h. Then, 2, 2-dimethylpropanediol (7.53 g,
72.3 mmol) with dry THF (30 mL) was added to the orange reactant mixture at 0 °C. The mixture was
warmed to room temperature and stirred for 4.5 h. After the addition of H,0 (20 mL), the product
was separated and washed with sat. NH,Cl ag. (100 mL), brine (100 mL) and H,0 (100 mL) in this
order. The aqueous layer was extracted with ethyl acetate (100 mL x1, 50 mL x2). The collected
organic fractions were combined and dried over Na,SO,. After filtration and evaporation, the crude
solution was purified by the silica gel columnchromatography (eluent: n-hexane — n-hexane/ethyl
acetate = 5/1; v/v, gradient) and dried in vacuo to give 2-(5-hexenyl)thienylboric acid 2,2-dimethyl-
1,3-propanediyl ester as a brown liquid (10.6 g, 61 % yield).
'H-NMR (400 MHz, CDCls): 6=7.39 (d, 1H, J = 3.4 Hz), 6.83 (d, 1H, J = 3.4 Hz), 5.79 (ddt, 1H, J = 17.0,
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10.2, 6.8 Hz), 5.00 (ddd, 1H, J = 17.2, 3.6, 1.6 Hz), 4.94 (m, 1H), 3.74 (s, 4H, J = 7.6 Hz), 2.85 (t, 2H, J =
7.6 Hz), 2.07 (quartet, 2H, J = 7.2 Hz), 1.70 (quintet, 2H, J = 7.6 Hz), 1.46 (quintet, 2H, J = 7.6 Hz), 1.02
(s, 6H).

3-Fluoro-4-{(S)-2-octyloxy}-bromobenzene

To a mixture of triphenylphosphine (24.8 g, 94.5 mmol), (R)-2-octanol (10.7 g, 81.9 mmol) and
4-bromo-2-fluorophenol (15.0 g, 78.6 mmol) in dry THF (100 mL) was slowly added dropwise
diethyl azodicarboxylate (DEAD, 2.2 M in toluene soln., 43.0 mL, 94.6 mmol) cooling with ice-bath.
Then, the mixture was gradually warmed to room temperature and stirred for 4 h. Most of the
precipitate of triphenylphosphine oxide generated by the reaction was removed by repeated
concentration and filtration. The residue of concentrated filtrate was purified by the silica gel
columnchromatography (eluent: n-hexane) and dried in vacuo to give 3-fluoro-4-{(S)-2-octyloxy}-
bromobenzene as a slight pale pink clear liquid (23.3 g, 98 % yield).
"H-NMR (400 MHz, CDCls): 8= 7.23 (dd, 1H, J = 10.6, 2.4 Hz), 7.17 (ddd, 1H, J = 8.6, 2.4, 1.6 Hz), 6.85
(t, 1H, J = 8.6 Hz), 4.31 (sextet, 1H, J = 6.0 Hz), 1.81-1.72 (m, 1H), 1.63-1.53 (m, 1H), 1.49-1.27 (m, 8H),
1.30(d, 3H, /= 6.4 Hz), 0.89 (t, 3H, /= 7.0 Hz).

3-Fluoro-4-{(S)-2-octyloxy} phenylboric acid 2,2-dimethyl-1,3-propanediyl ester

To a mixture of magnesium (1.12 g, 46.3 mmol) and iodine (one grain; 0.02 g) in dry THF (50 mL)
was slowly added 3-fluoro-4-{(S)-2-octyloxy}-bromobenzene (10.0 g, 33.1 mmol) with dry THF (26
mL). The reactant mixture was stirred under gently reflux for 1 h, and then cooled down with dry
ice/acetone bath. Trimethyl borate (4.80 mL, 43.0 mmol) was added dropwise at -78 °C around 5 min.
The mixture was gradually warmed to room temperature and stirred for 18 h. Then, 2,2- dimethyl-
propanediol (5.17 g, 49.6 mmol) with dry THF (50 mL) was added to the reactant mixture at room
temperature. After the reactant mixture was further stirred for 3 h, H,0 (100 mL) was added. The
product was extracted with n-hexane (100 mL x3, 50 mL x1). The collected organic fractions were
combined and dried over MgSO,. After filtration and evaporation, the crude product was purified by
the silica gel columnchromatography (eluent: n-hexane/ethyl acetate = 10/1; v/v) and dried in vacuo
to give 2-(5-hexenyl)thienylboric acid 2,2-dimethyl-1,3-propanediyl ester as a pale yellow liquid (9.04
g, 81 % yield).
'H-NMR (400 MHz, CDCl;): 8= 7.47 (d, 2H, J = 10.6 Hz), 6.93 (t, 1H, J = 8.0 Hz), 4.40 (sextet, 1H, J = 6.0
Hz), 3.74 (s, 4H), 1.82-1.73 (m, 1H), 1.63-1.54 (m, 1H), 1.49-1.27 (m, 8H), 1.31 (d, 3H, J = 6.4 Hz), 1.01
(s, 6H), 0.87 (t, 3H, J = 6.8 Hz); exact mass: 336.23; molecular weight: 336.25; m/z: 374.83, 375.83,
376.83, 377.84 (All signals were indicated the [M+K]* fragments pattern).

2,2’-Bithiophene
To a mixture of magnesium (2.98 g, 123 mmol) and iodine (one grain; 0.03 g) in dry diethylether
(110 mL) was slowly added 2-bromothiophene (21.6 g, 133 mmol) while cooling appropriately with
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ice bath. The prepared thienyl Grignard reagent was slowly added over 30 min to the suspension of
2-bromothiophene (10.1 g, 62.2 mmol) and [1,3-bis(diphenylphosphino)propane]nickel(ll) dichloride
(NiCly(dppp), 2.34 g, 4.31 mmmol) in dry diethylether (60 mL). The reactant mixture was stirred
under gently reflux for 20 h, and then poured into cold water (100 mL). The product was extracted
with n-hexane (120 mL x3, 60 mL x2). The collected organic fractions were combined and dried over
MgS0O,. After filtration and evaporation, the crude product was purified by the silica gel
columnchromatography (eluent: n-hexane) and dried in vacuo to give 2,2’-bithiophene as a colorless
crystal (11.8 g, 94 % yield).

'H-NMR (400 MHz, CDCl5): 6=7.20 (dd, 2H, J=5.2, 1.2 Hz), 7.17 (dd, 2H, J = 3.6, 1.2 Hz), 7.01 (dd, 2H,
J=5.2,3.6 Hz).

5-Bromo-2,2’-bithiophene

To a solution of 2,2’-bithiophene (2.49 g, 15.0 mmol) in dry THF (70 mL) was slowly added
N-bromosuccinimide (NBS, 2.00 g, 11.2 mmol) over 1 h at 0 °C. Then, the mixture was allowed to
warm to room temperature and stirred for overnight. After the addition of 4 wt% Na,CO; aqueous
solution (50 mL), the product was extracted with hexane (30 mL). The organic layer was washed with
brine (50 mL) and water (50 mL). The aqueous layer was extracted with hexane (100 mL x1, 50 mL
x3) and all organic layers were combined. The extract was dried over anhydrous MgSO,. After
filtration and evaporation, the crude product was purified by flash silica gel column chromatography
(eluent: n-hexane) and dried in vacuo to give 5-bromo-2,2’-bithiophene as a colorless crystal (2.29 g,
83 % yield).
'H-NMR (400 MHz, CDCl5): 6=7.23 (dd, 1H, J=5.2, 1.2 Hz), 7.11 (dd, 1H, J = 3.6, 1.2 Hz), 7.01 (dd, 1H,
J=5.2,3.6 Hz), 6.97 (d, 1H, J = 3.8 Hz), 6.91 (d, 1H, J = 3.8 Hz).

5-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene

To a stirred solution of 5-bromo-2,2’-bithiophene (2.51 g, 10.3 mmol), 3-fluoro-4-{(S)-2-octyloxy}
phenylboric acid 2,2-dimethyl-1,3-propanediyl ester (4.32 g, 12.8 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (Pd(PPhs),, 1.19 g, 1.03 mmol) in 1,2-dimethoxyethane (250 mL) was added
2 mol/L Na,CO; aqueous solution (155 mL, 306 mmol). After the reaction mixture was stirred under
reflux for 6 h, 1,2-dimethoxyethane was removed from the reaction mixture under the reduced
pressure. The produced precipitates were collected by filtration. The filtrate was extracted with
n-hexane (200 mL x1, 100 mL x1). The extract was dried over anhydrous MgSQ,. After filtration and
evaporation, obtained solid was combined with former precipitate. The crude product was purified
by silica gel column chromatography (eluent: n-hexane/toluene = 5/1; v/v). The product was
recrystallized from n-hexane and dried in vacuo to give 5-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-
bithiophene as a white-light pale green crystal (3.58 g, 90 % yield).
'H-NMR (400 MHz, CDCl5): 6=7.32 (dd, 1H, J=12.2, 2.2 Hz), 7.27 (dd, 1H, J = 8.2, 2.4 Hz), 7.22 (d, 1H,
J=5.2 Hz), 7.18 (dd, 1H, J = 3.6, 0.8 Hz), 7.12 (d, 1H, J = 3.8 Hz), 7.11 (d, 1H, J = 3.8 Hz), 7.03 (dd, 1H, J
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=5.2,3.6 Hz), 6.96 (t, 1H, J = 8.6 Hz), 4.37 (sextet, 1H, J = 6.0 Hz), 1.84-1.75 (m, 1H), 1.65-1.56 (m, 1H),
1.51-1.25 (m, 8H), 1.33 (d, 3H, J = 6.0 Hz), 0.88 (t, 3H, J = 6.8 Hz); exact mass: 388.13; molecular
weight: 388.56; m/z: 288.80, 389.82, 390.82, 391.82, 392.03.

5-Bromo-5’-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene

To a solution of 5-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene (3.11g, 7.99 mmol) in dry
THF (50 mL) was slowly added NBS (1.45 g, 8.15 mmol) at 0 °C. Then, the mixture was allowed to
warm to room temperature and stirred for overnight. After the addition of 2 wt% Na,CO; aqueous
solution (50 mL), the product was extracted with hexane (50 mL). The organic layer was washed with
brine (50 mL) and water (100 mL). The aqueous layer was extracted with hexane (100 mL x1, 50 mL
x3) and all organic layers were combined. The extract was dried over anhydrous MgSO,. After
filtration and evaporation, the crude product was purified by flash silica gel column chromatography
(eluent: n-hexane/ethyl acetate = 10/1; v/v). The product was recrystallized from n-hexane and dried
in vacuo to afford 5-bromo-5’-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene as light-yellow
solid (3.45 g, 92 % yield).
'"H-NMR : §=7.30 (dd, 1H, J = 12.0, 2.4 Hz), 7.25 (ddd, 1H, J = 8.4, 2.4, 1.2 Hz), 7.09 (d, 1H, J = 4.0 Hz),
7.05 (d, 1H, J = 4.0 Hz), 6.98 (d, 1H, J = 4.0 Hz), 6.96 (t, 1H, J = 8.8 Hz), 6.92 (d, 1H, J = 3.6 Hz), 4.38
(sextet, 1H, J = 6.0 Hz), 1.84-1.74 (m, 1H), 1.65-1.35 (m, 1H), 1.53-1.24 (m, 8H), 1.33 (d, 3H, J = 6.0 Hz),
0.88 (t, 3H, J = 7.2 Hz); FT-IR (ATR): v=2984, 2976, 2949, 2931, 2919, 2854, 1611, 1577, 1522, 1504,
1466, 1418, 1374, 1296, 1268, 1243, 1182, 1124, 1066, 995, 966, 940, 861, 806, 790, 786, 727, 668,
646, 622, 475, 445 cm’; elemental analysis calcd (%) for Cy,H,4BrFOS,: C 56.53, H 5.17, Br 17.09, F
4.06, 0 3.42, S 13.72; found: C 56.7, H 5.2; exact mass: 466.04; molecular weight: 467.46; m/z:
465.85, 466.81, 467.82, 468.82, 469.82.

5-(5-Hexenyl)-5"-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’:5’,2”-terthiophene : (S)-1

To a stirred solution of 5-bromo-5’-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene (1.10 g,
2.35 mmol), 2-(5-hexenyl)thienylboric acid 2,2-dimethyl-1,3-propanediyl ester (0.98 g, 3.53 mmol)
and Pd(PPhs), (110 mg, 0.095 mmol) in 1,2-dimethoxyethane (60 mL) was added 2 mol/L Na,CO,
aqueous solution (35 mL, 70 mmol). After the reaction mixture was refluxed 6 h, 1,2-dimethoxy-
ethane was removed from the reaction mixture under the reduced pressure. The produced
precipitates were collected by filtration. The filtrate was extracted with THF/hexane (100 mL/50 mL
x1) and hexane (50 mL x1). The extract was dried over anhydrous MgSQ,. After filtration and
evaporation, obtained solid was combined with former precipitate. The crude product was purified
by silica gel column chromatography (eluent: n-hexane/toluene = 5/1; v/v). The product was
recrystallized from hexane and dried in vacuo to give 5-(5-hexenyl)-5”-[4-{(S)-2-octyloxy}-
3-fluorophenyl]-2,2":5’,2"-terthiophene (1) as a pale yellow crystal (1.02 g, 78 % vyield).
'H-NMR (400 MHz, CDCl,): 6= 7.31 (dd, 1H, J = 12.4, 2.4 Hz), 7.26 (ddd, 1H, J = 8.4, 2.4, 1.2 Hz), 7.10
(d, 1H, J = 3.6 Hz), 7.09 (d, 1H, J = 4.0 Hz), 7.06 (d, 1H, J = 3.6 Hz), 7.00 (d, 1H, J = 3.6 Hz), 6.98 (d, 1H, J
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= 3.6 Hz), 6.96 (t, 1H, J = 8.8 Hz), 6.69 (d, 1H, J = 3.6 Hz), 5.81 (ddt, 1H, J = 17.2, 10.4, 6.8 Hz), 5.02
(ddd, 1H,/=17.2, 3.6, 1.6 Hz), 4.96 (ddt, 1H, J=10.4, 3.2, 1.2 Hz), 4.37 (sextet, 1H, J = 6.0 Hz), 2.81 (t,
2H, J = 7.6 Hz), 2.10 (quartet, 2H, J = 7.6 Hz), 1.84-1.74 (m, 1H), 1.71 (quintet, 2H, J = 7.6 Hz),
1.65-1.55 (m, 1H), 1.53-1.24 (m, 11H), 1.33 (d, 3H, J = 6.0 Hz), 0.89 (t, 3H, J = 6.8 Hz); >C-NMR (100
MHz, CDCls): 6 = 145.5, 141.9, 138.7, 136.9, 136.4, 135.6, 134.7, 127.8, 125.1, 124.5, 124.3, 123.8,
123.6, 123.6, 121.6, 121.5, 117.9, 114.8, 113.9, 113.7, 76.7, 36.6, 33.6, 31.9, 31.2, 30.2, 29.4, 28.4,
25.6, 22.8, 20.0, 14.2; FT-IR (ATR): v= 2956, 2920, 2854, 1574, 1545, 1524, 1502, 1445, 1378, 1298,
1234, 1131, 1061, 944, 833, 786, 726, 625, 475, 447 cm™’; elemental analysis calcd (%) for C3,H3;FOSs:
C 69.52, H6.75, F 3.44, 0 2.89, S 17.40; found: C 69.5, H 6.8; exact mass: 552.20; molecular weight:
552.83; m/z: 552.12, 553.13, 554.16, 555.17, 556.17, 557.17.

5-{10-(1,3,3,5,5,7,7-heptamethyl-1,3,5,7-cyclotetrasiloxan-1-yl)hexan-1-yl}-5”-[4-{(S)-2-octyloxy}-3-
fluorophenyl]-2,2’:5’,2”-terthiophene: (S)-2

To a solution of 5-(5-hexenyl)-5”-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2":5’,2"-terthiophene (0.77
g, 1.39 mmol), 1,3,3,5,5,7,7-heptamethyl-1,3,5,7-cyclotetrasiloxane (0.59 g, 2.09 mmol) in toluene
(60 mL) was added the Karstedt’s catalyst (10 uL, 2.1-2.4 % in xylene). The reaction mixture was
stirred for 18 h at room temperature. After removing the solvent by vacuum evaporation, the crude
product was purified by silica gel column chromatography (eluent: n-hexane/toluene = 5/1; v/v). The
product was reprecipitated from n-hexane and dried in vacuo to give 5-{10-(1,3,3,5,5,7,7-hepta
methyl-1,3,5,7-cyclotetrasiloxan-1-yl)hexan-1-yl}-5”-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2":5’, 2" -ter-
thiophene (2) as a pale yellow wax (0.74 g, 64 % yield).
'H-NMR (400 MHz, CDCl,): 6= 7.31 (dd, 1H, J = 12.0, 2.0 Hz), 7.26 (ddd, 1H, J = 8.4, 2.2, 1.0 Hz), 7.10
(d, 1H, J = 4.0 Hz), 7.09 (d, 1H, J = 3.6 Hz), 7.06 (d, 1H, J = 3.6 Hz), 7.00 (d, 1H, J= 4.0 Hz), 6.98 (d, 1H, J
= 3.6 Hz), 6.96 (t, 1H, J = 8.8 Hz), 6.69 (d, 1H, J = 4.0 Hz), 4.38 (sextet, 1H, J = 6.0 Hz), 2.79 (t, 2H, J =
7.4 Hz), 1.84-1.56 (m, 4H), 1.53-1.27 (m, 14H), 1.33 (d, 3H, J = 6.0 Hz), 0.89 (t, 3H, J = 6.8 Hz), 0.54
(br-t, 2H, 7.4 Hz), 0.10 (s, 18H), 0.07 (s, 3H); *C-NMR (100 MHz, CDCl,): 5= 146.4, 142.4, 137.6, 136.9,
136.0, 135.1, 128.4, 125.5, 125.0, 124.8, 124.3, 124.1, 122.1, 122.1, 118.5, 114.5, 114.3, 77.2, 37.1,
33.5, 32.5, 32.2, 30.9, 29.9, 29.5, 26.1, 23.5, 23.3, 20.5, 17.8, 14.8, 1.48, 1.45; FT-IR (ATR): v= 2962,
2927, 2857, 1546, 1524, 1506, 1446, 1378, 1299, 1259, 1234, 1055, 942, 855, 789, 696, 552, 478
cm™; elemental analysis calcd (%) for C39Hs9FOsS3Sis: C 56.07, H 7.12, F 2.27, 0 9.58, S 11.51, Si 13.45;
found: C 55.9, H 7.2; exact mass: 834.26; molecular weight: 835.42; m/z: 835.60, 836.61, 837.61,
838.61, 839.61, 840.61.
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2.3. Results and Discussion
2.3.1. Mesomorphic Properties of chiral phenylterthiophene derivatives

Compounds (S)-1 and (S)-2 exhibited SmC* and chiral smectic G (SmG*) phases, which were
characterized by polarizing optical microscopy (POM), differential scanning calorimetry (DSC), and a
X-ray diffraction measurement. In POM, typical broken fan-like (Figure 2-2a, b) and tile-like (Figure 2c,
d) textures were observed in high-temperature and low-temperature phases, respectively.

(a) (b)

Figure 2-2. Polarizing optical micrographs in the SmC* phases of (a) compound (S)-1 (140 °C) and (b)
compound (S)-2 (85 °C). Those in the SmG* phases of (c) compound (S)-1 (120 °C) and (d) compound
(5)-2 (60 °C).
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Figure 2-3. DSC thermograms of (a) compound (S)-1 and (b) compound (S)-2. The scanning rates
are 10 K/min. The red curves exhibit thermograms of obtained materials from recrystallization.
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Figure 2-4. XRD patterns in the LC phases of (a) compound (S)-1 at 132 °C (SmC*) and 100 °C
(SmG*), (b) compound (S)-2 at 85 °C (SmC*) and 70 °C (SmG*).

Table 2-1 shows phase transition temperatures and enthalpies of two compounds. These
compounds maintained LC phases without crystallization when they were cooled below room

temperature. The introduction of a bulky cyclotetrasiloxane unit lowered the phase transition

temperature, due to a steric effect of the bulky unit.

Table 2-1. Phase transition behaviors of compounds (S)-1 and (S)-2.

Compounds Phase transition temperature / °C
(enthalpy / kJ mol *)?
(5)-1 SmG* 133 (11) SmC* 149 (8) Iso
(5)-2 SmG* 80 (12) SmC* 94 (4) Iso

a) Phase transition temperature [°C] (phase transition enthalpy [kJ mol '1]) estimated from DSC measurements on 2nd

heating. (The scanning rate: 10 K/min.)

105



2-3-2. Response to the DC bias
(a) (b)

Figure 2-5.  Polarizing optical micrographs in the SmC* phases of (a) compound (S)-1 (140 °C) and
(b) compound (S)-2 (85 °C) under the application of DC bias (+50 V) to 25 um-thick ITO glass

sandwich cells.

Under the application of DC bias (+50 V), the initial helical structures were unraveled for both
compounds (S)-1 and (S)-2. In this condition, the stripe patterns in their LC textures were lost and
clear broken-fan textures were observed (Figure 2-5). Applied the higher DC bias above +50 V to the
LC cells, the LC textures were not changed from the one shown in Figure 2-5. When the higher DC
bias above the coercive electric-fields was applied, the dipole moments should be oriented along the
electric field. The TOF measurements described in latter section were carried out under those

conditions.

2.3.3. Dielectric Properties of chiral phenylterthiophene derivatives

Spontaneous polarizations were evaluated by the Sawyer-Tower method using triangular-wave
bias (+ 5V, 100 Hz). Figure 2-6 shows hysteresis loops in their SmC* phases of compounds (S)-1 and
(5)-2. These hysteresis loops indicate the ferroelectricity in the SmC* phases of these compounds.
The estimated values of spontaneous polarizations are 50 nC cm™ (compound (5)-1) and 40 nC cm™
(compound (S)-2). These values of spontaneous polarizations should be affected by the disorder of
the molecular aggregation structure. The coercive voltages (electric-fields) in SmC* phases of
compounds (S)-1 and (S)-2 were around 0.5 V (2.5 x 10° Vcm™) and 2.5 V (1.3 x 10* V.cm™),
respectively.

The polarization inversion current curves in their SmC* phases were also measured under the
application of triangular wave bias (+ 5V, 100 Hz). In each case, current peaks derived from the
polarization inversion were observed (see supporting information). The polarization inversion current
peaks of compound (S)-2 were broader than those of compound (S)-1.

The larger molecular mass and the lower temperature range of the SmC* phase of compound

(5)-2 increase the viscosity of the SmC* phase compared to that of compound (S)-1. This larger
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viscosity of compound (S)-2 should cause the slower response in the polarization inversion and the

larger coercive voltage in the SmC* phase of compound (S)-2.
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Figure 2-6.  (a) Hysteresis loops in SmC* phases of compounds (S)-1 (135 °C) and (S)-2 (90 °C), (b)
polarization inversion current in SmC* phases of compounds (S)-1 (135 °C) and (S)-2 (90 °C) measured

by the triangular wave method. (£5 V, 100 Hz, 2 um thick sample.)

2.3.4. Carrier Transport Properties of chiral phenylterthiophene derivatives

The carrier mobilities in the SmC* phases of compounds (S)-1 and (S)-2 were determined by a
TOF technique.

Figure 2-7 shows transient photocurrent curves for holes in the SmC* phases of compound (S)-1
and (S)-2. In their SmC* phases of these compounds, non-dispersive transient photocurrent curves
for the holes were observed. The kink point on the linear plot of the curve provided a transit time. In
contrast, dispersive and weak transient photocurrent curves generated by negative charge carrier
transport were observed, so that the mobilities of the negative carrier could not be estimated.

In the SmC* phase of compound (S)-1 at 135 °C, the hole mobility estimated from the transit time
was 4.8 X10™ cm?V™'s™. This value was one or two orders of magnitude larger than the ionic carrier
mobility in nematic phases.™ The hole mobility was independent of the temperature and the electric
field in the SmC* phase. The value of the hole mobility was on the same order of those in the SmC*
and SmC phases of other LC semiconductors.™

In the SmC* phase of compound (5)-2, the hole mobility at 85 °C was 3.9 X107 cm?V s ™. In the
SmC* phase, the temperature- and field-dependent mobility was observed. This should be attributed
to structural disorder in the SmC* phase of compound (S)-2. The bulky cyclotetrasiloxane rings should

inhibit the close aggregation of the m-conjugated units.
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Figure 2-7.  Transient photocurrent curves for positive charge in SmC* phases of (a) compound
($)-1 at 140 °C, (b) compound (S)-2 at 85 °C. The measurements were performed using ITO/ ITO
sandwich cells whose thickness was 25 um. The arrows indicate kink points corresponding to the

transit times.

2.3.5. APV response of chiral phenylterthiophene derivatives

APV effect in their SmC* phases was confirmed by the measurement of steady state photocurrent
under zero bias. Cooling the LC samples from their isotropic phases without the DC bias, helical
structures are formed (initial state). In this state, no internal field is formed. When illuminated
electrode is biased positively, the internal field is generated in the reversed direction. After removing
the DC external bias, the backward internal field should be maintained (second state). UV
illumination on the positively biased electrode should produce photocurrent with the reversed
polarity. In contrast, the opposite internal field should be induced when the illuminated electrode is
biased negatively prior to UV light illumination. After the removal of the external DC bias, the
forward internal field should be formed (third state). In this series of experiments, light irradiation
was started just after the removing the DC voltages.

Figure 2-7 shows the steady state photocurrent response curves under zero bias in the SmC*
phases of compounds (S)-1 and (S)-2. For compound (S)-1, the ambiguous photocurrent response
was observed in the initial state of the SmC* phase. After generation of the internal field, clear
photocurrent response was observed in the second and third states. It should be noted that the
polarity of the photocurrent was opposite to the polarity of the DC bias prior to UV light illumination.
Stronger photocurrent response was observed in the third state than in the second state. In the third
state, the illuminated electrode should be charged positively.

For compound (S)-2, clear photocurrent response was observed when the positive internal field
was generated in the third state. However, the photocurrent was one forth as large as that of

compound (S)-1. In the second state, photocurrent was smaller than that in the third state.
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Throughout these steady state photocurrent measurements of compounds (S)-1 and (S)-2, the
generated photocurrent at zero bias in the third state was stronger than that in the second state.
Compounds (S)-1 and (S)-2 have a strong absorption band in the near UV area, and the penetration
depth of the excitation UV light is less than 100 nm. Under the condition of the third state, majority
photocarriers are holes, which are generated and transported more efficiently than electrons. In

contrast, electrons are the majority carrier in the second state and lower photocurrent was observed.
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Figure 2-7. Steady state photocurrent response profiles in SmC* phases of (a) compound (S)-1
(135 °C), (b) compound (S)-2 (90 °C). The measurements were performed using ITO/ ITO sandwich

cells whose thickness was 2 um.

As mentioned above, compound (S)-1 has larger spontaneous polarization and higher APV
efficiency than compound (S)-2. This result suggested that the spontaneous polarization contributes
to the APV efficiency. However, it should be noted that the spontaneous polarization in the bulk
should be relaxed on the measurement time scale. This might mean that the retained spontaneous
polarization in the interface region contributed to the APV phenomena. Actually, their open-circuit
voltages were less than 1V, which is much lower than the latent power of the ferroelectric system.

Although the spontaneous polarization of compound (S)-1 is 1.2 times larger than that of
compound (S)-2, the APV photocurrent of compound (S)-1 in the third state is around 4 times larger
than that of compound (S)-2. This implies the contribution of other factors than the spontaneous
polarization to APV effect. We consider that the APV effect should be affected by the carrier
transport property, because photocurrent is proportional to the product of the density of
photocarriers and the carrier mobility. In fact, the value of hole mobility in the FLC phase of
compound (S)-1 is one order of magnitude larger than that of compound (S)-2, resulting in the higher

APV efficiency of compound (S)-1. For visible light, the APV effect was not observed, because
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compounds (S)-1 and (S)-2 have no absorption in long-wavelength visible area. Their strong
absorption bands are spread in near-UV area. This result indicates photocarriers are originated from

the excitation states of the LC molecules.

2.4. Conclusion

From the above, we suggest the mechanism of APV effect in the FLC system which described
following. In the first step, the internal field is generated by the spontaneous polarization in the SmC*
phase. In the second step, excitons are generated by UV light excitation. Next, charge separation
occurs with the assistance of the internal field. In the final step, the photocarriers are transported to
electrodes.

In summary, we have synthesized ferroelectric LC fluorophenylterthiophene derivatives exhibiting
SmC* phases. Spontaneous polarizations in SmC* phases of these compounds were on the order of
10" nC cm™. In the SmC* phase of compound (S)-1, the hole mobility was on the order of 10*cm?®V™
s, which was one order of the magnitude higher than that of compound (S)-2. These compounds
exhibit APV effect in their SmC* phases. Compound 1 has qualitatively higher conversion efficiency
than compound (S)-2. The carrier transport property and spontaneous polarization in SmC* phases

should contribute these behaviors.
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Chapter 3
Bulk photovoltaic effects based on molecular chirality:
the influence of the enantiomer purity on the photocurrent

response in t-conjugated ferroelectric liquid crystals

Abstract: (S)- and (R)-forms of chiral m-conjugated ferroelectric liquid crystals were synthesized. The
dielectric properties in the FLC phases were evaluated by the Sawyer—Tower method. Spontaneous
polarization of (S)-1 reached 68 nC cm™ at 127 °C. Hole mobilities in the FLC phases estimated by the
TOF method were on the order of 10* cm”V™s™. Each chiral n-conjugated compound exhibited a
photovoltaic effect based on spontaneous polarization without p-n or Schottkey junctions. This
phenomenon could be attributed to APV effect that has been observed in ferroelectric ceramics. In
addition, liquid-crystalline enantiomeric mixtures of (S)-1 and (R)-1 were prepared and the APV
response under UV illumination was studied. The APV response was enhanced with an increase in
enantiomeric purity and was minimized in the racemic mixture. From this result, it was concluded

that the APV effect in this FLC compound originated from the molecular chirality.

3.1. Introduction

One of the significant phenomena induced by molecular chirality is the formation of helical
structures, which are promising for chiral recognition and optical functions. Chiral functional
molecules bearing hydrogen-bonding sites form helical nanofibrous aggregates.' Polymers consisting
of chiral monomer units form helical structures that can recognize chiral molecules.” Circularly
polarized fluorescence has been observed from chiral T-conjugated polymers and oligomers,* as well
as from the cholesteric phase of chiral LC molecules.*

Molecular chirality can break the symmetry of a system even when helical structures are not
formed. In molecular motors, molecular chirality breaks the balance between right-handed and
left-handed photochemical rotations.” For enhanced magnetic Faraday effects in chiral metal
complexes, the symmetry of the interaction between the 4f-electron spins of terbium and the
magnetic field of the incident light is broken.®

Ferroelectric liquid crystals are also based on symmetry breaking by molecular chirality.” A typical
ferroelectric SmC* phase consists of chiral LC molecules. In the SmC* phase, a helical structure is
unwound to produce spontaneous polarization under the application of a DC electric field. FLC
materials have been developed for application in high-speed LC displays.® These conventional FLC

materials are electrically insulative and have no absorption bands in the near-UV and visible regions.
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LC molecules with an extended m-conjugated unit form anisotropic electronic systems.’ Electronic
charge carrier transport in columnar and smectic LC materials has been studied by the time-of-flight

(TOF) technique,'®® the microwave absorption method,®’ and the space-charge-limited current

1la-c 11d-g

method.’™' Light-emitting diodes, field-effect transistors, and solar cells using LC

semiconductors have been studied.’™"’

Our intention is to couple this ferroelectricity with electronic charge carrier transport in LC
supramolecular systems. We have already reported preliminary results on a photovoltaic effect in the
SmC* phase of phenylterthiophene derivatives.'> We observed zero-biased photoconductivity with a
polarity opposite to that of the DC bias applied prior to UV illumination and inversion of the
photocurrent polarity by changing the pre-illumination DC bias polarity. This photovoltaic effect
should be attributable to photocarrier generation and transport by the electric field produced by
ferroelectric polarization, and not to a p-n junction. However, such a bulk photovoltaic effect could
also be caused by polarization of ionic impurities and space charges trapped in defects or electrode
surfaces.

In this study, we examined the dependence of the photovoltaic effect on the enantiomeric purity
of m-conjugated FLCs and verified that this photovoltaic effect is attributable to ferroelectric
spontaneous polarity based on molecular chirality.

Figure 3-1 depicts the mechanism of photovoltaic effects schematically. Conventional
photovoltaic devices require p-n junction that generate a built-in internal electric field to promote
charge carrier generation and transport, as shown in Figure 3-la. In conventional devices, the
open-circuit voltage is restricted by the band gap of the active materials. Therefore, the open circuit
voltage in conventional photovoltaic devices should be around 1 V.**

An APV effect is defined as a band-gap-independent photovoltaic effect. The APV effect is mainly

%15 As shown in

observed in inorganic displacement-type ferroelectrics such as BiFeO; and BaTiOs.
Figure 3-1b, the photovoltage is generated by an internal electric field originating from spontaneous
polarization of the ferroelectrics instead of the junction. The APV effect can produce an open circuit
voltage that is greater than the band gap. Further, the polarity of the photovoltage can be inverted by
application of a DC voltage prior to illumination. Ferroelectric ceramics have wide band gaps and
cannot absorb visible light, resulting in low conversion efficiencies. Moreover, vacuum processes are

required to produce thin films for these devices.™
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Figure 3-1. Schematic illustrations of the formation of (a) a built-in electric field in a p-n junctions

and (b) an internal electric field in a ferroelectrics. AV denotes the potential drops.

On the other hand, most organic ferroelectrics are order—disorder-type systems,'® and studies of
APV phenomena in organic ferroelectrics have been quite limited.'” However, organic materials have
a diversity of chemical structures with absorption bands that can be tuned by a chemical
modification. In addition, solution-processable ferroelectrics can be designed.

Most FLCs are classified as order—disorder-type ferroelectrics,® with the exception of FLC
surfactant complexes based on phosphonium salts.'® The schematic illustrations in Figure 3-2 display
the basic strategy for achieving the APV effect based on order—disorder-type ferroelectric materials
bearing an extended m-conjugated unit. In order—disorder-type ferroelectrics, a nonpolarized state is
formed without poling treatment (Figure 3-2a). In the initial state, the dipole moment should be
cancelled out in the whole. When a DC bias is applied, the dipoles can be aligned to compensate for
the external stimulus. As a result, an internal electric field is generated in the bulk (Figure 3-2b). After
removing the external bias, ferroelectric polarization can be retained. Then, excitons generated by
light absorption can be separated into positive and negative charge carriers by the internal field
originating from the spontaneous polarization. The charge carriers can be transported to both
electrodes through the electronic conduction pathway derived from orbital overlap between
extended m-conjugated units (Figure 3-2c¢). Thus, the bulk internal field efficiently assists

charge-separation and carrier-transport processes.
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APV effect
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Figure 3-2. Schematic illustrations of the elementary processes for achieving the APV effect based

on order—disorder-type ferroelectrics. (The red arrows indicate the direction of the dipole moments.)

3.2. Experimental Section
3.2.1. Synthesis of materials

All 'H- and C-NMR spectra were performed by solutions in CDCl; on a Varian UNITY
INOVA400NB spectrometer. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectra were performed by Bruker Daltonics ultrafleXtreme(TM). FT-IR measurements were
carried out on a JASCO FT/IR-660 Plus spectrometer.

[1,3-Bis(diphenylphosphino)propane]nickel(ll) dichloride, 4-bromo-2-fluorophenol, 2-bromobithi-
ophene, 9-decen-1-ol, 2, 2-dimethylpropanediol, diethyl azodicarboxylate (40% in toluene), N-bromo-
succinimide, (R)-2-octanol, phosphorus tribromide, thiophene, trimethyl borate, and tetrakis(triphen-
ylphosphine)palladium(0) were purchased from Tokyo Chemical Industry. n-Hexane, tetrahydrofuran,
toluene, 1, 2-dimethoxyethane, n-butyllithium (1.6 M hexane soln.), and the other inorganic reagents
were obtained from Wako Pure Chemical Industries. All of them were used without further
purification. Silica gel was purchased from Kanto Chemicals. A used mirror enantiomer (R)-1 was
synthesized in the previous work. All reactions were performed under nitrogen atmosphere in a
well-dried three-necked flask equipped with a magnetic stirring bar.

Compound (S)-1 was synthesized as shown in scheme 1. Compound (S)-2 was synthesized via the
Suzuki-Miyaura reaction between 2-bromo-5:2’-bithiophene and 3-fluoro-4-{(S)-2-octyloxy}phenyl
boric acid ester by the same procedure reported previously.””> The bromination reactions of
compound (S)-2 with using N-bromosuccineimide were afforded to the compound (S)-3. Then,
phenylterthiophene derivative (S)-1 bearing an alkenyl side chain was synthesized via Suzuki-Miyaura
reaction between brominated phenylbithiophene derivative (S)-3 and alkenylthienyl boric acid ester
4.
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Scheme 3-1. Synthetic route to compounds (S)-1.

5-Bromo-5’-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene ((S)-3)
The synthetic procedure is described in former chapter (2.2.1. Synthesis of materials).

'H-NMR : §=7.30 (dd, 1H, J = 12.0, 2.4 Hz), 7.25 (ddd, 1H, J = 8.4, 2.4, 1.2 Hz), 7.09 (d, 1H, J = 4.0 Hz),
7.05 (d, 1H, J = 4.0 Hz), 6.98 (d, 1H, J = 4.0 Hz), 6.96 (t, 1H, J = 8.8 Hz), 6.92 (d, 1H, J = 3.6 Hz), 4.38
(sextet, 1H, J = 6.0 Hz), 1.84-1.74 (m, 1H), 1.65-1.35 (m, 1H), 1.53-1.24 (m, 8H), 1.33 (d, 3H, J = 6.0 Hz),
0.88 (t, 3H, J = 7.2 Hz); FT-IR (ATR): v=2984, 2976, 2949, 2931, 2919, 2854, 1611, 1577, 1522, 1504,
1466, 1418, 1374, 1296, 1268, 1243, 1182, 1124, 1066, 995, 966, 940, 861, 806, 790, 786, 727, 668,
646, 622, 475, 445 cm’’; elemental analysis calcd (%) for C,,H,4BrFOS,: C 56.53, H 5.17, Br 17.09, F
4.06, O 3.42, S 13.72; found: C 56.7, H 5.2; exact mass: 466.04; molecular weight: 467.46; m/z:
465.85, 466.81, 467.82, 468.82, 469.82.

10-Bromo-1-decene

To stirred DMF (600 mL) was slowly added dropwise PBr; (18.5 mL, 195 mmol) at 0 °C over 20 min
and gradually warmed to room temperature. The mixture was stirred over 1 h. Then, 9-decen-1-ol
(50.1 g, 321 mmol) with dry diethylether (50 mL) was slowly added to the cream-colored suspension
over 20 min. After the addition of 9-decen-1-ol, the mixture was stirred for 24 h. The reaction
mixture was quenched by H,0 (200 mL) cooling with ice bath. The product was extracted with
n-hexane (200 mL x1, 100 mL x2, 75 mL x1). All collected organic fractions were combined and dried
over Na,SO,. After filtration and evaporation, the crude product was passed the silica gel column
(eluent: n-hexane) and dried in vacuo to give 10-bromo-1-decene as a colorless clear liquid (57.7 g,
82 % yield).
'H-NMR (400 MHz, CDCl,): &= 5.81 (ddt, 1H, J = 17.0, 10.2, 6.8 Hz), 4.99 (ddd, 1H, J = 17.2, 3.6, 1.6
Hz), 4.93 (ddt, 1H, J = 10.2, 2.2, 1.2 Hz), 3.41 (t, 2H, J = 7.0 Hz), 2.04 (quartet, 2H, J = 7.2 Hz), 1.85
(quintet, 2H, J = 7.2 Hz), 1.46-1.27 (m, 10H).

2-(9-Decenyl)thiophene
To a solution of thiophene (15.0 g, 178 mmol) in dry THF (250 mL) was slowly added n-Buli (1.6

M in n-hexane soln., 103 mL, 166 mmol) at -78 °C. After the addition of n-Buli, the mixture was
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allowed to warm to 0 °C and stirred for 1 h. Then, 9-bromo-1-decene (30.0 g, 137 mmol) with dry THF
(50 mL) was slowly added to reactant mixture at 0 °C. The obtained pale-yellow suspension was
gradually warmed to room temperature and stirred for overnight at room temperature. The mixture
was quenched by H,0 (150 mL) cooling with ice-bath. The product was extracted with n-hexane (100
mL x3, 50 mL x1). The organic layer was washed with brine (150 mL) and water (100 mL) in this order.
The collected organic fractions were combined and dried over Na,SO,. After filtration and
evaporation, the crude solution was passed the silica gel column (eluent: n-hexane) and distillated in
vacuo to give 2-(9-decenyl)thiophene as a pale-yellow clear liquid (21.2 g, 69 % yield).

'H-NMR (400 MHz, CDCl5): 6=7.10 (dd, 1H, J=5.2, 1.2 Hz), 6.91 (dd, 1H, J = 5.0, 3.4 Hz), 6.77 (dd, 1H,
J=3.4,1.0 Hz), 5.81 (ddt, 1H, J=17.0, 10.2, 6.8 Hz), 4.99 (ddd, 1H, /= 17.2, 3.6, 1.6 Hz), 4.93 (ddt, 1H,
J=10.2,2.2,1.2 Hz), 2.81 (t, 2H, J = 7.6 Hz), 2.04 (quartet, 2H, J = 6.8 Hz), 1.67 (quintet, 2H, J = 7.4
Hz), 1.41-1.28 (m, 10H).

2-(9-decenyl)thienylboric acid 2,2-dimethyl-1,3-propanediyl ester (4)

To a solution of 2-(9-decenyl)thiophene (13.5 g, 60.9 mmol) in dry THF (200 mL) was slowly added

n-Buli (1.6 M in n-hexane soln., 46.0 mL, 74.1 mmol) with dry THF (10 mL) at -78 °C. After the
addition of n-Buli, the mixture was stirred for 1 h at -78 °C. Then, the mixture was allowed to warm
to 0 °C for 20 min and cooled down to -78 °C again. Trimethyl borate (9.60 mL, 85.9 mmol) was slowly
dropwised over 5 min to reactant mixture at -78 °C. The obtained pale-yellow suspension was
gradually warmed to room temperature and stirred for 20 h. Then, 2, 2-dimethylpropanediol (9.53 g,
91.5 mmol) with dry THF (40 mL) was added to the orange reactant mixture at 0 °C. The mixture was
warmed to room temperature and stirred for 9 h. After the addition of H,0 (30 mL), the product was
separated and washed with sat. NH,Cl ag. (100 mL), brine (100 mL) and H,0 (100 mL) in this order.
The aqueous layer was extracted with CHCl; (100 mL x1, 50 mL x3). All collected organic fractions
were combined and dried over Na,SO,. After filtration and evaporation, the crude product was
purified by the silica gel columnchromatography (eluent: n-hexane — n-hexane/ethyl acetate =
10/1; v/v, gradient) and dried in vacuo to give 2-(9-decenyl)thienylboric acid 2,2-dimethyl-1,3-
propanediyl ester as a pale yellow waxy crystal (10.6 g, 52 % yield).
'"H-NMR (400 MHz, CDCls): 5=7.39 (d, 1H, J = 3.4 Hz), 6.83 (d, 1H, J = 3.4 Hz), 5.81 (ddt, 1H, J = 17.0,
10.2, 6.8 Hz), 4.99 (ddd, 1H, 17.0, 3.6, 1.6 Hz), 4.93 (ddt, 1H, J =10.2, 2.2, 1.2 Hz), 3.74 (s, 4H), 2.83 (t,
2H, J=7.6 Hz), 2.03 (quartet, 2H, J = 7.2 Hz), 1.67 (quintet, 2H, J = 7.4 Hz), 1.39-1.26 (m, 10H), 1.02 (s,
6H).

5-(9-Decenyl)-5"-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’:5’,2”-terthiophene ((S)-1)

To a stirred solution of 5-Bromo-5’-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’-bithiophene ((S)-3)
(1.11 g, 2.37 mmol), 2-(9-decenyl)thienylboric acid 2,2-dimethyl-1,3-propanediyl ester (4) (0.87 g,
2.60 mmol) and Pd(PPhs), (91.3 mg, 0.079 mmol) in 1,2-dimethoxyethane (60 mL) was added 2 mol/L

Na,CO; aqueous solution (35 mL). After the reaction mixture was refluxed 6 h, 1,2-dimethoxyethane
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was removed from the reaction mixture under the reduced pressure. The produced precipitates were
collected by filtration. The filtrate was extracted with THF (100 mL x1) and THF/ n-hexane (100 mL/50
mL x1). The extract was dried over anhydrous MgSQO,. After filtration and evaporation, obtained solid
was combined with former precipitate. The crude product was purified by silica gel column
chromatography (eluent: n-hexane/toluene = 5/1; v/v). The product was recrystallized from n-hexane
and dried in vacuo to afford 5-(9-decenyl)-5"-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’:5’,2”-terthiophe-
ne as a pale yellow crystal (1.16 g, 81 % yield).

'H-NMR (400 MHz, CDCl,): 6= 7.31 (dd, 1H, J = 12.2, 2.2 Hz), 7.26 (ddd, 1H, J = 8.4, 2.2, 1.2 Hz), 7.10
(d, 1H, J = 3.6 Hz), 7.09 (d, 1H, J = 3.6 Hz), 7.06 (d, 1H, J = 3.6 Hz), 7.00 (d, 1H, J = 3.6 Hz), 6.98 (d, 1H, J
= 3.6 Hz), 6.96 (t, 1H, /= 8.8 Hz), 6.68 (d, 1H, J = 3.6 Hz), 5.81 (ddt, 1H, /= 17.2, 10.4, 6.8 Hz), 5.00 (m,
1H), 4.93 (ddt, 1H, J = 10.4, 2.4, 1.2 Hz), 4.37 (sextet, 1H, J = 6.0 Hz), 2.79 (t, 2H, J = 7.6 Hz), 2.04
(quartet, 2H, J = 7.2 Hz), 1.84-1.74 (m, 1H), 1.71 (quintet, 2H, J = 7.6 Hz), 1.65-1.55 (m, 1H), 1.51-1.25
(m, 18H), 1.33 (d, 3H, J = 6.0 Hz), 0.89 (t, 3H, J = 6.8 Hz); *C-NMR (100 MHz, CDCl;): 5= 145.8, 141.9,
139.4,137.0, 136.4, 135.5, 134.6, 127.8, 125.0, 124.5, 124.3, 123.7, 123.5, 121.6, 121.5, 117.8, 114.3,
113.9, 113.7, 76.7, 36.6, 33.9, 31.9, 31.7, 30.3, 29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 25.6, 22.8, 20.0,
14.2; FT-IR (ATR): v=3073, 2918, 2849, 1641, 1616, 1576, 1546, 1525, 1505, 1464, 1447, 1427, 1380,
1304, 1267, 1235, 1210, 1124, 1059, 996, 942, 912, 894, 856, 810, 799, 790, 726, 662, 631, 600, 550,
473, 447 cm™; elemental analysis calcd (%) for C3gH4sFOS;: C 71.01, H 7.45, F 3.12, O 2.63, S 15.80;
found: C 70.9, H 7.5; exact mass: 608.26; molecular weight: 608.94; m/z: 608.27, 609.27, 610.30,
611.30, 612.31, 613.31.

5-(9-Decenyl)-5"-[4-{(R)-2-octyloxy}-3-fluorophenyl]-2,2’:5’,2”-terthiophene ((R)-1)
The synthetic procedure is described in ref. 12.

'H-NMR (400 MHz, CDCl,): 6= 7.29 (dd, 1H, J = 12.0, 2.4 Hz), 7.25 (ddd, 1H, J = 8.4, 2.0, 1.2 Hz), 7.09
(d, 1H, J = 3.6 Hz), 7.07 (d, 1H, J = 3.6 Hz), 7.04 (d, 1H, J = 4.0 Hz), 6.98 (d, 1H, J= 3.6 Hz), 6.97 (d, 1H, J
=3.6 Hz), 6.94 (t, 1H, J = 6.3 Hz), 6.67 (d, 1H, J = 3.6 Hz), 5.80 (ddt, 1H, J = 16.8, 10.4, 6.8 Hz), 5.00
(ddd, 1H, J = 16.8, 3.6, 1.2 Hz), 4.92 (ddt, 1H, J . 10.4, 3.6, 1.2 Hz), 4.36 (sextet, 1H, J . 6.0 Hz), 2.78
(2H, t, J = 7.6 Hz), 2.03 (quartet, 2H, J = 6.8 Hz), 1.82-1.73 (m, 1H), 1.67 (quintet, 2H, J = 7.2 Hz),
1.64-1.56 (m, 1H), 1.40-1.25 (m, 18H), 1.31 (d, 3H, J = 6.4 Hz), 0.87 (t, 3H, J = 6.4 Hz); *C-NMR (100
(100 MHz, CDCl5): & = 145.9, 139.4, 137.0, 136.4, 135.6, 134.6, 125.0, 124.5, 124.3, 123.7, 123.6,
121.6, 121.5, 118.0, 114.3, 114.0, 113.8, 113.5, 76.8, 36.7, 34.0, 32.0, 31.8, 30.4, 29.6, 29.5, 29.4,
29.3, 29.2, 29.1, 25.6, 22.8, 20.0, 14.3, 14.2; FT-IR (ATR): v= 3072, 2919, 2848, 1640, 1616, 1576,
1546, 1524, 1506, 1464, 1427, 1379, 1303, 1268, 1234, 1209, 1123, 1069, 996, 942, 911, 894, 857,
810, 799, 790, 726, 661, 630, 594, 549, 474, 447 cm™; elemental analysis calcd (%) for C3gHssFOSs: C
71.01, H 7.45, F 3.12, 0 2.63, S 15.80; found: C 71.4, H 7.6; exact mass: 608.26; molecular weight:
608.94, m/z: 608.26, 609.27."
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3.2.2. Preparation of enantiomer mixtures of (S)-1 and (R)-1
Appropriate quantities of both enantiomers were weighed and dissolved in toluene. The solution
was mixed and the solvent was evaporated by heating. Finally, the obtained solid was dried in vacuo

to afford the enantiomeric mixture.

3.2.3. Characterization of mesomorphic properties

The mesomorphic properties of the phenylterthiophene derivatives were evaluated using
polarizing optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray diffraction
(XRD). A polarizing optical microscope (Olympus DP70) equipped with a handmade hot stage was
used for visual observation of optical textures. DSC measurements were conducted with a NETZSCH
DSC 204 Phoenix system. XRD patterns were acquired with a Rigaku Rapid Il diffractometer equipped

with a handmade hot stage using Ni-filtered Cu Ko radiation.

3.2.4. Evaluation of carrier transport properties

Hole mobilities were measured by a TOF method. Liquid crystal cells with a 25 um gap were
fabricated by combining two ITO-glass plates. The empty cells were put on a hot stage and heated
above the clearing temperature of the LC compounds. The LC sample was melted and capillary-filled
into the cells. After the required sample temperature was reached on the hot stage, a DC voltage was
applied using an electrometer (ADC R8252), and a pulse laser was used to illuminate to the LC cell.
The excitation source was the third harmonic of a Nd:YAG laser (Continuum MiniLite I, wavelength =
356 nm, pulse duration = 2 ns) and the photoinduced displacement currents were recorded using a
digital oscilloscope (Tektronix TDS 3044B) through a serial resistor.

The photogenerated charge carriers obtained by pulse laser illumination drift across the sample
under application of a DC electric field, inducing a transient photocurrent as a voltage drop across the
serial resistor connected to the digital oscilloscope. When the photogenerated charge carriers arrive
at the counter electrode, the transient photocurrent drops to zero. The transit time of the
photogenerated charge carriers can be determined from the kink point in the transient photocurrent

curve.

3.2.5. Evaluation of spontaneous polarization

Spontaneous polarization was evaluated by a Sawyer—Tower method using a triangular-wave bias
(+ 25 kV cm™, 50-1000 Hz). The triangular-wave bias generated by a function generator (NF WF1973)
was applied to the LC sample cells. The induced currents were recorded with a digital oscilloscope
(Tektronics TDS 3044B) through a serial resistor. In this measurement, sample cells with a 2 um gap

were used. The sample cells were prepared in the same way as those for the TOF method.
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3.2.6. Evaluation of the APV effect in SmC*/SmC phases
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Figure 3-3. Schematic illustrations of measurement condition for the steady state photocurrent

response under zero bias in SmC/SmC* phases.

Figure 3-3a depicts the formation of polarized states in the SmC* phase schematically. Randomly
oriented LC molecules in the isotropic phase (state (i)) form a layer structure in the SmC* phase (state
(ii)). In the SmC* phase, the direction of the LC molecules changes periodically along the layer normal
to cancel the strong dipole moments, resulting in the formation of a helical structure owing to
molecular chirality. This state is retained under short-circuit conditions (state (iii)). When a DC bias is
applied to the sample, the helical structure is unwound to produce a polarized state in which the LC
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molecules orient in one direction, tilted toward the layer normal (states (iv) and (vi)). Molecular
dipoles align along the external electric field to produce polarization. When the external voltage is
removed, the unidirectional molecular orientation is retained to produce an internal electric field
(states (v) and (vii)).

The APV effect was confirmed by measuring the steady-state photocurrent response under zero
bias (Figure 3-3b). In state (iii), no internal field is formed. When the front electrode is biased
positively in the ferroelectric phase, spontaneous polarization is generated in the reverse direction in
state (iv). After removing the DC external bias, the backward internal field remained (state (v)). UV
illumination on the front electrode should produce a photocurrent with the opposite polarity to that
of the DC field applied prior to illumination. In contrast, a forward internal field should be induced in
the SmC* phase when the front electrode is biased negatively prior to UV illumination (state (vi)).
After removal of the external DC bias, the polarized state with a forward internal field was retained
(state (vii)). In this series of experiments, light irradiation was started just after removal of the DC
voltage. Repeated illumination for 4 s was achieved using a mechanical shutter.

In the presence of an internal field, excitons generated by UV excitation separate to produce
charge carriers. The photocarriers are transported to the electrodes, producing photocurrent without

an external electric field.

3.3. Results and Discussion
3.3.1. Mesomorphic Properties of chiral phenylterthiophene derivatives

Table 3-1. Phase-transition behaviors of chiral compounds (5)-1 and (R)-1.

Phase-transition temperature / °C

Compounds L
(Enthalpy / kJ mol™)
(R)-1 SmG* 124 (10) SmC* 140 (9) Iso
(5)-1 SmG* 125 (10) SmC* 140 (9) Iso

The abbreviations SmG*, SmC*, and Iso denote chiral smectic G, chiral smectic C, and isotropic phases, respectively.
The mesomorphic properties of chiral fluorophenyl-terthiophene derivatives (S)-1 and (R)-1 are summarized in Table 1. The

LC properties of (R)-1 have been already discussed in the previous study.12

The mesomorphic properties of chiral fluorophenylterthiophene derivatives (S)-1 and (R)-1 are
summarized in Table 1. The LC properties of (R)-1 have been discussed in the previous study."
In POM, typical broken fan-like textures with disclination lines were observed on cooling from the
isotropic molten state for compound (S)-1 (Figure 3-4a). The appearance of characteristic broken
fan-like domains suggests the formation of a SmC* structure, with the disclination lines derived from

the helical structure of the SmC* phase (Figure 3-4a, inset). Upon further cooling from the SmC*
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phase, the polarized optical textures were changed with the domain shapes maintained. It is noted
that the LC molecules prefer a homeotropic alignment between the two glass substrates and the
some fan-shaped domains appear. In this cooling process, tile-like domains drastically appeared in
the homeotropic domains of the SmC* phases, which suggests the formation of an ordered smectic
phase (Figure 3-4b).

(a) (b)

Figure 3-4. POM images of (a) the SmC* phase (125 °C) and (b) the SmG* phase (50 °C) of (5)-1 on

cooling between two glass substrates. The inset is a magnified image of the SmC* phase at 125 °C.

The molecular reorientation behaviors induced by the external electric field were confirmed by
the POM study under DC bias. For a 2 um-thick cell of compound (S)-1, broken fan-like SmC*
domains with periodic lines were obtained after cooling from the isotropic liquid phase (Figure 3-5a).
The stripe patterns of the line defects implied the formation of SmC* helical structures. In the
domains with stripe patterns, polarization should be cancelled. It should be noted that the formation
of stripe patterns was random and was not observed in the whole area. That is, the polarization state
should coexist microscopically, even in the electrically neutral state. When a DC bias was applied to
the cell, the stripe patterns in the SmC* domains disappeared and clear broken fan-like textures,
which are usually observed in achiral SmC phase, were observed in the POM images. This texture
change suggested the reorientation of the LC molecules to form the polarized state. With the
opposite external electric field, the POM texture change had a different color tone (Figure 3-5b and
3-5¢). On removing the external bias, the original POM textures in the electrically neutral state were
recovered. The stripes originating from the disclinations were only partially reproduced, owing to
retention of the polarized state. After the discharge treatment, many disclination lines were formed

in the broken fan-like domains (Figure 3-5d).
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Figure 3-5. POM images of the SmC* phase (127 °C) in a 2 um gap cell filled with (S)-1: (a) after
cooling from the Iso phase without DC bias, (b) under application of a negative DC bias (-5 V), (c)
under application of a positive DC bias (+5 V), and (d) after discharge. The insets are magnified

images of the SmC* phase at 127 °C.

-

>
T
-
-
-
=
-]

2nd cooling A A
A -~
2nd heating v '

1st heating v UH

Exothermic

. 1 1
-100 -50 0 50 100 150 200
Temperature / °C

Figure 3-6. DSC thermograms of (S)-1 (The scanning rate was 10 K min™).

In the DSC thermogram of (S)-1 (Figure 3-6), clear two peaks are observed during the 2nd heating
and cooling processes. These two peaks indicated transitions between ordered smectic and SmC*

phases and between SmC* and isotropic phases. It is noted that a crystalline—LC phase transition
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peak was observed around 50 °C only during the 1st heating process. The initial crystalline
precipitates that were used for the DSC measurements were obtained by recrystallization from
n-hexane solution. Once the precipitates melted to the isotropic phase, they did not crystallize during
the cooling process. The DSC thermograms of (S)-1 are identical to those of (R)-1, which were

previously reported.™
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Figure 3-7. XRD patterns of (S)-1 (upper: SmC* phase at 132 °C, bottom: SmG* phase at 100 °C).

The XRD pattern of the SmC* phase of (S)-1 (Figure 3-7, upper) shows a strong small-angle
diffraction and weak high-order peaks, which correspond to the (001), (002), and (003) diffraction
planes. The ratio of the d-spacings for these diffraction planes is 3:2:1, supporting the smectic layer
structure. The layer spacing is shorter than the extended molecular length of (5)-1 estimated by MM2
calculation, indicating that the molecules are tilted to the layer normal. Therefore, the
high-temperature LC phase was confirmed to be a SmC* phase. The low-temperature LC phase of
(5)-1 was identified as a chiral smectic G (SmG*) phase, as the wide-angle diffraction peaks observed
in the XRD pattern of (S)-1 (Figure 3-7, lower) suggest a rectangular order for the positions of LC
molecules within the smectic layers. These diffraction patterns of (S)-1 are identical with those of

(R)-1.
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Figure 3-8. POM images of the SmC phase (127 °C) in a 2 um gap cell filled with (rac)-1: (a) after
cooling from the Iso phase without DC bias, (b) under application of a negative DC bias (-5 V), (c)
under application of a positive DC bias (+5 V), and (d) after discharge. The insets are magnified

images of the SmC phase at 127 °C.

The mesomorphic properties of LC enantiomeric mixtures composed of (S)-1 and (R)-1 were also
evaluated in the same way. For the racemic mixture (rac)-1, broken fan-shaped domains without
disclination lines were formed after cooling from the Iso phase in a 2-um thick LC cell (Figure 3-8a).
As an external bias was applied to the racemic SmC cell, the domain shapes and defect lines did not
change, but the color tone changed slightly, regardless of the bias direction (Figure 3-8b and 3-8c).
This color change should be attributed not to ferroelectric switching but to the electro-optic effect,
which is observed in achiral SmC phases. Recovery of the original textures in the electrically neutral
state was observed after removing the DC bias. It is noteworthy that no disclination lines were
generated in the SmC phase of (rac)-1, even after discharge (Figure 3-8d). These results clearly
indicated that achiral LC phases, not chiral LC phases, were formed in the racemic mixture system.
Thus, the high-temperature and low-temperature LC phases of (rac)-1 were identified as smectic C
(SmC) and smectic G (SmG) phases, respectively. (For details of the DSC thermograms and XRD
profiles of (rac)-1, see the Figure 3-9 and 3-10, respectively.)
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Figure 3-9. DSC thermograms of (rac)-1 (The scanning rate was 10 K min™).
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Figure 3-10. XRD patterns in the LC phases of (rac)-1 on cooling process (Upper: at 126 °C in the
SmC phase, bottom: at 100 °C in the SmG phase).

Figure 3-11 shows the phase diagram for the LC mixtures of (R)- and (S)-1. With the exception of
(rac)-1, all the samples exhibited SmC* and SmG* phases. The racemic mixture, (rac)-1, displays an
achiral SmC phase. The phase transition temperatures and enthalpies were almost independent of

the enantiomeric purity.
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Figure 3-11. A phase diagram of the enantiomer mixtures of (S)-1 and (R)-1.

3.3.2. Carrier transport properties in SmC*/SmC phases
The carrier mobilities in the SmC* phase of (S)-1 were determined by the TOF technique using 25
um gap cells. Figure 10a shows typical transient photocurrent curves for holes in the SmC* phase of

(S)-1.
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Figure 3-12. Transient photocurrent curves for positive charge (a) in the SmC* phase (130 °C) of
(5)-1, and (b) in the SmC phase (130 °C) of (rac)-1. The measurements were performed using ITO/ ITO

sandwich cells (gap: 25 um). The arrows indicate kink points corresponding to the transit times.
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Nondispersive transient photocurrent curves were observed for the holes in the SmC* phase of
(5)-1 (Figure 3-12a). The kink points on the linear plots of the curves provided the transit times. In
contrast, dispersive and weak transient photocurrent curves were observed for negative charge
carriers, and the mobilities of the negative carriers could not be estimated.

In the SmC* phase of (5)-1 at 130 °C, the hole mobility was determined to be 2.7 x 10* cm?V™'s™
from the transit times. This value is one or two orders of magnitude larger than ionic carrier
mobilities in nematic phases.”” The hole mobility in the SmC* phase was independent of the
temperature and the electric field (Figure 3-13a, 3-14a). The determined hole mobility is on the same
order as those in the SmC* and SmC phases of other LC semiconductors.’” ** Field- and
temperature-independent charge carrier mobilities have also been observed in SmC* and SmC
phases of oligothiophene and phenylnaphthalene derivatives.”

The hole-transport properties in the SmC phase of the racemic mixture, (rac)-1, were studied
under similar conditions. Nondispersive transient photocurrent curves were observed for the holes in
the SmC phase (Figure 3-12b). The hole mobility of (rac)-1 was 2.5 x 10 cm?*V™*s™* at 130 °C, which is
comparable to that of (S)-1. In addition, the hole mobility in the SmC phase of the racemic sample
was also independent of the temperature and electric field (Figure 3-13b, 3-14b). Thus, the
hole-transport characteristics in the SmC* (or SmC) phase were not affected by the enantiomeric
purity of the sample. Under the conditions used for TOF measurements, the helical structure of the
SmC* phase was unwound and the molecular aggregation states are the same in the LC phases of the
enantiomeric mixtures and the racemic sample. In the presence of an external voltage, the external
voltage determines the electric field interacting with the photogenerated charge carriers, as
observed in conventional dielectrics, including ferroelectrics.

a

In amorphous organic semiconductors,”®® temperature- and field-dependence of carrier
mobilities is mainly attributed to distribution of energy levels of hopping sites. This is caused by the
fluctuation of local electric fields produced by randomly oriented molecular dipole moments.
Assuming the hopping transport,”*¢ hole transport characteristics in the SmC and SmC* phases
should be different.

In columnar and smectic phases in high temperature region, thermal activation process of charge
carrier hopping between the disordered energy levels competes with dynamic fluctuation of the LC
structures.'%%3223¢ Tha SmC and SmMC* phases have a dynamic nature. Because of thermal motion
of the LC molecules, thermal fluctuation of the layer structures should cancel the thermal activation
effect in the charge carrier hopping process which is influenced by the local electric field generated
by molecular dipole moments. This thermal fluctuation of the LC supramolecular aggregation
structures should make the difference of the characteristics between the two phases inconspicuous.

For electrons, only weak featureless current decays were observed in the SmC* and SmC phases
of these samples. This result indicated that the generation efficiency of electrons was lower than that

of holes.
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Figure 3-13. Hole mobilities as a function of the square root of electric field in (a) the SmC* phase
of (5)-1 and (b) the SmC phase of (rac)-1.
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Figure 3-14. Hole mobilities as a function of temperature in (a) the SmC* phase of (S)-1 and (b) the
SmC phase of (rac)-1.
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3.3.3. Spontaneous polarizations

Spontaneous polarization in SmC* (SmC) phases of chiral (S)-1 and the enantiomeric mixtures of
(5)-1 and (R)-1 was evaluated by the Sawyer-Tower method using 2 um gap LC cells (+ 25 kV cm™,
100 Hz). The value of the spontaneous polarization was determined by extrapolating the saturation
region of the loop to the applied voltage of 0 V. The spontaneous polarization in the SmC* phase was
almost constant up to the frequency of 1 kHz (Figure 3-15). As shown in Figure 3-16, hysteresis loops
were observed for the dielectric properties in the SmC* phases, indicating ferroelectricity. In contrast,
the racemic mixture did not exhibit ferroelectricity. The spontaneous polarization values were
estimated by extrapolation of these polarization curves to zero bias. The estimated values are

summarized in Table 3-2.

Table 3-2. Spontaneous polarization of the enantiomer mixtures for (R)-1/(S)-1.

Sample (R)-enantiomer composition P/nCcm™
(S)-1 0.00 68
1R10S-1 0.09 55
1R6S5-1 0.14 48
1R2S-1 0.33 23
(rac)-1 0.50 0

P denotes the value of spontaneous polarization. The notation of the sample is as follows. 1R105-1:
(R)-1/(S)-1 = 1/10; w/w mixture, 1R6S-1: (R)-1/(S)-1 = 1/6; w/w mixture, 1R2S5-1: (R)-1/(S)-1 = 1/10;
w/w mixture, (rac)-1: (R)-1/(S)-1 = 1/1; w/w mixture.
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Figure 3-15. Dielectric hysteresis loops in the SmC* phase (130 °C) of (S)-1.
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Figure 3-16. Dielectric hysteresis loops in SmC* (SmC) phases of the enantiomer mixtures for
(S)-1/(R)-1.

Spontaneous polarization decreased as the enantiomeric purity was reduced. This result
indicated that ferroelectricity in the SmC* phase is based on molecular chirality, as observed in
conventional FLCs. Therefore, spontaneous polarization was generated by the directional orientation
of the polar unit resulting from the symmetry break. Polarization inversion is determined by the

precession dynamics of the chiral molecules.

3.3.4. APV response in SmC*/SmC phases

The APV response was evaluated in the SmC* (or SmC) phase using 2 um gap ITO/ITO sandwich
cells. Figure 3-17 shows the steady-state photocurrent response curves under zero bias in the SmC*
phase of compound (S)-1.

In the initial state, a weak photocurrent response (ca. 0.12 nA cm™) was observed (Figure 3-17,
black line). The microscopic polarized domains might generate a weak internal electric field at the
interface between the LC material and the ITO electrode.

In the second state, the polarity of the photocurrent response was reversed owing to the
generated backward internal field (Figure 3-17, red line). In the third state, a strong photocurrent
response (>0.6 pUA cm™) was observed under the forward internal field (Figure 3-17, green line). It
should be noted that the polarity of the photocurrent was opposite to that of the DC bias prior to UV
illumination and that the polarity of the photocurrent response could be reversed by changing the
polarity of the DC bias prior to UV illumination.

The photocurrent response at zero external bias in the third state was larger than that in the

second state. As mentioned in previous papers,'* the penetration depth of the UV excitation light is

131



less than 100 nm owing to the strong absorption coefficient of phenylterthiophene (S)-1 in the
near-UV region. In this m-conjugated FLC system, the generation and the transport of holes are
superior to those of electrons. Because the forward internal field in the third state enhanced hole

conduction, a strong response was observed in the third state.
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Figure 3-17. Steady state photocurrent response profiles in SmC* phases of (S5)-1 (127 °C). The
measurements were performed using ITO/ ITO sandwich cells whose gap was 2 um. The APV current

density (Jo) is determined as APV photocurrent density at zero external bias.

To confirm the origin of the spontaneous polarization for the APV effect, the APV responses of
enantiomeric mixtures of (S)-1 and (R)-1 were evaluated under similar conditions using 2 um gap LC
cells. For the racemic mixture, (rac)-1, the APV response was suppressed, even in the third state. The
APV photocurrent and spontaneous polarization are plotted as a function of the enantiomeric ratio in
Figure 3-18. Both values are strongly correlated with the enantiomer composition, decreasing linearly
as the enantiomeric purity decreases. In contrast, the carrier mobility is independent of the
enantiomeric purity. Therefore, the origin of the APV effect in the SmC* phase of enantiomeric
compound (S)-1 or (R)-1 was confirmed to be the spontaneous polarization based on ferroelectricity

derived from the molecular chirality.
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Figure 3-18. The plot of APV photocurrent of the mixtures for (S)-1/(R)-1 and the spontaneous
polarization as a function of the enantiomer ratio (P: spontaneous polarization; Jo =35 third state : APV

photocurrent density at 35 s on the third state).

In all SmC* samples, the APV response was observed to decay (Figure 3-19). This response decay
might originate from the dielectric relaxation behavior in the SmC* phases. When the LC sample
thickness is larger than the SmC* helical pitch, the helical structure, which suppresses spontaneous
polarization, is the most thermodynamically stable state. Thus, thermal relaxation of the polarized
state to the nonpolarized helical structure should lead to a decay of the APV response. Because of
this polarization relaxation, the open circuit voltage was about 0.4 V which was comparable to those
of conventional organic photovoltaic cells based on p-n junction.

This APV effect in the SmC* phase of compound (S)-1 or (R)-1 originates from
order—disorder-type ferroelectricity based on molecular chirality and is completely different from

APV effects in ferroelectric ceramics™® *

and antiferroelectric perovskites.”* A few groups have
recently reported photorefractive devices and polarity-switchable diodes based on electroactive FLC

materials, but they did not mention the APV effect.”
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Figure 3-19.  Steady state photocurrent response profiles at 127 °C for (a) 1R10S5-1, (b) 1R6S5-1, (c)
1R2S5-1, and (d) (rac)-1, (b) The measurements were performed using ITO/ ITO sandwich cells whose
gap was 2 um. The APV current density (Jy) is determined as APV photocurrent density at zero

external bias.

3.4. Conclusion
In conclusion, chiral m-conjugated compounds (S)-1 and (R)-1 were synthesized. Each enantiomer

exhibited ferroelectric SmC* and ordered smectic phases. The ferroelectric properties in the SmC*
phase were evaluated by the Sawyer—Tower method. The spontaneous polarization value reached 68
nC cm™ at 127 °C for (S)-1. Hole mobilities in the SmC* phase estimated by the TOF method were on

the order of 10* cm?V™*s™. Each chiral enantiomer, (S)-1 and (R)-1, exhibited an APV response in the

SmC* phase.
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Further, enantiomeric mixtures of (S)-1 and (R)-1 were prepared. The APV effect was suppressed
in the racemic mixture, (rac)-1. However, the APV photocurrent response increased with an increase
in the enantiomeric purity. Thus, the origin of the APV response in this FLC system was not ionic
impurities but instead the bulk internal field produced by spontaneous polarization based on

molecular chirality.
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Chapter 4.
Anomalous Photovoltaic Effect in Chiral Ordered Smectic Phases of
Phenylterthiophene Derivatives without Junctions: Immobilization

of the Polarized Structure by Surface Stabilization

Abstract: The programmed liquid-crystalline (LC) system provides the realization strategy for
multi-functional soft materials. Our interest is a development of the design strategy for LC
semiconductors with some exotic functions. Recently, we have developed a m-conjugated
ferroelectric liquid-crystalline (FLC) system exhibiting an anomalous photovoltaic (APV) effect. The
mechanism of the APV phenomenon in FLC phases was clarified in the previous study. However, the
APV efficiency was low because of the polarization behaviors and low carrier mobilities in FLC phases.
To improve the APV performance, the stabilization of the polarized state based on the
surface-stabilized FLC (SSFLC) system and the formation of the polarized ordered smectic structures
were investigated.

The wide-gap and narrow-gap LC cells filled with chiral n-conjugated FLC compound (S)-1 were
prepared. The SmC*-SmG* phase transtion under the external bias promoted to the formation of
polarized SmG* states. The APV response was observed in the SmG* phase as well as the SmC*
phase. The response polarity was opposite to the poling external bias. After the formation of each
SmG* state, the APV response was retained even under the reversed bias. However, the polarization
relaxation behaviors made the APV response decayed in the wide-gap cell, because the polarized
state was not thermodynamically stable state after removing the external bias. On the other hands,
bistable polarized SmC* state was obtained in the narrow-gap LC cell. The polarized optical textures
of the narrow-gap cell in the SmC* phase without external bias displayed different textures from
those of the wide-gap cell. The polarization suppression behaviors in the narrow-gap cell seemed to
be occurred by the different mechanism from the wide-gap one. The APV photocurrent in “the third
state” could be enhanced in the initial stage. The APV responses in the SmG* phase showed the
influence of the surface-stabilization effect clearly. The enhancement of the APV photocurrent was
observed in the suitable configuration. This study will provide the improve strategy of the APV effect

in m-conjugated FLC system.

4.1. Introduction
As described in chapters 2 and 3, m-conjugated FLC materials coupling with ferroelectric nature

and electronic charge carrier transport properties have been developed." Furthermore,
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unconventional bulk photovoltaic effect originated from molecular chirality have been found in the
n-conjugated FLC materials for the first time.' This photovoltaic effect is attributed to the
photo-carrier generation and transport by the internal electric field produced by spontaneous
polarization but not by p-n junction. However, the efficiency of the photovoltaic effect remains very
low owing to the low carrier mobilities and polarization relaxation behaviors in the FLC phase.

In a polar environment with deviation of the electron density, internal electric field is generated
and produces potential gradient. The potential gradient is essential to the charge separation. In
conventional photovoltaic devices, built-in potential is produced by p-n junction near the interface.
When uniaxial polarization is formed through long distance, the large internal field is generated in
the bulk. Ferroelectric polarization can produce the large internal electric field in the bulk. The
polarization behaviours depend on the stability of polar structure resulting from symmetry breaking.
In the SmC*-based FLC system, the polarization state can be stabilized by surface-stabilization effect.?
The surface-stabilized ferroelectric liquid crystal (SSFLC) geometry is obtained when the film
thickness is smaller than the SmC* helical pitch. In the SSFLC system, the gain of the elastic free
energy derived from the formation of the helical structure is impaired. As the helical structure
becomes unstable, two polarization states in which the directions are opposite to each other are

relatively stabilized (Figure 4-1).2
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Figure 4-1. (a) Energy diagram of the FLC phase in the wide-gap and narrow-gap cells. Schematic
illustrations of SmC* structures under the application of electric field in (b) wide-gap and (c)

narrow-gap cells.
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From the viewpoint of carrier transport property, defect-free dense packing structure is
favourable. In fact, carrier mobilities in highly ordered smectic phase are one or two orders of
magnitude larger than those in smectic C phase.” If the polarization state can be fixed through the
smectic-smectic phase transition, the balance between charge generation by the internal electric
field and charge transport can be struck. The well-defined self-assembled structures assisted with
external electric field can be formed in the electric-field-responsive molecular system. The control of
molecular orientation by the electric field is realized in LC and the physical gel systems.” The
structural fixation through the FLC-ordered LC phase transition under the application of DC external
bias provides one approach for obtaining the highly ordered LC structures with large internal field.

In this study, we investigated to improve the performance of bulk photovoltaic effect in the
n-conjugated FLC material by combining high carrier mobilities and large polarization. As a realization
strategy, we consider that surface-stabilization of the FLC system and the fixation of the polarized
structure through the FLC—chiral ordered smectic phase transition under the application of electric
field. Here, we will compare and discuss the bulk photovoltaic response of a chiral
phenylterthiophene derivative (S)-1 (Figure 4-2) for conventional cell and surface-stabiliozed cell in

the FLC phase as well as ordered smectic phase.
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Figure 4-2. Chemical structure of the chiral fluorophenyl terthiophene derivative (S)-1.

4.2. Experimental Section
4.2.1. General Methods

All H- and *C-NMR spectra were performed in CDCl; solution on a Varian UNITY INOVA400NB
spectrometer. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra
were performed using a Bruker Daltonics ultrafleXtreme™. FT-IR measurements were carried out on
a JASCO FT/IR-660 Plus spectrometer. For electrical measurements, LC cells consisting of two
ITO-coated glass plates were used. Narrow-gap cells (thickness < 1 um) were purchased from EHC

company.

4.2.2. Materials

Used compound (S)-1 was synthesized as described in chapter 3.
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5-(9-Decenyl)-5"-[4-{(S)-2-octyloxy}-3-fluorophenyl]-2,2’:5’,2”-terthiophene ((S)-1)

'H-NMR (400 MHz, CDCl,): 6= 7.31 (dd, 1H, J = 12.2, 2.2 Hz), 7.26 (ddd, 1H, J = 8.4, 2.2, 1.2 Hz), 7.10
(d, 1H, J = 3.6 Hz), 7.09 (d, 1H, J = 3.6 Hz), 7.06 (d, 1H, J = 3.6 Hz), 7.00 (d, 1H, J = 3.6 Hz), 6.98 (d, 1H, J
=3.6 Hz), 6.96 (t, 1H, /= 8.8 Hz), 6.68 (d, 1H, J = 3.6 Hz), 5.81 (ddt, 1H, J=17.2, 10.4, 6.8 Hz), 5.00 (m,
1H), 4.93 (ddt, 1H, J = 10.4, 2.4, 1.2 Hz), 4.37 (sextet, 1H, J = 6.0 Hz), 2.79 (t, 2H, J = 7.6 Hz), 2.04
(quartet, 2H, J = 7.2 Hz), 1.84-1.74 (m, 1H), 1.71 (quintet, 2H, J = 7.6 Hz), 1.65-1.55 (m, 1H), 1.51-1.25
(m, 18H), 1.33 (d, 3H, J = 6.0 Hz), 0.89 (t, 3H, J = 6.8 Hz); *C-NMR (100 MHz, CDCl;): 5= 145.8, 141.9,
139.4,137.0, 136.4, 135.5, 134.6, 127.8, 125.0, 124.5, 124.3, 123.7, 123.5, 121.6, 121.5, 117.8, 114.3,
113.9, 113.7, 76.7, 36.6, 33.9, 31.9, 31.7, 30.3, 29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 25.6, 22.8, 20.0,
14.2; FT-IR (ATR): v=3073, 2918, 2849, 1641, 1616, 1576, 1546, 1525, 1505, 1464, 1447, 1427, 1380,
1304, 1267, 1235, 1210, 1124, 1059, 996, 942, 912, 894, 856, 810, 799, 790, 726, 662, 631, 600, 550,
473, 447 cm™; elemental analysis calcd (%) for C3gH4sFOS;: C 71.01, H 7.45, F 3.12, O 2.63, S 15.80;
found: C 70.9, H 7.5; exact mass: 608.26; molecular weight: 608.94; m/z: 608.27, 609.27, 610.30,
611.30, 612.31, 613.31.

4.2.3. Evaluation of carrier transport properties

Hole mobilities were measured by the time-of-flight (TOF) method. A liquid crystal cell with
25-um gap was fabricated by combining two ITO-glass plates. An empty cell was placed on a hot
stage and heated above the clearing temperature of the LC compound. The LC sample was melted
and capillary-filled into the cell. After the sample temperature was controlled on a hot stage, DC
voltage was applied using an electrometer (ADC R8252). A laser pulse was then applied to the LC cell.
The excitation source was the third harmonic generation of a Nd:YAG laser (Continuum MinilLite I,
wavelength = 356 nm, pulse duration = 2 ns) and the photo-induced displacement currents were
recorded using a digital oscilloscope (Tektronix TDS 3044B) through a serial resistor.

The charge carriers photogenerated by pulse laser illumination drifted across the sample under
the application of the DC electric field, inducing a transient photocurrent as voltage drop across the
serial resistor connected to the digital oscilloscope. When the photogenerated charge carriers arrived
at the counter electrode, the transient photocurrent dropped to zero. The transit time of the
photogenerated charge carriers could be determined from the kink point in the transient

photocurrent curve.

4.2.4. Evaluation of spontaneous polarization

Dielectric properties were evaluated by the Sawyer-Tower method using triangular-wave bias (+
25 kV cm ', 100 Hz). Triangular-wave bias generated by a function generator (NF WF1973) was
applied to the LC sample cells. The induced currents were recorded with a digital oscilloscope

(Tektronics TDS 3044B) through a serial resistor. In this series of measurements, wide-gap (2 um gap)
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and narrow-gap (0.61 um gap) sample cells supplied by EHC Co. were used. The sample cells were

prepared similar to those for the TOF method.

4.2.5. Evaluation of the APV effect in the SmC* phase

The APV effect was confirmed by measurement of the steady-state photocurrent response under
zero bias. The measurement conditions and sequence are schematically described in Chapter 3
(Figure 3-3). The SmC* state—after cooling from its isotropic liquid phase without DC bias—is
defined as the “initial state” (Figure 3-3a, state (iii)). In this state, no internal field was formed. When
the front electrode was biased positively in the SmC* phase, spontaneous polarization was generated
in the reverse direction relative to the external DC bias (Figure 3-3a, state (iv)). Backward internal
field remained after removal of the DC external bias, and maintained the polarized state as the
“second state” (Figure 3-3a, state (v)). UV illumination on the front electrode could produce
photocurrent with polarity opposite to that of the DC bias applied prior to illumination. An opposite
internal field, in contrast, could be induced in the SmC* phase when the front electrode was biased
negatively prior to UV illumination (Figure 3-3a, state (vi)). After removing the external DC bias, the
forward internal field remained in the generated polarized state as the “third state” (Figure 3-3a,
state (vii)). In the third state, photoexcitation could produce a photocurrent with polarity opposite to
that in the “second state”. In this series of experiments, irradiation was started just after removal of
DC voltage (Figure 3-3b). The light was illuminated for 4 seconds in each excitation, using a shutter.
The light intensity at the LC sample cell position was about 6 mW cm 2 (290-390 nm light) as
measured with a CUSTOM UV light meter UV-340C.

4.2.6. Evaluation of the APV effect in the SmG* phase

APV response in the SmG* phase was confirmed by the measurement of steady state
photocurrent response under zero bias (Figure 4-3). The generated state—after cooling down from
the SmC* to the SmG* phase, without the external bias—is defined as the standard SmG*
(std-SmG™*) state with no internal field (Figure 4-3, state (viii)). Polarized SmG* states were formed
after cooling from the SmC* phase in the presence of external bias. The negatively polarized SmG*
(np-SmG™*) state was obtained when cooled from the SmC* phase with the front electrode biased
positively (Figure 4-3, state (ix)). The positively polarized SmG* (pp-SmG*) state was formed when
cooled from the SmC* phase under a reversed external field (Figure 4-3, state (x)). The measurement
sequence followed to previous SmC* experimental system. The “initial state” in each SmG* state
refers to the condition where no external field was applied. The “second state” in each SmG* state
was obtained after removing the forward external bias (the front electrode was biased negatively for
several minutes). The “third state” in each SmG* state corresponds to the condition after removing

the backward external bias (the front electrode was biased positively for several minutes). In this
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series of experiments, irradiation was

illuminated for 4 s using a shutter.
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Figure 4-3. Schematics of molecular orientations and polarization states for steady-state

photocurrent measurements under zero bias in each SmG* state.

4.3. Results and discussion

4.3.1. Mesomorphic properties and structures

The thermotropic mesomorphic property of chiral fluorophenylterthiophene derivative (S)-1 is

summarized in Table 4-1. The details of the mesomorphic properties of (S)-1 have been discussed in

the previous section (Chapter 3.3.1.).

Table 4-1. Phase transition behaviors of a chiral compound (S)-1.
Phase-transition temperature / °C
Compound 1
(Enthalpy / kl mol ™)
(5)-1 SmG* 125(9.7) SmC* 140(9.1) Iso
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4.3.2. Carrier transport properties
4.3.2.1. In the SmC* phase

The carrier mobilities in the SmC* phase of (S)-1 were determined by TOF technique using
25-um-gap cells. In the SmC* phase of (S)-1 at 130 °C, the hole mobility was determined to be 2.7 x
10* cm?V*'s™. The temperature- and field-independent hole mobility was observed in the SmC*
phase. The details of carrier transport properties in the SmC* phase of (S)-1 have been discussed in

the previous section (Chapter 3.3.2.).

4.3.2.2. In the SmG* phase

The carrier mobilities in the SmG* phase of (S)-1 were determined by a TOF technique using the
same LC cells. Figure 4-4 shows typical transient photocurrent curves for holes in the ordered smectic
phase.

In the SmG* phase of (5)-1 at 100 °C, the hole mobility estimated from the transit time was
2.3x10 2 cm?V 's L. This value was one order of magnitude larger than that in the SmC* phase. In
the SmG* phase, temperature- and field-dependent mobilities were observed. Thermal activation
process was the predominant factor in hole hopping in the SmG* phase. On cooling, the close
molecular packing in the SmG* structure enhanced charge carrier transport around the SmC*-SmG*
phase transition temperature. When the temperature decreased to room temperature, lattice
contraction of SmG* structures caused the formation of structural defects. The increase in defect
density inhibited efficient carrier transport and resulted in positive temperature- and

field-dependences of mobility.
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Figure 4-4. Transient photocurrent curves for positive charges in the SmG* phase of (S)-1 at 100 °C.
The measurements were performed using ITO/ ITO sandwich cells (gap: 25 um). The arrows indicate

kink points corresponding to the transit times.
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4.3.3. Feroelectric properties

Spontaneous polarizations in the SmC* phase of chiral compound (S)-1 were evaluated using
wide-gap (gap: 2.0 um) and narrow-gap (gap: 0.61 um) LC cells. The dielectric properties in the SmC*
phase displayed ferroelectric hysteresis behaviors in both cells (Figure 4-5). Extrapolation of these
hysteresis loops gave the values of spontaneous polarization (P). The estimated values are
summarized in Table 4-2. The spontaneous polarization values were almost identical in these two
cells with different gaps, indicating that the interaction on the electrode surface did not inhibit
polarization inversion. No hysteresis behaviors were observed in the SmG* phase, as shown in Figure
S-2. Molecular dipoles were immobilized because of the high viscosity of the SmG* phase, resulting

in their dielectric behavior in the SmG* phase in the frequency range.

Table 4-2. The value of the spontaneous polarization in the SmC* phase of (S)-1 at 127 °C.

Sample Cell gap / um P/nCcm?

(5)-1 0.61 68

(5)-1 2.0 61

(a) (b)
100 T T T T T 100 T T T T T

50 |- - 50 F =

Polarization / nC cm™
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Figure 4-5. Dielectric hysteresis loops in the SmC* phase of (S)-1 for (a) the wide-gap LC cell (gap:
2.0 um) and (b) the narrow-gap LC cell (gap: 0.61 um).

4.3.4. POM study under bias
To obtain surface-stabilized m-conjugated ferroelectric LC cells, an empty narrow-gap (< 1 um) cell
was prepared. In LC cells with 2.0-um gaps, a color tone change—equally-spaced by disclination

lines—was observed and wedge-shaped defect lines did not appear in the fan-shaped domains

145



(Figure 4-6, upper, neutral). This indicated that the helical structure was formed without macroscopic
polarization. For the capillary-filled narrow-gap cell of (S)-1, typical broken-fan like optical textures
were observed in the POM when the narrow-gap sample cell was cooled from the isotropic
temperature to the SmC* temperature without external bias (Figure 4-6, bottom, neutral).
Wedge-shaped defect lines were found in some of the broken-fan like domains (area surrounded by
dotted lines in Figure 4-6, bottom neutral). In the neutral state, negatively and positively polarized
domains could coexist. The wedge-shaped defect lines (Figure 4-6, bottom, neutral) could display the
boundaries of the two oppositely polarized domains. It was considered that the SmC* helical
structures were destabilized in the neutral state of the narrow-gap cell. Clear broken-fan like domains
were observed in the polarized states under the application of a DC electric field (Figure 4-6, upper
and bottom, negative/positive bias) in both wide-gap and narrow-gap cells. After removing the
external bias, disclination lines were regenerated in the SmC* phase of the 2.0 um gap cell. The
wedge-shaped defect lines reorganized to fan-shaped domains in the narrow-gap cell. Bistable
switching in the narrow-gap cell was confirmed by the change of polarity in DC bias; the bright and

dark domains were inverted, as shown in the dotted areas in Figure 4-6 (bottom right and left).

Wide-gap cell (reference,gap : 2 um)
Negative bias Neutral Positive bias

4

Narrow-gap cell (gap : 0.61 um)

Negative bias Neutral Positive bias

Figure 4-6. POM images of SmC* phases in (a) 2 um-gap cell and (b) narrow-gap cell. The area
surrounded by the white dotted line indicates a domain in which wedge-shaped defect lines were

formed.
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4.3.5. APV response of the wide-gap (gap: 2.0 um) cell
4.3.5.1. In the SmC* phase

The initial evaluation of APV response was carried out in the SmC* phase using 2.0-um gap
ITO/ITO sandwich LC cells. Figure 4-7 shows the steady state photocurrent response curves under
zero bias in the SmC* phase of compound (S)-1. In the “initial state”, a weak photocurrent response
(~0.12 pA cm?) was observed (Figure 4-7, black line). In the “second state”, the polarity of the
photocurrent response was reversed due to the internal field (Figure 4-7, red line) generated. In the
“third state”, a strong photocurrent response (> 0.6 pA cm %) was observed under an opposite
internal field (Figure 4-7, green line). The polarity of the photocurrent was opposite to the polarity of
the DC bias prior to UV light illumination. Compound (S)-1, thus exhibited the APV effect in the
ferroelectric SmC* phase. Photocurrent response at zero external bias in the third state was larger
than that in the second state. As mentioned in the previous reports,'® the penetration depth of the
excitation UV light was less than 100 nm due to strong absorption of phenylterthiophene (S)-1 in the
near UV area. In this m-conjugated FLC system, the generation and transport efficiencies of holes
were superior to those of electrons. Strong response based on hole transport was observed in the
third state since the illuminated (front) electrode was positively charged.

In the SMC* phase of the wide-gap cell, decay of the APV response was observed. This response
decay originated from dielectric relaxation behavior in the SmC* phase. When the LC sample
thickness was larger than the SmC* helical pitch, the helical structure without macroscopic
polarization was the most thermodynamically stable. Thermal relaxation behavior to form the helical

structure, thus, led to decay of the APV response.
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Figure 4-7. Steady-state photocurrent response profiles of the SmC* phases of (S)-1 at 127 °C in the

wide-gap LC cell (gap: 2.0 um). The measurements were performed using ITO/ ITO sandwich cells.
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The J, is determined as APV photocurrent density at zero external bias. The decay of APV
photocurrent for the “third state” in the SmC* phase of the wide-gap (gap: 2.0 um) cell was
approximated to curves shown in Equation 4-1.

[Jo(t)| = |4 | +k = exp(—t/7) [Equation 4-1]

The fitting curve for the decay in the “third state” can be described as following equation.

| Jo(t) third state, 2 um | = 0.65 + 0.43 + exp(—0.052 - t) [Equation 4-2]

1

The inverse of decay time constant was obtained as 7 * = 0.052 s * from this fitting curve. The decay

constant of the photocurrent (7) was 19 s, assuming exponential decay of the photocurrent.

4.3.5.2. In the SmG* phase

The measurement of steady state photocurrent response was carried out for the same LC cells
(2.0-um gap) in the SmMG* phase. The SmG* phase being more ordered and dense than a SmC* phase,
carrier mobilities in the former were larger than those in the latter. As the photocurrent is
proportional to the carrier mobility, the formation of polarized ordered smectic phase enhanced the
APV response. The SmG* phase was very viscous and the orientation of molecular dipoles could be
immobilized in the SmG* phase.

In the std-SmG* state of (S)-1 at the “initial condition”, photocurrent response was slightly
enhanced relative to that in the SmC* phase at the “initial state” (Figure 4-8a, black line). The
increase in carrier mobilities in the SmG* phase contributed to enhancing the APV response. In the
std-SmG* state at the “second condition”, the polarization of the response was not reversed (Figure
4-8a, red line). In the std-SmG™* state at the “third condition”, APV response did not change drastically
(Figure 4-8a, green line). The densely packed structure of the SmG* phase inhibited polarity inversion
and immobilized the molecular arrangement. In contrast to the result in the SmC* phase, APV
response remained constant over the measurement time scale.

In the np-SmG* state, a weak polarity-reversed response was observed (Figure 4-8b). The
response was comparable under every condition. This result indicated that the polarization was fixed
against the external field in the SmG* phase and remained even under reversed bias. Inefficient
generation and transport of electrons produced a small photocurrent response.

In the pp-SMG* state, enhancement of APV photocurrent was confirmed relative to the response
in the std-SmG* phase (Figure 4-8c). The immobilized polarization state in the SmG* phase retained
APV response due to efficient charge carrier generation and transport. The APV photocurrent was
smaller than that in the initial stage of the third state in the SmC* phase, as shown in Figure 4-7.
During the SmC*-SmG* phase transition, partial relaxation of polarity occurred due to molecular
rearrangement. APV response, thus, could be maximized in the SmG* phase if the polarization in the

SmC* phase was completely retained.
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Figure 4-8. Steady-state photocurrent response profiles for the SmG* phase at 100 °C cooling from
the SmC* phase in the wide-gap LC cell (gap: 2.0 um). Prior to UV illumination, (a) no external
electric field, (b) backward external field, and (c) forward external field were applied to the sample.

The measurements were performed using ITO/ ITO sandwich cells.

4.3.6. APV response of the narrow-gap (gap: 0.61 um) cell: surface stabilization effect
4.3.6.1. In the SmC* phase

In the 2.0 um gap LC cells, the polarization relaxed gradually. Relaxation behavior lowered the
APV efficiency and deteriorated the long-term APV response. In the conventional FLC system,
polarization state can be stabilized in an LC thin film state whose thickness is thinner than the helical

pitch, called the “surface stabilization effect”. To inhibit the relaxation behavior, we considered the
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application of the surface stabilization effect.

The APV response of the narrow-gap cell was evaluated by the measurement of steady state
photocurrent response under zero bias. Weak photocurrent response (~0.2 puA cm %) was observed
in “the initial state” of the SmC* phase (Figure 4-9, black line) at 127 °C. In the second state, polarity
of the photocurrent response was reversed due to the generation of a negatively polarized state
(Figure 4-9, red line). In the initial stage of the measurement, APV photocurrent in “the second state”
of the narrow-gap cell was enhanced to around 3 times than that in the 2.0 um gap cell. This
enhancement originated from effective charge generation and electron transport. In “the third state”,
clear photocurrent response (> 0.6 pA cm %) was observed under an opposite internal field (Figure
4-9, green line). The APV photocurrent in “the third state” increased in the initial stage. The APV
responses in the second and the third states were reduced. In the POM study, regeneration of
wedge-shaped defect lines in the fan-shaped domains was observed just after removal of the
external bias. Defect regeneration indicated that the polarization of domains was partially inverted to
decrease the internal electric field. In spite of the narrow gap of the sample, the surface-stabilization
effect was insufficient to immobilize macroscopic polarization because the gap of the sample was
comparable to the helical pitch.

For the narrow-gap cell, the decay behaviors in the “second” and “third states” were also
approximated to curves shown in former Equation 4-1. The fitting curve for the decays in the “second”
and “third states” can be described as following equations.

| Jo(t) second state, 0.61 um | =0.11+0.55 * exp(—0.10 - t) [Equation 4-3]

| Jo(t) third state, 061 ym | =0.70 + 0.57 * exp(—0.11 * t) [Equation 4-4]

The inverse of decay time constants for “second” and “third states” were obtained as 7 * = 0.10
and 0.11 s ', respectively. The decay constants of the photocurrents of the “second” and “third
states” were 10 s and 9 s, respectively, assuming single exponential decay.

This indicated that APV photocurrent decay was caused by the same mechanism in all polarized
state of the narrow-gap cell. Time constants for the narrow-gap cell were clearly different from those
for the wide-gap (2.0 um gap) cell. It was confirmed by the POM study of each LC cell that each APV
response relaxation behavior resulted from a different mechanism. The different origins of the
polarization relaxation behaviors were reflected in the different time constants. The small activation
energy of the polarization relaxation behavior led to short decay time constant in the narrow-gap

cell.
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Figure 4-9. Steady-state photocurrent response profiles for the SmC* phase at 127 °C in the

narrow-gap LC cell. The measurements were performed using ITO/ ITO sandwich cells.

4.3.6.2. In the SmG* phase

The influence of surface stabilization effect in the narrow-gap cell was confirmed by
measurement at 100 °C (SmG* phase of (S)-1) In the std-SmG* state of the sample cell at “initial
state”, a comparable APV photocurrent response was observed (Figure 4-10, black line). The
strongest APV photocurrent response (>1.5 pA cm ™ ?), however, was confirmed in the pp-SmG* state
of the narrow-gap cell (Figure 4-10, green line). The APV photocurrent in the pp-SmG* state of the
0.61—pum-gap cell was twice that in the pp-SmG* state of the 2.0-um-gap cell (Figure 4-8). This was
larger than the maximum APV photocurrent in the third state of the 2.0-um-gap SmC* sample, as
shown in Figure 4-7. The APV current was constant. This enhancement resulted from surface
stabilization, higher carrier mobility in the SmG* phase than that in the SmC* phase, and
immobilization of macroscopic polarization in the viscous ordered smectic phase.

No enhancement of APV response was observed for the np-SmG* state in the narrow-gap cell.
Majority carriers of the APV effect in the np-SmG* state were electrons, although the
phenylterthiophene system was more suitable for hole transport than electron transport due to the
existence of traps formed at domain boundaries and dissolved oxygen.

To confirm the formation of the polarized SmG* state, POM observation was conducted in each
state. The polarized-SmG* state gave different optical textures in the crossed Nicole state than the
std-SmG* state (Figure 4-11). The interval of disclination lines was not evenly spaced in the
polarized-SmG* state and the patterns were not identical when compared to those in the std-SmG*
state (Figure 4-11b, c). The disclination lines were derived from the lattice reduction of LC structures
through the SmC*-SmG* phase transition. In the std-SmG* phase, two polarized SmG* states with
opposite polarization directions were formed in the phase-transition process. In the polarized SmG*

phases, domains polarized in one direction were predominant over the domains polarized in the
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other direction and the residual polarization contributed to the generation of an internal electric field,

which was essential to the APV phenomenon.
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Figure 4-10. Steady-state photocurrent response profiles for the SmG* phase of (5)-1 at 100 °C in the

narrow-gap LC cell. The measurements were performed using ITO/ ITO sandwich cells.

(b)

Figure 4-11. POM images of (S)-1 at 100 °C in narrow-gap LC cell: (a) std-SmG*, (b) np-SmG*, and
(c) pp-SMG* states.

4.3.7. Current-voltage characteristics of the narrow-gap LC cell

Current-voltage characteristics under the dark and illuminated conditions exhibited different
behaviors in each SmG* state (Figure 4-12). Current density-electric field (J-E) plots shifted in
response to the polarization direction. The maximum open circuit voltage (electric field) and short
circuit current under 6 mW cm ™ 2UV illumination condition reached —0.24 V (—3.9 kV cm %) and

2.25 A cm 2in the pp-SMG* state, respectively.
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Figure 4-12. J-E curves of the narrow-gap LC cell in the mesophases of (S)-1 under the dark and

illuminated conditions. UV intensity was 6 mW cm ™%

4.4. Conclusion

Wide-gap and narrow-gap LC cells filled with chiral m-conjugated FLC compound (S)-1 were
prepared. Through the SmC*-SmG* phase transition under external bias, the formation of polarized
SmG* states was achieved. APV response was observed in the SmG* phase and the SmC* phase. The
polarity of the photocurrent response was opposite to that of the poling external bias. In the
polarized SmG* states, APV response remained even under reversed bias. Polarization relaxation
behaviors made the APV response decay in the wide-gap cell. This was because the polarized state
was not thermodynamically stable after removal of the external bias. Bistable polarized SmC* state
was obtained in the narrow-gap LC cell. Polarized optical textures of the narrow-gap cell in the SmC*
phase without external bias displayed different textures from those of the wide-gap cell. Polarization
suppression behaviors in the narrow-gap cell seemed to be caused by a different mechanism than
the wide-gap one. The APV photocurrent in “the third state” was enhanced in the initial stage. The
APV responses in the SmG* phase showed the influence of surface-stabilization effect clearly.
Enhancement of the APV photocurrent was observed in the suitable configuration. This study will
provide a strategy for improving the APV effect in m-conjugated FLC systems.

In the 2 um-gap LC cells, the polarization relaxation should be gradually occured. The relaxation
behaviors lower the APV efficiency and impair the longer-term APV response. In the conventional FLC
system, the polarization state can be stabilized in a LC thin film state whose thickness is thinner than
the helical pitch, which is called “surface stabilization effect” (Figure 4-1). To inhibit the relaxation
behaviours, we consider the application of this stabilization effect.

The APV response of the narrow-gap cell was also evaluated by the measurement of steady state
photocurrent response under zero bias. On the measurement at 127 °C (SmC* phase), the weak

photocurrent response (~0.2 pA cm %) was observed in “the initial state” (Figure 4-9, black line). In
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the second state, the polarity of the photocurrent response was reversed due to the generation of
the negatively polarized state (Figure 4-9, red line). In the initial stage of the measurement, the APV
photocurrent in “the second state” of the narrow-gap cell was enhanced around 3 times larger than
that of the 2 um gap cell. This enhancement should be originated from the effective charge
generation and electron transport. In “the third states”, the clear photocurrent response (> 0.6 pHA
cm %) was observed under the opposite internal field (Figure 4-9, green line). The APV photocurrent
in “the third state” seemed to be also enhanced in the initial stage. However, the APV responses in
the second and third states were decayed. In the POM study, the regeneration of the wedge-shaped
defect lines in the fan-shaped domains was observed just after removing the external bias. The
defect regeneration should show the reorganization of the reversed polarized domains and relax the
electric polarization. Thus, the APV photocurrent was decayed in the “second” and “third” states.
However, it could not be strongly assertive that the enhancement of the APV effect by the

surface-stabilization effect.
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Chapter 5.

Conclusion of this thesis

5.1. Overall conclusion

In this doctoral study, the potential of m-conjugated FLC systems was investigated. The LC
self-assembled material coupled with ferroelectrics and semiconductors exhibits exotic and attractive
functions such as bulk photovoltaic effect. Through the study, it was found that bulk photovoltaic
effect in m-conjugated FLC system is novel phenomenon based on the molecular chirality. The
molecular chirality broken the structural symmetry and generated the polar environment. Although
the ferroelectric polymer and their ferroelectric liquid crystal are common in that polarization are
caused by uniaxial alignment of polar groups, molecular chirality is essential in the SmC*-based FLC
system for inducing the gradient in the mean residence time of suitable positions. The polar
environment produced by ferroelectric material induces the potential drops and internal electric field
in the bulk. In the m-conjugated FLC system, the generated internal field promotes charge separation
from excitons. The generation of excitons should be caused near the interface between front
electrode and LC layer because the penetration depth of the excitation light is less than 100 nm due
to strong absorption of phenylterthiophenes in the near UV area. The generated charge carriers can
transport to electrodes by hopping between m-conjugated units. Thus, bulk photovoltaic effect is
generated in the m-conjugated FLC materials. Although FLC phenylterthiophenes exhibit ambipolar
carrier transport properties, hole transport is preferred over electron transport. Therefore, the
characteristics of bulk photovoltaic effect depend on the polarity.

The internal electric field derived from spontaneous polarization is effective to charge separation
as well as generation of some optical phenomena such as nonlinear optical phenomena. Moreover,
the enhancement and amplification of some opto-physical processes can be expected by stabilization
of polar nanostructures comprised of multifunctional self-assemblies. The investigated approaches in
this study would provide several characters for each molecule in the hierarchical self-assembled
structures. This material design concept would lead to construction of highly organized advanced
functional materials which could not be achieved by conventional techniques. In addition, the

material design philosophy will contribute to effective utilization of finite elements.

5.2. Perspective
Through the doctoral study, the mechanism of photovoltaic effect in the m-conjugated FLC
systems was clarified. However, the characteristics of the photovoltaic effect remain low level. At the

end of this doctoral thesis, the author points out some present drawbacks as follows.
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(1) Low absorption efficiency of solar spectrum over wide wavelength range

The visible and near infrared light did not contribute to the bulk photovoltaic effect, because the
main absorption band of FLC phenylterthiophenes lies in the near UV area. Therefore, total incident
photon-to-current conversion efficiency was very low. For improving the efficiency, the development
of m-conjugated ferroelectric liquid crystal systems with strong absorption band in the visible light
region will be desired. The extention of m-conjugated unit provides one approach. The other strategy

is m-conjugated FLC compound-dye composite system for utilizing a spectral sensitization.

(2) Imperfect surface stabilization and immobilization of polarized state

The suppression of polarization relaxation behavior is important to retain the characteristics of
bulk photovoltaic effect for long term. Although the improvement of the APV chracteristics was
found as described in Chapter 4, the polarized state was only partially retained. The control of helical
pitch and tuning of phase transition temperature should be required. To overcome this drawback, the
molecular design must be optimized. In addition, the introduction of network structures into the FLC

structures provides a structural imobilization method.

(3) Imperfect control of molecular orientation

The ferroelectricity is affected by the molecular orientation and uniaxial planer arrangement is
the most suitable orientation. In this study, the molecular orientation in LC cells was random planer
arrangement. In order to obtain a large-area monodomain structures with uniaxial planer alignment,

LC materials exhibiting Iso-N*-SmA*-SmC* phase transition behaviors on cooling process is required.

As demonstrated in this study, spontaneous polarization and carrier mobility of m-conjugated
FLC system are key factors which affect the APV characteristics. Therefore, the optimization of
molecular structures is also important for improving both properties and for realizing the large
open-circuit voltage exceeding the band-gap. In order to realize high carrier mobility, the utilization
of high ordered LC phases and the control of structural defects are is key strategies. To obtain a large
spontaneous polarization, the increase of polar groups and the introduction of polar unit on a chiral
carbon can offer effective strategies. In addition, bent-shaped n-conjugated FLC materials have the
potential of providing another type material system exhibiting the APV effect.

Some examples of material design strategies for overcome these drawbacks are as shown in

Figure 5-1.
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Figure 5-1. Some examples of material design strategies for future work.
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