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Chapter 1 Introduction

1.1 General introduction

Liquid crystals which exhibit high birefringence (An) are
useful components of liquid crystal mixtures. They are
employed in high response super twisted nematic (STN) with a
narrow cell gap as An moderators as well as in conventional
STN. The setting value of An is around 0.15~0.18 so that
liquid crystals with medium‘An of about 0.2 must be contained
in such mixtures. Recently(-the remarkable development of
multimedia technology has created a strdng demand for high
performance mobile displays. High An liquid crystals are
attractive materials for bright reflective displays including
PDLCDs[1])[2], cholesterics([3], holographic switching
devices[4] and directional reflectors[5][6]. High An
enhances the light scattering efficiency, which improve the
brightness of PDLCDs or holographic PDLCDs. Concerning
cholesteric LCDs and directional reflectors, the reflection
bandwidth is proportional to the liquid crystal birefringence.
Then high An produces the wideband reflection or decreases the
thickness of the devices. Besides display applications, these
materials are thought tobe applicable to laser beam steering[7]
and infrared spatial modulators[8].

This research was performed for the purpose of developing
practical high An liquid crystals. An of liquid crystals
have been studied extensively. Before starting on a molecular
design of high An liquid crystals, we should review the
relationship between molecular properties and macroscopic
optical anisotropy.

The nematic phase behaves as optically uniaxial media and
the optic axis is parallel to the director. Generally, in

uniaxial materials there are two principal refractive indices.



The refractive index of the ordinary ray (n,) is measured for
light waves the electric vector of which vibrates
perpendicularly to the optical axis. The refractive index of
the extraordinary ray (n,) corresponds to.light waves where the
electric vector 1is parallel to the optic axis. The
birefringence (n.,-n,) of liquid crystals is the result of
parallel alignment of elongated molecules, which possess an
anisotropy of polarizability. It is plausible that the
magnitude of the birefringence 1is determined by the
polarizability anisotropy of the molecules and by the molecular
orientational order descriﬂed by the order parameter S.

If the principal refractive indices n, and n, are correlated
with the molecular polarizability anisotropy a, - a, ( a,;

longitudinal polarizability, «&,;transversal polarizability),
it must be taken into consideration that the local field which

acts on the molecules within the condensed phase differs from
the applied external field. There are different theoretical
approximations to describe this local field in nematic liquid
crystals. ' '
For the purpose with a merely qualitative interpretation
of the experimental result, it is sufficient to use the
equations of Vuks [9]. Although an isotropic local field is
assumed, these equations are often applied in optical studies

of liquid crystals:

‘o1 N
(i&z ) = p Aa ” (1)
n"+2 Mg
| N
(2?3 ) = p Aa.!. (2)
n"+2 Me,

where ©is density; M is molar mass, N, is Avogadro number,
) and a, are average polarizabilities of liquid crystals

parallel and perpendicular to the optic axis, respectively.



They can be expressed by the longitudinal (&) and transversal

(a,;) of the molecules

g =a+i@-a¥ O
a-a-S@-a)y @

where S 1is the order parameter and a is the average
polarizability a=1/3 (a, + 2a,). By setting S=0 in Eq. (3)
or Eq (4) and substituted themintoEq(1l) or Eq(2), respectively,

an expression which correlates the refractive index n, of the

isotropic liquid with the average polafizability a;

(n' -1 - pNAa
(;2 +2) 3Mg,

©)
Using Egs.(l)-(4) we also obtain

(nez_ nnz) = pNA (al _al)S (6)
(n" +2) 3Me,

These equations will be used to interpret the experimental
results.

As can be seen from Eq.(6), An of nematic is governed by

molecular polarizability, number density and order parameter.

For increasing anisotropy of polarizability, r-conjugatedcore

structures have been employed. [10]. A considerable number

of T-conjugated compounds have been developed as high An liquid
crystals[1l1]-[14]. Tolane is one of the most common core

structures for high An liquid crystal compéunds and it is used

as a component of practical liquid crystal mixtures. An of



these compounds are about 0.2 ~0.25 which are high enough as
components for STN liquid crystal mixtures designed with A
n of around 0.15. For the use of PDLC or optical devices as
reflectors, higher A n materials are needed. Diphenyl-
diacetilene, modified tolane and phenylacetylene compounds
were reported as very high An liquid crystals[15]-[19]. Their
An are around 0.4 which is larger than conventional tolanes.
However, compounds with high An are generally thought to have
problems such as highmelting points, poor solubility with other
liquid crystal mixtures and insufficient photo#tability.
Fused rings were incorpord%eq into the core part in an attempt
to obtain higher values of A n.  2,6-Disubstituted
naphthyl-ethynyl moieties were synthesized and investigated
[20]. They exhibited high An values of about 0.3, but showed
a high temperature nematic phase. 2,6-Naphthynyl-2,5-
pyridinyl ethynes exhibited similar properties. Terminal
groups which could contribute towards a high values of An were
also investigated. 2,6-Disubstitued naphthyl homologues
containing a terminal cyano-substituent have high An valﬁes
of over 0.4 [21]. Isothiocyanato-substituted biphenyls were
synthesized and the terminal group was shown to give a higher
An than a cyano group [22]. Unfortunately, compounds
containing these moieties exhibited high melting points and low
solubilities.

On the basis of such past studies, we developed colorless
high An liquid crystals with practical nematic temperature and
stability. In the following section, our strategy of
molecular design and preliminary study of high An liquid

crystals are explained.



1.2 Preliminary study of high birefringence liquid crystals

In the development of very high An liquid crystals, not
only the achievement of high An but also practical properties
such as liquid crystal temperature, solubility and durability
are important.

To decide the starting compound of this study, we will look
back at high An liquid crystals reported before [11-13,23-
25]and the interpretation of birefringence [22]. The
representative highAn liquid crystals reported before are
shown in TABLEl-1. ‘

The composition unit fotr high An, phenyl ring and acetylene
unit, is considered to be impoJ.:taxft. A phenyl ring is the most
basic part of all liquid crystal molecules for producing
mesophases. On the other hand, acetylene group contributes
to increase the anisotropy of polarizability effectively
because the polarizability along to the axis perpendicular to
.molecular long axis is almost zero. For these reasons, we
selected phenylacetylene unit as a highAn molecular part. In

order to investigate the starting core structure of high A
n liquid crystals, we synthesized and evaluated the basic

properties of phenylacetylene homologues which had different

lengths of this unit.

1.2.1 Synthesis

The synthesis routes of phenylacetylene derivatives are
shown in SCHEME 1-1. The compounds investigated here were
synthesized by coupling of bromide intermediates and ethynyl
intermediates. The structures of final compounds and
various synthetic intermediates were characterized by 'H-NMR
spectroscopy. All spectra were recorded in CDC1l, with TMS
as internal standard. They exhibited 'H NMR spectra
(UNITY300, Varian 300 MHz) which are in accordance with their

structures. Mass spectra (SX102, JEOL) were also measured



TABLE 1-1 Examples of high An liquid rystals

Core structures References
—©+©_ H.Takatsu et al, Mol. Cryst. Liq. Cryst.,141,279(1986)
—@ = Q = JP89-879;Chisso Corp.

_ / e ' :
W 1P94-245992,Sumitomo Chemical Co.,LTD
JP88-133577,Chisso Corp.

Wu,S.T. et al ,J.Appl.Phys.,65.4372(1989)

= Y. Goto, T. Inukai, A. Fujita and D. Demus,
Mol.Cryst. Liq. Cryst., 260, 23(1995)

%%ONCS A.J. Seed et al ,J. Mater. Chem., 10, 2069(2000)
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and they coincided with their predicted molecular weight.
All compounds of these series were more than 99 percent pure

according to HPLC(ODS A-212 column,Sumika Chemical Analysis

Service).

1.2.2 Influences of <core structures on physical
properties
The phase sequences and transition temperatures of
phenylacetylene homologues are shown in TABLE 1-2. The
melting points of these compounds and nematic fendencies
increased with the incre'asg in the number of phenylacetylene
unit. 1 and 2-ring compounds.did not exhibit liquid crystal
phases, but 3-ring compounds showed enantiotropic liquid
crystal phases. An also increased with the increase of the
unit number as expected. Diacetylene types showed higher
melting points and larger An compared with phenylacetylene
types in which the number of phenyl rings and etynyl groups
are the same. 3-Ring compounds exhibited broad nematic
phase and large An. An's of these compounds were lafger
than that of conventional tolane (PA1036) because of
extension of -conjugation by introducing ethynyl or ethenyl
group.
We calculated polarizabilities of compounds, which were

investigated here by MOPAC93 (AM1 method). A« was defined

as follows. njy’—n,’ and calculated Aa were plotted in
FIGURE 1-1,. The birefringence was almost proportional to
A a, but the plots showed some scatter. In the case of

l-ring compounds, An values were lower than that of 2-ring
compounds which have almost the same A @ values. It is

consideredthatl-ringcompoundshavelowerorderparameters

compared with 2-ring compounds therefore n;’—n,> were

reduced.

Concerning the effect of lateral fluorinated

12



TABLE 1-2 Phase sequences, transition temperatures and birefringence
D
Compounds Phase sequences /°C An
PA1031 CaHy—Q%CaH7 (-50<) 1 0.000
PA1037 CSH,%%— CaH, * K-47-1 0.115
PA1036 C3H7C3H7 : K-73-1 0.264
PA103S CBH7C3H7 K-+99 -1 0.351
=L = K-170 - Sx - 178
4 CyH = = C,H X 2
PATO Cohy A4 O_ &7 CNv245. ]  0.4967
= /—\ = 3
PAI038 CiH—\ )= /)= = C3H, K+194 - N-265-1 -9
- - : K- 230 - Sx - 246 -9
PA1039 C.H —'—z—.——:—.—ﬂ—.—C H
Y m O == K20 S 26
0.410

PA1040 CaH CaH;

K-108-N-133-1

1)Extrapolated values from liquid crystal (10wt%) mixed in nematic host MJ931381 (at 20 °C and 589 nm)

2)Extrapolated values from liquid crystal (Swt %) mixed in nematic
3)Insoluble in MJ931381

13
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S = oty . . )

C;H-,-( H >‘=—< >CsH7

200 300 400 500 600

A a (AU)

FIGURE 1-1 Plots of refractie index vs anisotropy of polarizability

The polarizability was calculated by MOPAC93
(ay+az)

Aa= a, — 5

ax ; Polaizability along the molecular long axis .
ay. Qaz; Polaizability along the molecular short axis

A D=

14



substituents on order parameters, it was confirmed that a
non-substituted compound exhibited higher order parameters
compared with a laterally fluorinated compound by using
C-13NMR[26]. Therefore, the A n of substituted
alkenyltolanes and alkynyltolanes were considered to posses
different values of order parameters in the mixtures at 20°C
dnd these compounds which had almost the same A exhibited

different values of n;’—n,’

1.2.3 Durability and UV-visible absorption spectra

High birefringence ~liquid crystals generally have
problems of durability;‘egpe;ially photostability is a
problem because of the red-shift of UV absorption induced
by extension of conjugated length. We estimated the
stabilities before deciding the target core structure of
development of high An liquid crystals.

In the former section, the 3-ring phenylacetylene
compound PA1034 was found to be very high An and wide nematic
phase. The photo and heat durability of PA1034 were also
estimated and compared with conventional liquid crystalline
compounds. The residual rates after the tests are shown in
TABLE 1-3. PA1034 exhibited good durabilities almost same
as PA1036 which is a conventional high An tolane or 5CB. In
comparisonwith UV-Visible absorption spectra, PA1034 showed
a longer absorption edge than PA1036, which means PA1034
absorbs larger energy of irradiated light (see FIGURE 1-
2y, Because of this, 3-ring phenylacetylene core was
thought to have excellent stability. PA1039, which has more
phenylacetylene units than PA1034, exhibited longer
absorption edge. However, PA1039 with 4 phenyl rings and
3 acetylene groups was still colorless. - From a practical

point of view, the phenylacetylene series was thought to be

15



TABLE 1-3 Stabilties of the 3-ring phenylacethylene liquid crystal
Residual rate (%)
1* 2 Kk

Compounds

924

PA1036 03H7‘®_—_——'—©'03H; h 99.2 996
3CB 03H7—©—©-CN . 100 994

*. After the irradiation test
** After the heat test

16
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FIGURE 1-2 UV-VIS absorption spectra of phenylacetylene compounds
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worth investigating for high An liquid crystals.

1.3 Contents of this thesis

As the results of the preliminary study, we believed that
3-ring phenylacethylene is highly worth further investigating
high An liquid crystals. In chapter 2, the full-scale
investigation of 3-ring phenylacethylenes is explained. A
variety of the homologues were synthesized and their
properties were evaluated to find out effects of positions
of substituents, terminal groups and substituted groups on
the thermal, the optical'apd-other physical properties.
Other phenylacethylene homologdes containing heterocyclic
rings were also investigated to obtain higher An liquid
crystals than 3-ring phenylacethylenes. A molecular design
of colorless high An liquid crystals and new compounds based
on this design are shown in chapter 4. The origin of the high
birefringence is also discussed.

Liquid crystals which are used for practical purposes are
generally composed of more than ten compounds. This enables
them to adjust a lot of properties to their specification.
Therefore, various kinds of liquid crystalline compounds are
needed for preparing liquid crystal mixtures with controlled
physical properties. We have also developed new core
substituted phenylacetylene homologues with a cycrohexyl group.
It is known that cyclohexyl or cyclohexylethyl groups might have
the effect of lowering or widening nematic range. Therefore
these types of compounds are commonly used as components of
practical liquid crystal mixtures. We reported the synthesis
and physical properties of new phenylacetylene derivatives with
cyclohexyl and cyclohexylethyl groups in chapter 4.

For extending the application of high An liquid crystals,
aphotopolymerizable functionwas introduced to thesematerials.

Liquid crystal monomers, which have one polymerizable group,

18



have been well studied because pendant type polymers function
as switching devices and optical standing films. Recently
liquid crystal monomers, which had two polymerizable groups,
have been investigated. These types of polymers, whose
nematic orientations were frozen by photopolymerization, were
called in-situ photopolymerized polymers [27-31]. They are
more advantageous for static uses, such as optical films.
3-Ring phenylbenzoate monomers with one or two polymerizable
groups and their polymers have already been studied
systematically. Inthosestudiestherelationshipbétweenthe
optical properties of monomers and those of polymers was
complicated. We applied thé hibh An core structures which
were obtained while investigaﬁing low weight molecular types
to the photopolymerizable 1liquid crystal monomers with
diacrylate groups. In chapter 5, we report the evaluation of
physical properties of new photopolymerizable 3-ring
phenylacethylene diacrylate monomers and their polymer

networks.

19
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Chapter 2 Development of high An liquid crystals with wide
nematic range and high miscibility

- 3-ring phenylacetylene liquid crystals-

2.1 Introduction

In Chapter 1, we focused on the 3-ring phenylacethylene
(3PA) core as a starting structure of research and development
of practical high An liquid crystals. PA1034, which is 3-
ring phenylacethylene compound containing n-propyl terminal
chains, exhibited very high temperature nematic phase around
200°C. The relationship bet@eeﬁ chemical constitutions and
mesophase behaviors was well studied and modifications of
molecular design toward lowering the temperature range of
liquid crystal phase have been proposed. From the theory about
the effect of length-to breadth ratios of molecules on this
property [1l], introducing lateral substituents are often
adopted to decrease the melting and clearing points.

In order to understand the mesophase behavior of mesogens
with lateral alkyl substituents, a lot of liquid crystalline
compounds containing a lateral group were synthesized and
evaluated. A homologue of 2-substituted 1,4-phenylene bis
(benzoates) is one of the most well-studied series. In this
series the alkyl group lowered nematic temperature. The
clearing point decreased as the length of alkyl chain became
longer, but the melting point decreased and increased
alternately with increasing the alkyl chain length in the region
of long chain.

A fluoro group is also one of the most useful lateral
substituent for specigl features as electron-attraction which
may give compounds of high dielectric anisotropy, a depression
of melting point and so on [2].

This chapter focused on the modification of the 3PA

22



homologues for the purpose of lowering nematic phase. Firstly,
the effect of some substituents in the terminal ring were
investigated. Secondly, the influence of substituted
position of a methyl group, which was the most effective
substituent for the improvement of the properties in the former
investigation, was examined. Lastly, 3PAs with different
types of substituents in the best position were synthesized and

the effects on the physical properties were investigated.

2.2.Experimental
2.2.1 Synthesis
The preparative routes for the 3PA homologues including

-

some intermediates are shown in SCHEM 2-1 ~ SCHEME 2-3. The
structures of the final compounds and various synthetic

intermediates were characterized by 'H-NMR spectroscopy; all
spectra were recorded in CDCl, with TMS as internal standard.
All 'H NMR spectra (UNITY300, Varian 300 MHz) were in accordance
with the proposed structures. Mass spectra (SX102, JEOL) were
also measured and identified the predicted molecular weights.
The purity of each compound was verified by HPLC analysis (ODS
A-212 column, Sumika Chemical Analysis Service) and the purity
of all compounds were confirmed to be as high as 99 % except

for PA1121 (94.6 %) and PA1123 (98.3 %).
2.2.2 Measurement of physical properties

Transition temperatures and phase sequences were measured
using a Mettler FP82 hotstage and control unit in conjunction
with an optical microscope (OPTIPHOT2-POL, Nikon) and these
were confirmed using' differential scanning calorimetry
(DSC-200, Seiko Instruments Inc.). Refractive indices were
evaluated as extrapolated values from mixtures containing a

10wt® solution of each test compound in MJ931381 (Merck Japan).

23



M1a-3 R=n-C4Hg or CN
X Y=Hor CH, X
— I'@Br M1a-2
"'C4H9—O = b rrC4Hg—O—.__.—©—Br N n-CsHy O = = CqHon
Mla4 X=H, OCF3 X=H:IMla-5
. ) X=H:PA1081, X=OCF3;PA1094

__—'-OH ’
CsHyjl — l
HO—O—Br —_— wCanO—O—Br — mcsH”o—Q =—1—OH - n-csH”o—O——:
a .

c
IM1a-1 IMia-2

O =fon
— n-C5H11OBr — ncsH,1o—@-%@ = % OH

IM2a-1 IM2a-1
Y1
Br Hz v
— =N Yy = !
nCsHi 10— =5 7 = = nCsHiiO—=\ /= /= QRZ
IM2a-3 b Ys

(Y;,Y,.R; )= PA1056;(H,H,0CH(C3Ho),), PA1054;(H,H,CN),
PA1055;(CH3,CH3,CN), PA1053;(F,F.F)

SCHEME 2-1

a K,COy/2-butanone  p P4Cl, (PPh,),/PPhy/Cul / triethylamine
¢ NaOH/Toluene d PdCl,(PPh;),/ Cul/ triethylamine e toluene / KOH
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(CFqSOv)O
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R == ) N

(Y.R)=IM1a-3:(H.n-C,Ho). IM8a-1:(CH3.CN) ' . Hs Y
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CH 5 Hs =oH Hs
h ~ | OC7Hq5-n » HO = OCsHsn

a
IM7a-1 IM7a-2
CHg <)
" (el %OCﬁw-n - n-C7H150007H15-
1 a
1M7a-3 PA1095
SCHEME 2-2

f p-toluenesulfonic acid g pyridine / 4-pyrrolidin-1-pyridine
h Na,CO; / methylethylketone i NaOH / Toluene
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| p-toluenesulfonic acid / methanol ~ m PdCI(PPhy), / PPhy/ Cul/ triethylamine
n methanol/KOH o PdCl,(PPh,),/ thethylamine pNayCO3/ ethylacetate / ethanol

26



An Abbe refractometer (2T, ATAGO) with a sodium lamp (589 nm)
was used to measure the refractive indices of the mixtures at
20 °C. The birefringence of single compounds was also measured
by hollow prism method [3]. The setup for the measurement is
shown in FIGURE 2-1. A temperature controlled parallel
aligned wedge cell, which was set on a rotational stage equipped
with a stepping motor (D80, Suruga Seiki) and encoder system
(resolution; 1 arcsec, K1 and CR-16, Canon), was used for the
measurement. Each reflection angle of the incident He-Ne
laser (A =633 nm) light, polarized perpendicular and parallel
to the rubbing direction wds measured for the calculation of
n, and n.. . ‘

Order parameters were estimated by measuring polarized IR
absorption spectra (FTIR, Magna860, Nicolet). 10 4m thick
homogeneously aligned cells were prepared for this measurement;
the substrates were CaF, plates coated with polyimide (LX-1800,
Hitachi Chemicals) and rubbed in one direction. Order
parameters were calculated from the dichroic ratio [4] of the
acetylene C=C stretching absorption peaks at around 2220cm™?,
according to the equation S=(D-1)/(D+2), where D is a dichroic
ratio, S is an order parameter.

The viscosity was also estimated as extrapolated values
from the same mixtures used for thelAn evaluation using a
microviscometer (AMV-200, DMA4S for the measurement of
density, Anton Parr KG) at 20 °C. The stabilities were

estimated by the same method explained in Chap.l.

2.3 Terminal substituted series
2.3.1 Mesogenic properties

Phase sequences, transition temperatures and associated

enthalpies for compounds PA1081 ~ PA1053 are listed in TABLE
2-1. Compound PA1081, which has linear terminal alkoxy and
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Beam splitter Temperature controlled wedge cell
— /'L/ZW:H'ep]ate
gl i \ ..} Rotational stage & Encorder

Guidescope
(X20 )

CCD
L Nematic director
Display

Wedge cell

FIGURE 2-1 Optical setup for refractive index measurement
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TABLE 2-1 Transition temperatures and enthalpies for the 3PA homologues.

Y1 .
. — . — ‘ Transition temperatures (°C) and .
CsHn© @ - Q - YRZ : * enthalpies(in square brackets[], k]/mol)
2

Compounds R; Yi Y K . S¢ SA N I
PAISI CHo H H - . 162{19.4] + 234 [1.4] -
PA1056 OCH(C3H72 H H - 143[32.5] (- 119[16.3])

PAISA CN H H . 199 [18.8] - 297 [1.5] -
PA1055 CN CH3 CHs3 . 149[37.6] - 160[0.5] -
PA1053 F FooF L 1200188] (- 101[3.3]) + 168[2.4] - 179[0.54] -

Pharenthese () denote a monotropic transition.
K: crystal, Sx; unassigned smectic phase, SA; smectic A phase, N; nematic phase, I; isotropic
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a midpoint of 200 °C. In order to reduce this temperature, the
core part or/and terminal chains of the compounds were modified.
The introduction of a branched terminal alkoxy chain (PA1056)
or fluorine substituents (PA1053) was effective in lowering the
liguid crystal temperatures. Terminal CN group increased Ty,
and melting point in comparison of PA1054 and PA1081. However
these properties of PA1055 with lateral methyl groups were far
lower than those of PA1054. In comparison these compounds,
lateral methyl and fluorine substituents particularly
decreased the clearing (T,;) and melting points effectively.
Similar effects of lateral *fluoro and alkyl substituents have
been reported [5], suggesting.thit these groups are capable of
disrupting the intermolecular crystalline packing as well as
increasing the breadth of the molecules. The transition
enthalpies associated with the nematic-isotropic transitions
were smaller than those seen for compounds without lateral
substituents, indicating a lower degree of interaction between
the molecules in the mesophases.

The effects of these modifications on the phase sequences
differed. Compound PA1056, containingabranched alkoxy group,
did not exhibit nematic phase while fluoro substitution
(PA1053) induced smectic behaviour in addition to the nematic
phase. The incorporation of lateral methyl groups (PA1055)

did not change the phase sequence.

2.3.2 Physical properties

The optical properties, the calculated anisotropic
polarizabilities (A «) and the viscosities are listed in TABLE
2-2. Most of the compounds exhibited high An values of over
0.4. The compounds containing nitrile groups showed very high
An values of 0.5-0.6. Fluoro substituents, branched alkoxy

chains and methyl groups decreased An compared with that of

the analogous non-laterally substituted compound even though
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TABLE 2-2 Optical property and viscosity the 3PA homologs

Compounds no” ne” An” a? Aa? n"
[AU] [AU] [mPa.s]

PA1081 1.519 1.966 0448 359 525 -
PA1056 1.532 1.888 0.356 397 562 -
PA1054 1.513 2.114 0.601 342 558 -
PA1055 1542 2012 0470 362 555 1050
PA10S53 1.511 1922 0410 508 328 84

1) Optical properties(at 20°C and A =589nm) and visocosity(at 20°C) were

extrapolated values of the mixture [liquid crystal(10wt %) and MJ931381 (90wt %]
2) Average polarizability calculated by MOPAC93
) Aa=ax-(ay+az) 2

a x ; Polaizability along the molecular long axis
ay. az ; Polaizability along the molecular short axis
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chains and methyl groups decreased An compared with that of
the analogous non-laterally substituted compound even though

the Aa values were similar.
In order to study the effects of the substituents on the

properties, the temperature dependence of A n and order
parameters of the pure compounds were measured (see FIGURE 2-2
and 2-3 respectively). The dependence of An on chemical
structure was the same as seen for An estimated by extrapolation
from mixtures with a host nematic.

The order parameters of the non-substituted éompounds
(PA1081 and PA1054) were almdst the same, but introducing methyl
groups resulted in decreased vélués. The calculated value of
A a for PA1054 was the largest of all the compounds.
Substituents decreased A a because the lateral groups
increased the polarizability perpendicular to the long axis of
the molecule. It is well known that An is determined by A
a and the order parameter, such that incorporating
substituents decreases An because of the reduction in A @and
the order parameter. In the case of An estimated- by
extrapolation from mixtures, the lowering of T,, also caused
the decrease in the order parameter at the temperature at which
An was estimated.

The viscosities of these series were slightly higher than
those for the 3-ring phenylcyclohex&l compounds [6]. The
effect of the substituents on the viscosity was almost the same
as for conventional liquid crystals; specially lower viscosity
is observed with fluoro groups and higher viscosities with

nitrile substituents.

2.4 Effectof lateral substituent positionof themethyl groups
on physical properties
As the introduction of methyl groups was effective in

lowering the nematic temperature range but with only a small
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decrease in A n, we synthesized a variety of 3-ring
phenylacetylene compounds with lateral methyl groups. The
effects of the position and number of substituents on the
physical properties were investigated in order to establish the

optimum structual modification for these homologues.

2.4.1 Mesogenic properties
The phase sequences, transition temperatures and

associated enthalpies are listed in TABLE 2-3. A domparison
of the transition temperafurgs-for PA1117 ~ PA1123, reveals
that the most effective subStitugion position for lowering the
nematic temperature range was the central ring. The behaviour
of T,, and the melting point(T,) was different: T, increased in
the order PAl1114 (substituted center 1ring) < PAll2l
(substituted terminal ring) < PA1123 (substituted terminal
ring) < PA1117 (non-substituted) , whereas T,; increased in the
oeder PA1123 < PA1114 < PAl1121 < PAlll7. In the case of the
alkyl-alkoxy compounds (PA1068 ~ PA1066), a similar trend was

observed.
Molecular theories of the nematic phase have been

extensively studied and T,; is determined by some very delicate
balance between repulsive and attractive forces [7]. The
substitution at position A (see FiGURE 2-4) decreased the
interaction area of the mesogenic cores to the greatest extent
because the substituent is in the center of the core, and hence
the melting point was lowest in this group. Substitution at
position C retains a larger interaction area between the
molecules than for substitution at position A, and therefore
the melting point decreases. Substitution at position A
increased the distance between molecules -but the molecular
shape was almost symmetrical and so they behaved like linear

molecules. As a result, T, was not low compared with those
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TABLE 2-3 The effects of substituted position of a methyl group on physical properties

Compounds

Transition temperatures (°C) and

enthalpies(in square brackets[], kJ/mol)

N I
PALYT CoHia— )=l )—=—C )-CoHr  * 147[18.6] + 209[1.2] -
Ha .
PA1114 CsH13C3H7 - 57[14.4] - 169[13] -
Ha .
PALI21 CeH1303H7_ - 67[13.5] - 176[1.0] -
Hz
PAI123 ceme =)= CH - 85[309] - 143[09] -
Ha
PA1068 C5H11C4Hg - 83[16.4] -201[14] -

Ha Hs
PA1095 C7H15OC7H 15

PA1066

- 146 [54.8] - 162[1.8] -

- 106 [39.0] - 191[0.7]

K: crystal, N; nematic phase, I; isotropic
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Substituted position; A type

FIGURE 2-4 Schematic presentation of the core substitued 3PA compounds
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for positions B and C. Substitution at position C destroyed
the symmetry of molecular shape. The interaction area of the
‘mesogenic cores was larger than for compounds substituted in
1positions A or B, and therefore the melting point of this
" compound was the highest. On the other hand, the excluded
volumepresumablyincreasedbecauseof'thewedge-likemolecular
shape. AsaresultT, was loweredbythegreatest amount. The
large excluded volume may also result in the lowering of the
order parameter.

The temperature dependence of the order parameter of PA1117
~ PA1123 and PA1068 ~ PA1066 ar€ shown in FIGURE 2-5. The
order parameter of PA1123 was lower than those of PAll114 or
PA1121, supporting the suggestion that the excluded volume
effect is important. In the case of the alkoxy type (PA1068)
and cyano substituents (PA1066), similar thermal properties
were observed.

Compound PA1095, which has two methyl substituents, one
in each terminal ring, exhibited almost the same values of order
parameters as that of the non-substituted compound. This is
not inconsistent with the excluded volume model. In the case
of PA1095, it is considered that symmetrical substitution keeps
the order parameter higher because the symmetrical molecular

shape behaved as a simple rod-like molecule containing no

substituent.

2.4.2 Birefringence and Viscosity

The birefringence and viscosities of these compounds are
listed in TABLE 2-4; thetemperaturedependenceofzﬁn,measured
for the pure compounds is also shown in FIGURE 2-6. An for

the pure compounds slightly decreased on introducing methyl
groups. However, no dependence of substituent positions on

An was observed. Inthe caseof Anestimated by extrapolation

from the mixture with a nematic host, substituent position A
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TABLE2-4 Physical properties of methy substitued
3PA homologues

Compounds no*  ne An* n*
. [mPa - s]

PAI117 1515 1947 0432 84
PAI1114 1524 1944 0419 119"
PA1121 1527 1914 0388 195
PA1123 1528 1932 0404 104
PA1068 1522 1954 0432 156
PA1095 1514 1876 0.362 -

PA1066 1.537 2.027 0490 1157

*:Optical properties(at 20°C and A =589nm) and visocosity(at 20 °C) were
extrapolated values of the mixture [liquid crystal(10wt %) and MJ931381 (90wt %)]

40



04
| ()
03f
E 02l
_ O PA1117) ]
® PAl114 ||
01r A PA1121
: x PA1123
00 ’ 1 i [ 1 1
20 0 20 40 60 80 100 120

TNI-T

=

.

04 T T T T o T T °
(b) 0° o0°®
O o
03[ Cq® ° .
. o] ®
O
&
02 .
I ® PA1068
0.1 A PA1095
O PA1066
0 0 m 1 1 1 i 1
20 0 20 40 60 80 100 120

Tni-T

FIGURE 2-6 The effect of substituted position of methyl group on birefringence
(a) alkyl type and (b) alkoxy type



(PA1114 or PA1068) exhibited the highest values for the methyl
substituted homologues.

The viscosities of these were also the lowest. Fromthese
( viewpoints, position A was the most useful substituent position

“in the case of these 3-ring phenylacetylene homologues.

2.5 Effect of central ring substituents on physical properties
2.5.1 Mesogenic properties

The phase transition temperatures and associated
enthalpies of the compounds with a substitued central ring in
the core part are listed in TABLE2-5. The nematic temperature
was lowered by introducing a’L&teral substituent in both cases
of alkyl-alkyl and alkyl-alkoxj terminal chains. The effect
of the kind of substituents on liquid crystal temperature was
different. The methyl group lowered the melting(m.p.) and
clearing points(T,) and extended the nematic range. Other
substituents also lower m.p. and Ty, but they reduced their
nematic ranges. Trifluoro methoxy and ethyl substituents
lowered nematic temperature drastically. PA1109 with ethyl
.substituent exhibited wide nematic range including room
temperature. PA1106 which had a methoxy group exhibited
higher m.p. and lower T, than other types, as a result, the

nematic range became very narrow.

2.5.2 Physical properties
An of 3PAs estimated from the mixtures are listed in TABLE
2-6. These compounds exhibited very high An value of about
0.4. An was decreased by the substituents in the order H >
cH, > C,H, > OCF, > OCH,.
Temperature dependence of An and the order parameter (5)
of pure compounds were also measured and the values at Ty- T
= 100 are shown in TABLE2-7. The An and S were reduced by

introduction of substituents, but trifluoromethoxy group did
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TABLE2-5 Phase transition temperatures and enthalpies for the 3PA homologs.

X4

R )= \Y \ /"Re * Transition temperatures (°C) and
’ enthalpies(kJ/mol)

Compounds R1 R2 X1

PA1094 CsH110 CsHo OCF3 K [40.4]60N[1.7]162 1
PA1106 CséHiz C3H7 OCH3z KJ[286]86 N[1.1]108 I
PA1107 CsHi3 C3H7 OCF3 K[238]34NJ[1.1]851

PA1109 CsH13 C3sH7 C2Hs K[153]16N[1.5]1151
PA1108 CsHiz CN C2Hs K([258]74N[1.3]1491
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TABLE2-6 Physical properties of substituted 3PA derivatives

Optical anisotropy”  Viscosity”

no ne An  [mPas]
PA1094 1502 1875 0374 100
PAI107 1498 1.844 0346 56
PA1106 1534 1923 0389 353
PA1109 1.528 1907 0.379 94
PA1108 1.532 1.993 0.462 231

1) Extrapolated values(at 20°C and A =589nm)

the mixture {liquid crystal(10wt%) and MJ931381 (90wt %)]
2) Extrapolated values(at 20°C) of the mixture [liquid crystal(10wt%) and MJ931381 (90wt%)]
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TABLE2-7 Physical properties of 3PA homologs

R~ )=
R1

X
@: )R,

R2 X An(exp)’ S” a? Aa? An(calcy
PA1081CsH11O CsHeo H 0383 0.76 359 525 0.580
PA1068C5H110 Cs4Hs CH3 0363  0.70 368 522 0.484
PA1094CsH110 C4He OCF3 . 6.382 . 076 378 525 0.492
PA1117 CéeH13 C3H7 H ’ Q.§63 0.76 349 5Q02 0.560
PA1114 CéeHi1z  C3sH7 CH3 0361 0.70 358 499 0.467
PA1107 CéeH13 C3H7 OCF3 0363 077 366 494 0.473
PA1106 CéH13 C3H7 OCH3 0339 059 363 49 0.389
PA1109 CéH13  C3H7 C:2Hs 0362 0.69 366 489 0.434

1)Experimental datas at TNI-T=100
Q)a=(axx+ayy+taz)/3 .
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not affect these properties. Introducing a non-polar
substituent to the lateral position increased the free volume
. of the molecule so that it may cause mobility along n-director
to increase and S to decrease. However, in the case of polar
substituent group like trifluoromethoxy, the interaction of
core part covered the effect of increasing free volume. As
a result S was hardly affected.

Visocity of these homologues was slightly higher than those
of conventional 2-ring type liquid crystals (see TABLE2-6).
Introducing substituent groups increased viscosity, but
trifluoromethoxy group dec}egsed the viscosity remarkably.
The viscosity of trifluoromethoxy type was lower than ethyl,
methoxy or non-substituted type. It was considered that not
only bulkiness of substituent group but also fluorine atoms

reduced the interaction of molecules and induced 1lower

viscocious property.

2.6 Conclusions
Substitued 3-ring phenylacetylene homologues have been

synthesized and evaluated. In the investigation of modifying
the terminal ring, it was found that methyl substituent was
effective in lowering the nematic temperature range with
keeping high An compared with a fluorine group or introducing
a branched terminal chain. With these results, we studied the
effect of the position of the methyl substituent on the physical
properties. The most effective methyl substituent position
for improving the nematic range was the central ring. Based
on the estimated values of An, and the measured order parameters
and viscosities, the best substituent position is also on the
central ring.

These results led us to investigate the 3PA homologues with

different types of substituent. 1Introduing trifluoromethoxy
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group was effective for lowering nematic range and viscosity.
Therefore this type of compound was useful for preparing

practical liquid crystal mixtures.
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Chapter 3 Development of colorless high An liquid crystals

-phenylacetylene liquid crystals with heterocyclic groups-

3.1 Introduction

In Chap. 1 and Chap.2, high A n 1liquid crystals of
phenylacetylene homologues were developed. They exhibited A
n values of 0.4 ~ 0.5 and good stabilities. It was also
successful in the improvement of liquid crystal temperature and
solubilities by introducing“lateral substituents. However,
the values of such An are not enough large to prepare liquid
crystal mixtures with high An over 0.5.

Most of high An liquid crystéls reported before including
phenylacetylene derivatives contained only carbon, hydrogen,
oxygen and fluorine atoms. Recently liquid crystalline
compounds with heterocyclic groups have been studied not for
display use but other applications. Thiophenyl 1liquid
crystalline compounds were developed as nonlinear optics
materials [1]. Benzothiazolyl compounds have been studied as
photoconductive materials [2]-[3]. High An liquid crystals
containing naphtalene ring and isothiocyanato group were also
reported [4]. Hetero atoms are exéected to increase An
because of more number of electrons than that of carbon; that
contributes the increase of the polarizability. A condensed
ring is also expected to increase the An because polarizability
is larger than that of a phenyl ring. In order to obtain higher
An liquid crystals, heterocyclic groups were introduced to the
phenylacetylene core.

In this section, we synthesized and evaluated the physical

properties of thiophenyl acetylene, benzothiazolyl acetylene
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and dibenzothiophenyl acetylene compounds for the

investigation of the effect of these hetero-rings on optical

properties.

3.2 Experimental

The preparative routes for the}thiophenyl acetylene and
benzothiazolyl acetylene derivatives including some
intermediates are shown in SCHEM 3-1 ~ SCHEME 3-4 respectively.
The characterization of stfuctures of final compounds and
various synthetic intermediates were examined by the same
method explained in Chap.2.

Transition temperatures, phase sequences, refractive
indices and viscosity were also evaluated by the same method
in Chap.?2. UV and visible spectra were measured with U-3500
(Hitachi) spectrometer. The samples were prepared by adding
each compound (about 0.lmg) to DMF(10ml, spectrum grade). A

quartz cell with lcm thickness was used for this measurement.

3.3 Results and discussion
3.3.1 Thiophenylacetylene deriva;ives

The phase transition temperatures, associated enthalpies
and refractive indices of the thiophenyl acetylene derivatives
are listed in TABLE 3-1. Analogous phenylacetylene
derivatives (PA1036 and PA1040) are included for comparison.
The thiophenylacetylene-based compounds are poorer liquid
crystals with low liquid crystallinity than the corresponding
phenylacetylene-based compounds. Compounds T1045 and T1044
did not exhibit liquid crystallinity while T1046 showed only

a monotropic nematic phase. The melting points of the
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DT1115

a Cly/H,0,b HNO;/H,S0,/CH;COOH , ¢ SnCly/HCl, d NaNO, /H,SO,, e CuBr/HBr

f PdCl1,(PPhy), / PPh; / Cul / Triethylamine, g KOH / Toluene ,h p-Toluenesulphonic acid / methanol
i 4-pyroridinopyridine / pyndine , j PdC1,(PPh3), /PPh3 / Cul / DMF,

SCHEME 3-3
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9 9

IMDBT-4 IMDBT-9 IMDBT-10
CgHyyl
—= NH, Br —~ HO Br w CsH{1O Br
c d €
IMDBT-11 . IMDBT-12 IMDBT-13

Hs
E-C;zomp Hs
CF3502)20
T ey o 0 e
X 1

IMDBT-14
s ,
IMDBT-12 —— THPO @D/Br
l -
IMDBT-16 o
0o = CiHe @o IMDBT-16 S :
|| ] B — .
BH BA~ : THPO o CaHo
o o CaHg i ,
IMDBT-17 ' IMDBT-18
p-TsOH S (CF3802),0/ CH,Cl, s
HO _@_D/\,cmg .- CF38020WC4H9
IMDBT-19 IMDBT-20
" =—TMs s s
o ™S C4H9 — —méj 7\' Y\\,C.;Hg
~ IMDBT-21 ' IMDBT-22 :

DT1125

SCHEME 34

iHZO,b HNO, /H,80,/CH;COOH . ¢ SnCl,/HC!, d NaN0,/H,S0,, e K,CO;/ethylmethyl ketone.

; {PPhs), / PPhy / Cul / Triethylamine, g p-Toluenesulphonic acid / methanol,

pymolidin-1-yl pyridine / pyridine / dichrolomethane , i DHP/ p-TsOH, j PdCIy(PPh3), / Nay,CO3, .
{PPhs), / Triethylamine, 1 K,CO;/ methanol / THF
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?TABLE 3-1 Physical properties of thiophene homologues.

Compounds Transition temperatures ("C) and neV noV) An?  Aad?
enthalpies(in square brackets], kJ/mol)
K N 1

T1048 S S ‘

Cotr—§ =) CsHr + 7[22.9] . 1732 1575 0157 241
M6 S __ L

G == ON  -114[37.9)(-107(0.A] - 2078 1560 0518 401
T1044 S — — S

CsH—§ =—=1 jJ~CaHs - 12[23.4] . 1.911 1.584  0.327 363
PA1036 _

o =" 73202 . 1781 1518 0264 251
PA1040 — —

C3H7CaH7 . 108(25.4] - 133[1.4] + 1935 1526 0410 368

Pharenthese () denote a monotropic transition.
K:crystal, N : nematic phase, 1: isotropic
1)Optical properties(at 20 °C and A =589nm) were extrapolated values of the mixture
liquid crystal (10 w1 %) and MJ931381 (90 wt %)1 :
+ 2) Anisotropy of calculated polarizability by MOPAC 93
Aa=ax(ay+taz) /2
a x ; Polaizability along the molecular long axis
ay. az; Polaizability along the molecular short axis
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thiophenylacetylene series are lower than corresponding
phenylacetylenes and; they exhibit good solubility with other
nematic mixtures.

The values of An for the thiophenylacetylene series were
around 0.3, which is moderately high. An was reduced by
exchanging the phenyl group for a thiophenyl ring because of
the reduction in the polarizability. As shown in TABLE 3-
1, the anisotropic polarizabilities of the thiophenylacetylene

homologues are lower than those of phenylacetylene homologues.

3.3.2 Benzothiazolylacetylene.derivatives .

The physical properties of the benzothiazolylacetylene
homologues are listed in TABLE 3-2. They exhibit higher
melting points and lower liquid crystal phase transition
temperatures than the phenylacetylene and thiophenylacetylene
homologues. Compounds BT1073 to BT1076 and BT1077 did not
exhibited liquid crystal phases. The transition enthalpies
were larger than those of the reference compounds. The
condensed ring increased the interaction area of the cores
giving higher melting points ans reduced liquid crystalline
behaviour. BT1078 shows an enantiotropic nematic phase, but
decomposesat159°C;BTIO77decompo§esat158%3priortomelting.
He compounds containing a diacetylene fragment were less
thermally stable than those having an acetylene linkage(BT1073
~BT1076).

An was increased by exchanging the phenyl group for a
benzothiazole ring. The fluorine-substituted compound
(BT1071) showed a low An, while alkoxy substituents gave high
An values of 0.3 ~0.5. As A a increased on adding

benzothiazole ring, so did An. Compounds BT1070 and BT1076
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“TABLE 3-2 Physical properties of the benzothiazole homologues.

Transition temperatures (°C) and

Compounds enthalpitlez(in square b]:Iackets[], kJ/nIlo]) e no? AnY AQ?
" ‘ :
BT1073 Kj[ D—:—Q—ocam © 115 [43.2] . 1878 1543 0335 395
CsH110 3 F o
BT1071 ,@ ?%Q‘F . 97[31.9] . 1780 1540 0240 351
CSHHO ) S F ° .
N,
BT1070 /@ ‘)—:—@-CN . 162 [50.2]. . - - - -
CgHy10 s .
N _ N
BT1076 ,@ = @ - 176 [65.9] . - - - -
CsH110 S s OCsH 14
N
BT1078 @ ~>%%@-003H, - 116 [39.6] * decomposed ~ 2.057 1.554 0503 530
CgHy10 NS at 159°C
BT1077 ,@:‘> == @ ° 2015 1537
10 S S oCeHs, decomposed at 158°C 0 0.478 636

K:crystal, N : pematic phase, 1: isotropic .

1) Optical properties (at 20 °C and A= 589 nm) were extrapolated values of the mixture
[liquid crystal (10 wt %) and MI931381 (90 wt %)]
2) Anisotropy of calculated polarizability by MOPAC 93
Aa=ax-(ay+az) /2
a x ; Polaizability along the molecular long axis
ay. az ; Polaizability along the molecular short axis
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showed poor solubility in the host nematic, and thus, An values
could not be estimated.

The benzothiazolylacetylene and thiophenylacetylene
derivatives were yellow or brownish in colour. The absorption
spectra of these series had longer absorption edges than that
of even the colourless three-ring phenylacetylene compound
which has a higher An value of 0.43 [9] (see FIGURE 3-1). It
is considered that the conjugated hetero rings raise the HOMO
level; indeed the calcuiated HOMO levels of these compounds are
-8.40 eV (T1045) and -8.47 eV (BT1073), which are higher, than
that of PA1036 (-8.56 eV}). XThérefore, the absorption spectra
shifts to longer wavelengths on substituting the phenyl ring

with a hetero ring.

3.3.3 Dibenzothiophenyl acetylene derivatives

As has been investigated in 3.3.1 and 3.3.2, introducing

hetero atoms was effective for increasing A a and An. However,

it was thought to induce a red shift of the UV-Vis absorption
spectra because the HOMO level is raised. It is important to
restrain the decrease in the HOMO-LUMO gap in the design of high
An liquid crystalline compounds w;th heterocyclic rings. In
order to obtain colourless high An liquid crystals, new

molecules having dibenzothiophenyl rings were designed,

synthesized and investigated.

3.3.3.1 Molecular designs

Refractive index is determined by polarizability and
number density as expressed by Vuks equation [10]. Increasing
the polarizability along the molecular long axis is effective

for increasing An. We introduced dibenzothiophenyl rings
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FIGURE 3-1 The effect of heterocyclic groups on UV-VIS absorption spectra
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with larger An than a phenyl ring because they were expected
to cut the conjugation system in the molecule because of the
different HOMO level from that of the phenyl ring. Before
synthesis started, anisotropy of polarizability and UV-Vis
absorption spectra had been calculated. From the results of
the calculations (see TABLE 3-3), it was predicted that the
dibenzothiophenyl series would exhibit larger A a and almost
the same absorption edge as 3-ring and 4-ring acetylenes.
The molecular orbitals of HOMO and HOMO-2 of model molecule
1 are shown in FIGURE 3-2. HOMO-2:-is the next-but-one lower
energy level because of degeneraiion of HOMO and the next lower
HOMO. The HOMO is localized at the dibenzothiophenyl rings.
Ontheotherhand,HOM0-2isdelocaiizédoverthewholemolecule.
It might be speculated that dibenzothiophenyl series exhibit

high A a because of the conjugated nature of HOMO-2 and short

wavelength absorption because of the localized HOMO.

3.3.3.2 Physical properties of dibenzothiophenfl
acetylene derivatives

Chemical structures and physical properties of the
dibenzothiophenylacetylene homologues are listed in TABLE 3-4.
DT1116 containing two dibenzothiophenyl rings exhibited a high
melting point and a wide range enantiotropic nematic phase. In
the measurement by DSC, only the transition from the crystal
to the nematic phase was observed on the heating cycle from room
temperature to 330 °C. DT1115with one dibenzothiophenyl ring
exhibited lower melting point of 134 °C and a wide nematic phase

range. DT1125 with an alkenyl group connected directly to the
core part exhibited a high melting point like DT1116 and had

a smectic phase. This phase was thought to be highly
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TABLE 3-3 Calculation of polarizability and absorption wavelength of model molecules

model molecules Aa (au)" Abs.(nm)?

S
K — S\ — /=
model 1 SI N \ / \ /

o2 oL 8 | 368
e CsH” 08 364
w o6 s
. 681 374

" 1) Calculated by MOPAC93 (revision number 2)
2) Calculated by MOPAC-RPA program, Single CI [13]

755 361

60



FIGURE 3-2 Image of MO of the model molecule 1
(@) HOMO (b) HOMO-2
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TABLE 3-4 Transition temperatures of dibenzothiophenyl derivatives

Compounds . Transition temperatures(°C)

C2Hs ,'
DT1115 Su = )—=4& - 0CsHy, K-134*N-253 -1

DT1116 ST N—= Cz; S' |
S ) K - 227+ N >300

DT1125 2ls S' 7 Ot
S = = = K- 225+ Sx >300
o 0~ l‘—_‘c_.;. Q=4
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ordered, but could not properly be assigned simply by
observation of the texture using the polarizing microsope.
Extrapolated A n values of the dibenzothiophenyl
homologues were very high as expected (see TABLE 3-5); DT11l16
. and DT1125 had values of over 0.6. When E9 was used as a host
mixture (E9 has a higher T,, than MJ931381), the extrapolated
An of DT1116 was over 0.7. Refractive indices for DT1115 and
DT1116 were measured using the single compounds as shown in
FIGURE 3-3. They also exhibited very high An as single pure
compounds , especially DT1116 with An over 0.5. The
calculated Aa are increased b& exchanging a phenyl ring for
a dibenzo-thiophenyl ring (see TABLE 3-6). The order
parameter of DT1115 was slightly larger than that of the simple
phenylacetylene compound PA1109 (see FIGURE 3-4), but the
difference was so small that mainly the increase of A« must
contribute to the increase in An. DT11125 also exhibited high
An over 0.6, but the alkenyl group did not contribute the

increase of An.
Absorption spectra of compounds DT1116, DT1115 and PA1054

are shown in FIGURE 3-5. The spectral edges are all shorter
than 400nm, the shortest limit of the visible range. DT1116
with two benzothiophenyl rings is colourless. The plots of

the shortest absorption edge of each compounds to An are shown

in FIGURE 3-6. The compounds used in this plots are shown in
TABLE 3-7. The transition energy was almost proportional to
An in the phenylacetylene series. Thiophenyl series and
benzothiazolyl series exhibited smaller energy than
phenylacetylene plots as menthioned in chapter2. However
dibenzothiophenyl series showed larger An Qith almost same

transition energy as phenylacetylene series.

63



TABLE 3-5 Optical properties of dibenzothiophenyl derivatives

Compounds né) rl01) An 1) nCZ) n02) A n2)

CoHs :

DT1115 = )= & =) oCsH, 2093 1563 0530 2158 1541 0617

) CoHs Ty - . <

DT1116 == 2223 1590 0633 2332 1589 0743
oHg ; = CSH"., .

DT1125 TN—= = 2.181 1.551 0.631

CgH,,O
paoss G0 == on = =D =Y o8 1534 0594

1) Optical properties(at 20°C and A =589nm) were extrapolated values of the mixture
[liquid crystal(5wt%) and MI931381 (95wt %)]

2) Optical properties(at 20°C and A =589nm) were extrapolated values of the mixture
fliquid crystal(5wt%) and E9 (95wt%)]

3) Insolble 1n the host mixture
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TABLE 3-6 Calcurated polarizabilities of dibenzothiopheny! derivatives

A oy a,, - a, Ao
DTI111S 870 338 98 652
DTi116 977 380 " 68 753
DT1128 1251 456 146 950
PA1109 692 288 118 489
PA105S4 714 232 80 558

axx ; Polaizability along the molecular long axis
ayy. azz ; Polaizability along the molecular short axis
Aa=axx—(ayy+azz)/2
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FIGURE 3-4 Order parameter of DT1115
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FIGURE 3-5 The effect of the dibenzothiopheny! ring on UV-VIS absorption spectra

68



450 - ; -

400 [ 4 7

Wavelength (nm)
W
(V]
O

250
0.0 0.2 0.4 0.6 0.8

An

FIGURE 3-6 Plots of An vs transition energy of high An liquid crystalline compounds

® Phenylacethylenes A Thiophenylacethylenes A Benzothiazolylacethylenes x Dibenzolhiophenylacetilylenes
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TABLE 3-7 An and absorption edge of compounds

z

Ry—X O ==Y R An  Abs(nm) An  Abs (nm)
X Y z R, R,
—_— H C,H, C;H, 0.115 282 CyH,—§ == CH, 0.327 372
—_— 0264 294
t t t cau,—{p—z—{}-csm 0157 348
) 4 CN + 0335 306
cw,—{p——(‘: = }cu 0.518 373
—=—O— 0 GH, % 0.410 336
= = CaH 3 3
_C>. 4 4 + oz 307 CsH7H sHr 0391 359
3 323 F
)= 1 4 + 0351 323 b= @ . 0.240 355
. CsHyy S F
+O— t 4  OCH, 0385 344 .
o,():”-n%@-ocam 0335 360
0 +  OCH. OCH, 0424 344 Csh s
_O_._._ D 4 4 b 0496 346 0.530 366
t t 4 OCH, CH, 0448 350
0633 376
F
? —Q— 4 4 F 0410 35
F
3
t 4 4 CN 0470 361
CHg
t —< >— t +  O(C,H,), 0356 356
? t CH, t OCF, 0375 350
Ha
r _d_ t ? CN 0490 361
1 —O— 0 ) F 0442 350
4 $ 4 0 CH, 0430  352-
-O—=— —D— CH, CH, CN 0462 356
0 0 4 1 C,H, 0379 349
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Dibenzothiophenyl series exhibited shorter absorption spectra
than the expectation from the large An.

The durability of DT1115 and DT1116 was estimated by the
same method explained in Chap.l1. They exhibited good
stability as same as 3-ring phenyl acetylene series (see TABLE

3-8).

3.3.3.3 Analysis of the contribution to birefringence
Some semi—empiriéal models exist for describing the
refractive index dispersions of liquid crystals [11]. Three
absorption bands (one O—>0O* ané two T—>7T* transition bands)
have been correlated with the refractive indices to identify
the physical origins responsible for the observed values. In
this section, the dependence of the refractive indices on the
absorption wavelengths of DT1115 and DT1116 was measured and
analyzed in order to confirm the origin of the physical features
of dibenzothiophenylacetylenes, which exhibited very high A

n and no colour.

(1) Three-band model

A semi-empirical formula correlating with the

microscopic molecular polarizabilities (&) of a liquid
crystal with the macroscopic refractive indices was

obtained from the Vucks equation and the semi—empiricall

relationship between n, and n, [12]:

1

nc=Mae+[1+(Mae)(Mao)]5 (la)
1
m,=A4aa+[1+(Alaa)(Alae)]E (1b)
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TABLE 3-8 Durabilities of Dibenzothiophenyl derivatives

Compounds Residual rate (%)
*

1 2%
DT1115 98 . ' 99
DT1116 99 99
DT1125 88 96 .

*. After the irradiation test
** After the heat test
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where M=1.4(47TN/3) and N is the number of molecules per unit
volume. Equation (1) can be expanded by a power series to
the first order since both Ma, and M &, are much less than

unity

[, 1 \
nel+ Ma 1+ —Ma, + - 2a
¢ L\ 2 e } ( )

n0=1+Ma0{1+-1-Ma0 +--~\ (2b)
V"2 )

At the off-resonance region, molecular polarizability (&

is related to the resonance absorption wavelength A

e,0)

and associated oscillator strength (f,,), as

i

0,3~ S(1.) 7257 (3)

In the three-band model, one O—>0O* transition (designatéd
as the A, band and two 7r—>7* transitions (designated as
the A, and A, bands with A, > A,) are considered. The A
, band appears in the vacuum UV region; its actual wavelength
has not been measured, but is e-xpected to locate at around
120nm. There are many O electrons available in a liquid
crystal molecule, so that the transition intensity should
be very strong. The A,bandof several conjugated liquid
crystal molecules occurs at about 200 nm; it consists of
twoclosely overlapped bands. Consideringall threebands,

we derive the following expressions for refractive indices:

73



AZAOZ A.ZAI 2 AZAZZ

nezl+ngAZ _Aoz"'gLe)Lz_A]z*'gz,e)Lz_ 7 (4a)
A,ZAZ AZ 2 AZ 2

nag]‘-'-go,o Az_ioz +8, PE _A‘lkz +82,0A2_A;Lz (4b)
1 2

Where g, ~Nz,f, are proportionality constants;Z, is the
number of responsible O electrons, and Z,=%, is the number
of 77T electrons in liquid crystal compounds. This gq;
determines the temperatureeffect of therefractive indices.
In the visible region, A>>A, so that the second terms in
Eqs. (4a) and (4b) are reduced to constants: n, = g, A,
and n,=g, A,, which are independent of wavelength, but are
dependent on temperature. Furthermore, the ratios g,./9,.
= m, and g,,/9,, = m, of a liquid crystal can be obtained from
the measured polarized absorption spectrum. Therefore,

Egs.(4a) and (4b) are simplified to

AZA]:’- AZAZ
n, =1+ Hoo + 81 /12 _Alz +me/12_i 2) (5a)
2

24 2 242
A, A, ] (5b)

Y

n,=1l+ng, +g1,0[)€_ P +m, o ;\:2

The three-band model as described in Eq.(5) also involves
two parameters (n,, and g,, for n,, n,, and g,, for n,). These
two parameters can be evaluated by simply measuring the
refractive indices of a liquid crystal at two different
wavelengths. Once these two unknowns are obtained, the
wavelength dependent refractive indice; of the liquid.
crystal can be calculated and the contribution of each band

to the overall refractive index <can be evaluated
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(2)

gquantitatively.
Analysis of refractive indices

The data used for the analysis are listed in TABLE 3-9.
The parameters m, and m, are calculated from the polarized
absorption spectra as shown in FIGURES 3-7 and 3-8. These
data were measured by mixing 1 wt% of each compound in a
host liquid crystal mixture A at room temperature. The
compositions of the mixture A are shown in TABLE 3-10. In
this study, the ratio of m, and m, was treated as constant
for simplicity [11].

Once m, and m, are known, the number .of adjustable
parameters of the three-band model is reduced to two.
FIGURES 3-9 and 3-10 show, respectively, the fittings of
the experimental results for DT1115 at 150°C and DT1116 at

230 °C to the three-band model; the fittings were very good.

The contributions of each band, defined as in equations
(5), to the total refractive indices of the compounds were
evaluated by using of the fitting parameters of n, ,and
Gieron From the results, the A, band makes a greater
contribution to refractive indices than the sum of the A
, and A, bands (see FIGURES 3-11 and 3-12). The
contribution of A, band to n, was slightly larger than that
of A,. Contrary to this, the A, band makes more
contribution to n, and An than A,. The contribution of
A, to An of DT1116 was smaller than that of DT1115.
The contribution of each MO to Anwas estimated by using
the assignment of the calculated transitions[13]. The
calculated transitions are listed in TABLE 3-11. The MO
numbers of the HOMO of DT1115 and DT1116 were 91 and 89

respectively. The transitions from the HOMO mainly
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TABLE 3-9 Refractive indices and dicroic ratio of polarized UV spectra of dibenzothiopheny! derivatives

DT1115 (at 150°C) DT1116 (at 230°C) PA1068 (at 90°C)

Wavelength/nm ng n, An n, . ‘N An n, n, An
670 1.536  1.959  0.422 1.581 2073 0492 1499 1870 0.372
6328 1.538 1974 0436 1.584 209 0512 1.501 ° 1.880 0.380
594 1.540 1997 0.457 1590 2116 0.526 1502 189 0.395
543.5 1.551 2041 0490 1602 2178 0.577 1.509 1930 0421

m, 0.65 0.65 0.83

m, 0.85 0.81 0.91

PA1068 ; CHs
cs»-anoc‘Hg
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TABLE 3-10 Constituents and physical properties of MIXTURE A

Constituents ‘ Concentration (mol%)

o ool poop 183
C«HQ—O‘COO"@‘OCJ& ) 21.0
e, )-c00—<_pocH, 20.9
CoH, = )-000—~_ -0, 13.3
e~ 000 oo, 26.5

Physical properties

K —2+N-D.q

An=0.088 (20°C, 633nm)
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FIGURE 3-9 Wavelength dependence of refracrive indices and birefringence of DT1115 at 150°C.

Dots are experimental data. Solid or dashed lines are the fitting curves (Eq.5).
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FIGURE 3-10 Wavelength dependence of refracrive indices and birefringence of DT1116 at 230°C.
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FIGURE 3-11 Contribution of each band to refractive indices and birefringence of DT1115
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;ABLE 3-11 Transition energy and contribution of DT1115 and DT1116

DBT1115 DBT1116

Transition energy (nm) Contribution Transition energy (nm) Contribution

- Abs. Calc.  MOnumber % Abs. Calc. MO number %
372 371 91-->92 46.7 380 363 87-->90 40.0

91--> 93 15.1 86--> 91 145

89--> 94 10.7 89--> 90 10.9

90--> 93 8.1 88--> 91 7.9

90--> 94 5.7 85-->92 49

91--> 95 1.9 88--> 90 45

89--> 93 1.8 89--> 91 2.5

84--> 98 1.8 86--> 93 24

88--> 94 1.7 , 89-->92 21

89--> 92 1.3 ‘ 87-->92 2.0

A 87--> 94 1.6

347 364 90-->92 52.7 ) 85-->94 1.2

89--> 93 12.0 88--> 93 1.1

91--> 93 7.2 . 84--> 95 1.0
91--> 94 6.3 :

89--> 92 59 356 353 87--> 90 229

88--> 95 3.2 88--> 91 21.1

88--> 93 1.8 89--> 90 9.7

89--> 94 1.7 86--> 93 6.2

87-->97 1.2 86--> 91 59

89--> 91 59

89--> 92 53

88--> 90 49

87-->94 3.9

85--> 92 2.8

88--> 92 25

89--> 94 1.7

85-->94 1.4




contributed to the A, transition with respect to DT1115.

However, in the case of DT1116, the contribution of
the transition from the MO lower than HOMO was the largest.
The contribution rates of each MO to An at 600 nm are
summarized in TABLE 3-12, PA1068, which is a three-ring
phenylacetylene, was analyzed in the same way for
comparison. The main origins of An for DT1115 and DT1116
were MOs lower than the HOMO and this resulted in the
combination of large An and lack of colour. In contrast
to this, PA1068 which is a simple 7-conjugated compound
showed a main contribution from the HOMO.

From the analysis of the contribution of each band to
An, it has confirmed that the molecular design involving
the combination of the dibenzothiophenyl ring and the

ethynyl group has been successful in increasing An, while

restraining the red-shift of the UV absorption spectra.

3.4 Conclusions

We synthesized new thiopheny acetylene and
benzothiazolyl acetylene homologues, and evaluated their
thermal and optical properties in the comparison with phenyl
acetylene homologues. These series had poor 1liquid
crystallinity when compared with phenyl acetylene type. The
conjugated hetero ring systems shifted UV absorption spectra
to the visible region, as a result they showed yellow or
brownish colour. |

The thiophenylacetylene§ exhibited low melting points
and poor liquid crystailinity. An was also lower because'
of lower anisotropy of polarizability. Exchanging of the

phenyl ring to a benzothiazole ring was effective to increase
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TABLE 3-12 Contribution rates of each MO to A n at 600nm

MO level ¥ Contribution rate (%)
DT1115 DTI1116 _ PA1068

HOMO 13.0 11.3 22.9
HOMO-1 199° 111 4.8
HOMO-2 10.2 20.1 12.3
HOMO-3 20 8.8 2.1
HOMO-4 04 3.1 3.2
HOMO-5 0.0 0.3 0.5

1) HOMO-X; X is the MO number from HOMO
(ex. HOMO-1 is the second HOMO)
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An, but it decreased the liquid crystallinity. The
benzothiazole type did not exhibit a liquid crystal phase
without the compounds with a diacetylene unit. However they
decomposed at around 150°C. Further research on improvement
of liquid crystallinity, heat stability and colour of
materials would be needed if incorporating heterocyclic rings
to the conjugated core part. |

On the basis of the investigation of thiophenylacetylene
and benzothiazolyiacetylene series, new heterocyclic
molecules, which were expected to give high A a and short UV
absorption spectra, were designed. . The
dibenzothiophenylacetylene homologues exhibited wide
nematic phase ranges and very‘high An over 0.6 and values
of 0.5 by direct measurements. The compound with two
dibenzothiophenyl rings was colourless, so that we have
succeeded in obtaining colourless super-high An liquid
crystals. We also analyzed the contribution of the

transition band to the refractive indices and birefringence.
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Chapter 4 Development of high An liquid crystal mixtures
with wide nematic range

-phenylacetylene-based homologue containing a cyclohexyl group-

4.1 Introduction

In Chap.2, we described new high birefringence 3-ring
phenylacetylene compounds, which reduced problems like high
melting point or poor solubility by the introduction of a
substituent into the central core ring [1-4]. A range of
liquid crystalline compounds is needed, however, for the
formulation of liquid crystal mixtures having controllable
physical properties. Different type liquid crystals fromthe
3-ring phenylacetylenes were also developed in Chap. 3. Some
of them are expected to be effective components of high An
liquid crystal mixtures, since they exhibit very high An.
However they have relatively high nematic temperature so that
another component which lowers the liquid crystal temperature
are needed.

New core-substituted phenylacetylene-based homologues
containing a cyclohexyl group have been also developed. It
is known that cyclohexyl or cyclohexylethyl groups can have
the effect of lowering or widening the nematic range, see TABLE
4-1, and these types of compouﬁds are commonly used as
components in practical liquid crystal mixtures. In this
chapter synthesis and physical properties of new
phenylacetylene derivatives <containing cyclohexyl and

cyclohexylethyl groups are reported.

4.2 Experimentals

The preparative routes for the cyclohexyl and
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TABLE 4-1 Examples of liquid crystals with a cyclohexyl group

Compounds Transition temperatures / °C Ref.

C5H110C0—©'C7H]5 K-+101 N+ 1661 [5]
C5H11_C>_©—0C0—©‘C8H17K~59-N- 158 - 1 6]

C3H CsHo K-22N-15)-1 (7
C3H7 C4Hg K-87-N-201-1 [8]
C3H7’O_C2H4 . = . C4Hy K-425-5-90-N-1588-1 [9]

C4H9C4H9 K -208-S-218-1 . [10]
Cancsﬂn K-192-SA-213-1 [11]
CHO—CzH _"_._CH K- 1498+5:2155-8 12
459 aVaW ST 2630+ N+ 2670 - 1 (21

Pharenthese () denote a monotropic transition.
K : crystal, S : smectic phase (not identified in detail) , N : nematic phase, I : isotropic

90



cyclohexylethyl derivatives including various intermediates
are shown in schemes 4-1 and 4-2, respectively. The structures
of the final compounds and various synthetic intermediates were
characterized by the same method mentioned in Chap.2. All
compounds of these series were more than 99 percent pure
according to HPLC (ODS A-212 column, Sumika Chemical Analysis
Service). Physical properties were also evaluated by the same

method in Chap. 2.

4.3 Results and discussion
4,3.1 Physical properties of cyclohexyl series

The phase transition +temperatures, enthalpies and
birefringence (An) of cyclohexyl series (CABAB) are listed in
TABLE 4-2. Tolane and three-ring phenylacetylene-based
compounds are also included for comparison. The compounds
shown in TABLE 4-2 exhibited nematic enantiotropic phases.
Exchanging a phenyl ring with a cyclohexyl ring lowered the
liquid crystal temperature range compare for example PA1092
with PA1068. It was considered that this was a result of the
reduction in the anisotropic polarizability arising from the
decrease in the conjugation lengthwithin these aromatic system.
Compound PA1090, containing a trifluoromethoxy terminal group,
exhibited a smectic A phase. The effects of the terminal
groups were almost the same as observed for three-ring
phenylacetylene-based compounds [13]. This series exhibits
small heats of fusion when compared with other high An type
liquid crystals. Therefore the CABAB series is expected to
provide useful components for liquid crystal mixtures from the
view point of solubility.

The values An and viscosity for the CABAB series are shown .
in TABLE 4-3. The birefringence of these compounds is around
0.3, which is moderately high. The value of An was reduced

on exchanging the phenyl group with a cyclohexyl ring because
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IM-1a:Y,. 5= H IM-22;Y, ., = F (Y,Y.Yy PA1092:(HHOCH, ). PA1089 ; (FF.F),
IM-3a:Y, . »= H,Y3= OCF, PA0190;(H,H,OCF;) PA0179: (HHCN),
IM48;Y,_ = H,Y,= CN '
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i g

Rfa-1 IMSa-1 IM5a-2
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e
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IMS5a-3 PA1080

SCHEME 4-1 The synthesic route of CABAB homologues

a Dry THF b Zn/PPh,/CBr;/CH,Cl; ¢ n-BuLiH,O d H,O/Methanol/p-toluenesulphonic acid e Pyridine,4-pyroridinopyridine
f PdCi, (PPh )/ PPhy/ Triethylamine g PdCl,(PPh;)/PPhs/Tricthylamine/DMF  h PdCl,(PPh,) / PPh; / Cul / Triethylamine
i PdCL(PPh;)/ PPhy/ Cul / Tricthylamine / Ethylacetate  j K;COsy/Methanol
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_ H,.PtO, ==—Si(CH3)s
h
. K,CO, -
CsHyy CoHg =—Si(CHg)y ———~ GsHy CoHy =

Ha
. CHa .
|—<f;osozcr=3
——— i~ o= _yosoicrs

h
IM-2
Yy

=t

Ha Yy

Y. o=\ —

. Cste CRTN\ /T ./ \ /"
Yz

(Y1.Y5Y1)=PA1085,(H.H.OC:H,,), PA1086.(F.F.F),
PA1087;(H.H.OCF3 ). PA1088;(H,H.CN)

SCHEME 4-2 The synthesic route of CEBABAB homologues

g PdCl,(PPh;)/ PPhy/ Triethylamine / DMF  h PdCl,(PPh; ¥PPhy/Cul/Triethylamine
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TABLE 4-2 Phase transition temperatures and enthalpies for the CABAB homologues.

_xl M " Transition temperatures (‘C) and
Compounds ©sHu = = Y:’ enthalpies(in square brackets[], ki/mol)

X] X'_) Y] Y2 Y3 M K SA N I
PA1092 CH, H H H OCH, - 79[269] ~191[1.5] -
PA1089 CH, H F F F  -56[219] - 98[04] -
PA1090 CH, H H H OCFs .65(24.0] » 93[0.09] - 167[1.0] -
PA1079 CH, H H H CN 0090 . 28 (3.6]
PA1080 H CH, H H CN

- 88 [25.5] - 212[1.0] -

Reference
PAI3S  CoH ==L DoH - 99[329] .
PA1068 CH3
CsHn 0 p=—Cp—=—C)Culls + 83[164] £ 201 [1.4] -

Pharenthese () denote a monotropic transition.
K: crystal, S ,; smectic A phase, N; nematic phase, I; isotropic
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TABLE 4-3 Physical properties of the CABAB homologues
Compounds  n, ng An n
A [mPa - s]
PA1092 1.502 1.801 0.299 220
PA1089 1499 1.746 "0247 144
PA1090 1.481 1.752 © 0272 88
PA1079 1.512 1.877 0365 181
PA1080 1.515 1.885 0.370 258
PA1035 1.524 1.875 0351 -
PA1068 1.525 1.955 0.430 156

Optical properties (at 20°C and A = 589 nm) and viscosity ( at 20 °C ) were
extrapolated values of the mixture [liquid crystal (10w1%) and MJ931381 (90wt %))
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of the reduction in the conjugation length. The presence of
fluorine and trifluoromethoxy groups also reduced An, whereas
the presence of the cyano group increased An compared with that
of the corresponding materials containing an alkoxy group.
FIGURE 4-1 shows the temperature dependence of An measured for
individual compounds. This figqure shows essentially the same
trends as found for the extrapolated values obtained from the
mixtures. Compounds PA1089 and PA1090, however, exhibited
almost the same value of An as PA1092 , which differs from the
behavior of the An values evaluated using mixtures. The
difference in An between the values obtained for individual
compounds and mixtures was caused by the difference in T,.
FIGURE 4-2 shows the temperature dependence of the order
parameter of each compound. The order parameter was not
affected by either the terminal groups or the core structure.

The viscosity of the cyclohexyl-containing compounds was
larger than that of the corresponding phenyl homologue (compare
PA1092 with compound PA1068). The effect of the terminal group
on the viscosity was similar to that seen for previously studied
series, e.g., OCF, reduced the viscosity while an alkyl group

increased it.

4.3.2 Physical properties of cycrohexylethyl series

The phase transition temperatu}es and associated enthalpy
of cyclohexylethyl series (CEBABAB) are listed in TABLE 4-4.
Compounds PA1085~PA1088 exhibit enantiotropic liquid crystal
phases. Compounds PA1085 and PA1088 exhibit only a nematic
phase, whereas compounds PA1086 and PA1087 exhibit a smectic
4 phase. The presence of a cyclohexylethyl group increased
Ty remarkably and in a similar manner as seen for other series,
see TABLE 4-1. Compouﬁd PA1088 exhibits a nematic phase at
temperatures higher than 300°C. The melting points were not
greatly changed by introducing the cyclohexylethyl group.
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TABLE 4-4 Phase transition temperatures and enthalpies for the CEBABAB homologues.

s )=y, . ‘ . Transition temperatures (°C) and

enthalples(m square brackets[], kJ/mol)
Compounds Y, Y Sa N I
PA1085 H H OCSH,, . 108[26.2] - 267[3.0] -
PA1086 F F F - 102[30.7]( - 100[2.0]) - 220[3.1] .

PA1087 H H OCF, - 97[26.4] - 216[0.17] - 259[2.9] -

PA1088 H H CN * 115[29.3]

Pharenthese () denote a monotropic transition.
K: crystal, S ,; smectic A phase, N; nematic phase, I; isotropic

- <300
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The enthalpies associated with the nematic-isotropic
transition were smaller than those exhibited by the three-ring
phenylacetylene series.

The values of birefringence and viscosity for the CEBABAB
serieéareshowninTABLE4-5. The values of An for this series
were found to be around 0.35~0.45. Thus, An was reduced by
introducing the cyclohexylethyl group. The effects of the
terminal groups were essentially the same as those observed for
the three-ring phenylacetylene-based compounds [3]. The
presence of a fluorine atomor trifluoromethoxy group‘decreased
An while a CN group increased A n. FIGURE 4-3 shows
temperaturedependenceofzﬁnmeasuredforindividualcompounds.
As for the CEBRABAB series, the terminal group did not affect
An without CN group type. These data also showed essentially
the same trends as those observed for the extrapoiated values
of An measured using mixtures. But the cyclohexylethyl-
containing compounds exhibited lower values of An than the
corresponding three-ring phenylacetylene-based materials.
FIGURE 4-4 shows the temperature dependence of the order
parameter for the individual compounds. The order parameter
was not significantly changed on varying the terminal groups
or by introducing cyclohexylethyl groups.

The viscosity of the CEBABAB series was lower than that
of either the three-ring phenylacetylene-based materials or the
CABAB series. It was considered that the flexibility of the
C-C bond of the ethyl group decreased the molecular

interactions.
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TABLE 4-5 Physical properties. of the CEBABAB homologues

Compounds  n, n, An n
[mPa-s]
PA1085 1510 1896 0.386 131
PA1086 1.507 1857 0.350 114
PA1087 1492 1847 0.356 59
PAO0188 1.515  1.983 0.467 290

Optical properties (at 20 °C and A = 589nm) and viscosity (at 20°C) were
extrapolated values of the mixture [liquid crystal (10wt %) and MJ931381 (90wt %)]
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4.3.3 Birefringence and polarizability
In order to understand the effects of cyclohexyl and

cyclohexylethyl groups on An, An was calculated using the

equations proposed by Vuck [13].

n:-1) N 2AaS

- 1
n“+2 3¢ 4T3 ) @
n'-1) N AdS
R R B
n“+2 g, 3

where n?=(n.2+2n.)/3. Aa depotes the anisotropic molecular
polarizability, « is the molecular polarizability, S is the
order parameter, &£ is the static dielectric constant and N is
the number of molecules per unit volume. A axand awere
calculated using MOPAC93(AM1 method) for an isolated molecule.
The number density was approximated wusing the group
contribution method of Fedors [14]. It is known that the
calculated polarizability obtained using the AM1 method is
useful in predictions of An[15,16]. The trends of the effects
of cyclohexylethyl group on the experimental An were almost
the same as seen for the calculated values. Therefore, the
decrease of A n on introducing either a cyclohexyl or
cyclohexylethyl group was caused by the change in the
polarizability. ‘

The values of An estimated from the extrapolation of the
values for 10% mixtures are plotted against the calculated
values in FIGURE4-5. It was assumed that there was no
significant difference between the order parameters of
compounds in the mixture. An order parameter of 0.7 was used
in the calculations. For reference in the region of low
birefringence,thevalﬁesofzﬁnfor4—cy§no-4f—penthylbiphenyl,
5CB, and4—(trans-4-penthylcyclohexyl)benzonitlile,5PCH,are

also plotted. The experimental and calculated values of
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An show a good linearly proportional relationship.

4.4. The preparation of high An liquid crystal mixture

In the investigation explained in Chap.2 ~ Chap.4, a
variefy'of high An liquid crystal compounds were obtained. 1In
this section, an example of high An room temperature nematic
mixture is introduced.

The three-ring phenylacetylene-based compounds were used
as main components because of high An and wide nematic
temperature. The cyclohexylethyl compounds (CEBABAB series)
were effective in decreasipg, the 1lower 1limit of nematic
temperature. The dibenzotyophenylacetylne compounds
increased the value of An by adding only small amount of them
to the mixture. The birefringence of the liquid crystal
mixture containing these compounds is shown in FIGURE 4-6. It

exhibited wide nematic range including the room temperature and

very high An value of over 0.5 at 20°C.

4.5. Conclusions
The synthesis and characterization of cyclohexyl and

cyclohexylethyl-containing phenylacetylene-based compounds
have been described. They exhibited wide nematic phases and
moderately high An values. The order parameter was not
affected by introducing eifher a cyclohexyl or a

cyclohexylethyl group and the values expected for An based on

calculated polarizabilities were obtained experimentally.
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Chapter 5 Development of high An photopolymerizable liquid

crystals

5.1 Introduction

Polymerizable 1liquid crystals are useful for many
applications of electronic devices. Many types of liquid
crystalmonomers,oligomersandpolymershavebeeninvestigated
for use of as LCD components [1-3]. Liquid crystal mdnomers,
which have one polymerizable grpup, have been and continue to
be extensively studied because pendant-type polymers have
application potential in switching devices and as optical free
standing films. Cyanobiphenyl?containing materials, which
arerepresentativenematiccompounds,wereinvestigatedandthe
physical properties of the monomers and polymers were compared
[471. The birefringence was reduced by polymerizations because
the orientational order decreased. Recently liquid crystal
monomers containing two polymerizable groups have been
investigated. This type of polymer, for which nematic
orientations are frozen by photopolymerization, are called in
situ photopolymerized polymers [5-9]. These materials are
better suited for static applications, such as optical films.
Three-ring phenylbenzoate monomers with either one or two
polymerizable groups and their polymers were systematically
studied. This revealed that the relationships between the
optical properties of the monomers and polymers are complex.

High birefringence ( An) liquid crystals are useful
materials for application in-reflective-type LCDs, spatial
light modulators, compensation films, reflectors and
polarizers [10-12]. The fabrication of such optical
components, requires high An polymerizable liquid crystal

monomers. We have studied three-ring phenylacetylene
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compounds as high An liquid crystals having improved liquid
crystal temperature range, solubility and photostability
[13-15]. On the basis of the results obtained in Chap. 2 and
Chap.3,wehaveincorporatedthecorestructuresoftheseseries
into photopolymerizable liquid crystal monomers. In this
Chap., we report the physical properties of new
photopolymerizable three-ring phenylacetylene (3PA)

diacrylate monomers and of their polymeric networks.

5.2 Experimental

We synthesized the three-ring phenylacetylene derivatives
and a dibenzothiophenylacethylene compound: as shown in
reactional SCHEME 5-1 ~ 5-3 and SCHEME 5-4 respectively. All
compounds investigated here wefe synthesized by coupling of
acrylic chloride with hydroxyl derivatives. Thé structures
of final compounds and various synthetic intermediates were
confirmed by the same method menthioned in Chap.2. All spectra
were recorded in CDCl, with TMS as internal standard. They
exhibited 'H NMR spectra (UNITY300, Varian 300 M Hz) which are
in accordance with their structures. Mass spectra (SX102,
JEOL) were also measured and they coincided with their predicted
molecular weight. All compounds of this series were more than
99 percent pure according to HPLC(ODS A-212 column, Sumika
Chemical Analysis Service).

Physical properties were also evaluated by the same method

as Chap.2.

5.3 Physical properties of three-ring phenylacethylene-based
diacrylates containing substituents

The phase transition temperatures of the acrylic
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SCHEME 5-1
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phenylacetylene monomers are listed in TABLE 5-1. All of them
exhibited a nematic phase. Compound DA1110 (X = C,H;) and
DA1113 (X =CH,) exhibitedenantiotropical nematic phases. The
presence of an acrylic terminal group narrowed the nematic range
compared with the non-acrylic homologues [18]. As shown in
FIGURE 5-1, the effects of the substituent group (X) on the
transition temperatures of the liquid crystal phases were
similar to those observed for compounds with alkyl terminal
chains [18]. |

The An values of these monomers were high at around 0.35;
acrylicgroupstendedtolower{knasestimatedfromthemixtures
with the host nematic, as shown in FIGURE 5-1. A comparison
of An, measured for single compounds, for the acrylic and
non-acrylic compounds is shown in FIGURE 5-2. There were no
differences between these compounds, and so the lower An values
estimated from the mixtures (see FIGURE 5-1) were a result not
of the difference in polarizability but of the decreeas in Ty
of the mixtures with the host nematic at 20°C.

Compounds DA1110 and DAl1l113, which exhibited . an
enantiotropic nematic phase, were polymerized in order to
evaluate the physical properties of the corresponding polymers.
FIGURE 5-3 shows the refractive indices (at 633 nm) before and
after the polymerization of DA1110. Compound DA1110 with lwt$
Irgacure 651 as photoiniciator‘was irradiated with a high
pressure mercury lamp (1.4 J/cm?) in a cell with rubbed
polyimide as the alignment layers at 105°C in the nematic phase.
Polymerization was confirmed by the IR spectrum, and specially
the band associated with the acrylate C=C double bonds
disappeared. The optical texture after polymerization was
homogeneous and almost the same as that of the monomer.
Defects were not genefated by polymerization and no haze was
observed. Therefore, the arrangements of the cores was

thought to be retained and significant shrinkage was not
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TABLES-1 Phase sequences refractive indices and An of the phenylacetylene monomers

//\coocsn,,,o OC,H,0C0A

X Transition temperatures / °C 1101 ) ng An’
DAl C,H,  K-98+N-110-T 1523 1854 0330
DAI111 OCF, K-94- (N-91) 1 1504 1833 0329
DAz OCH; K- 105-N- 1071 1525 1877 0352
DAIII3 CH, K-93-N-140 - 1 1516 1857 0.341

1) Extrapolated values (20 °C, 589 nm) of the mixture (monomer (10 wt%) and MJ931381 (50 wt%))
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X Ry,R,type* Phase sequences (20 °C, 589 nm)

0.341
0.419

0.330
0.379

0.329
0.346

0.352
0.388

[ . 1 1 1

0 50 100 150 200
Temperatures/°C

*; Type A; R | = OC5H;(OCOCHCH 5, Ry = OC,H,OCOCHCH
[J ;Crystal phase, B ;Nematic phase, [ ;Isotropic phase

FIGURE 5-1 Effect of acrylic groups on transition temperatures and birefringence
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FIGURE 5-2 Effect of acrylic groups on birefringence (1) X=CH 3, (2) X=C,Hg4
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FIGURE 5-3 Refractive index (1) and birefringence (2) of diacrylate monomer DA1110

and its crosslinked polymers
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observed. The temperature dependences of n, and An were
smaller than those of the monomer. The values of An, n, and
n, of the monomer were almost captured by polymerization, which
is consistent with the observation that no textural changes
occur after polymerization.

The order parameter of compound DA1110 is shown in FIGURE
5-4. The temperature dependence of the order parameter also
decreased after polymerization. The order parameter at the
polymerization temperatufe was captured in the polymer and it
showed similar behavior after polymerization as the refractive
indices. .

Compound DA1113 had a wider nematic range than DA11l10 and
thus was polymerized at two different temperatures, 105 and
140 °C. The polymerization conditions were the same as that
used to polymerize DA1110. As shown in FIGURE 5-5, An of
polymer DA1113 (irradiated at 105 °C) was essentially the same
as the value of the monomer at the polymerization temperature,
but n, decreased and n, also became slightly smaller on
polymerization. The order parameter of polymer DAl1l1l13 was
almost the same as that of the monomer at 105 °C (see FIGURE
5-6). It was considered that the orientational order in the
nematic phase was essentially captured after polymerization
with regard to monomer DAll1l1l3, as for DA1110. The dicroic
ratio of the C=C double bond of ﬁonomer DA1113 in IR spectrum
was negative so that the contributionof the bond to n, as clearly
decreased by polymerization. A decrease in n, was also
apparent for the same reason.

A n, n, and the order parameters of polymer DAlll3
(irradiated at 140 °C) were smaller than those of the polymer
irradiated at 105°C,'but they increased compared with the
monomer values at the irradiation temperature 140°C. Monomer

DA1113 began its transition from nematic to isotropic phase at
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FIGURE 5-4  Order parameter of diacrylate monomer DA1110
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121



19 ‘ T T T T
&

187 QQ)SE T
DDDDDDDDD ooD
AAAAAAAAAAAAAA 4

1.77 ]

<
R
v ®n_(monomer)
> 5 o
g 1.6 O n (monomer)
& W (polymerl) ||
o ' O ne(polymerl)
15T y lll!! An(polymer2)
- r 1 [ 15 . Ang(polymer2) / |
]
1 4 1 1 ] 1 1
0 50 100 150 200 250
Temperature/°C
0.4 T T T T
@
Ooopgg
03 AAAAAEEQDEE _ 1
| SRR R
[
g
@02 7]
[
01 ® monomery -
0O polymerl
A polymer2
0.0 1 1 1 L
0 50 100 150 200 250

Temperature/°C

FIGURE 5-5 Refractive index (1) and birefringence (2) of diacrylate monomer
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140 °C, but exhibited a narrow transition range. Thus the
orientation was increased by polymerization in the co-existence
of nematic and isotropic phases.

An and the order parameter of the polymer varied with
polymerization temperature; the lower temperature gave the
higher A n and order parameter. The orientation at
photopolymerization was almost fixed such that An and order

parameter varied with polymerization temperature.

5.4 Modification of terminal and substituent groﬁps of the
three-ring phenylacetylene -diacrylates

In order to obtain lower and wider nematic phase, the length
of terminal groups and substituent alkyl groups were modified.
Phase sequences and transition temperatures of new three-ring
phenylacetylene diacrylates are shown in TABLE 5-2. The
nematic phase decreased as the length of terminal chains
increased. DA1120 exhibited lower nematic 38 ~ 104 °C
compared with DA1110 (nematic; 98 ~ 110 °C) or DA1l119 (nematic;
54 ~ 114 °C). DA1118 containing longer terminal chains
exhibited wider and lower nematic phase. Longer chain of core
substituents also lowered the nematic phase. The melting
pointofDAlllSwithpropylsubstituentwas36%3,andthenematic
phase was so stable that once it melt from crystal phase to
nematic,thenematicwaskeptforverylongtimeovereafewmonths
at room temperature.

BirefringenceofDA1118~fDAllZOwereveryhigharound0.3,
but An lowered as longer chain of terminal groups. The
difference of A n between ethyl and propyl lateral core
substituents was small.

Each monomer with 1 % photoiniciator (Irgacure 651) was
put into a cell coated with rubbed polyimide as the alignment

layers and irradiated with a high pressure mercury lamp (200
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TABLES-2 Phase sequences refractive indices and An of the modified phenylacetylene monomers

Componds Phase transitions / °C 1‘101 ! ne” A n“

CaH7 )
DA1118 A\cooC sH160 = = OCsH12000/§.- K*39-N-82-1 1.518 1813 0.295

C,
DALY AC00CH, 0L Pm = P OcH0co A K54 N-114-1 1514 1845 0331
Cahs
DA1120 A\co0oCgH:60 ocsH1zoco/\\ K-38-N-104 -1 1.514 1818 0304

(ref.)

Cabs
DAIII0 A\COOCsH0- =t p=—L poc.Hi0c0N K -98-N-110-1 1523 1854 0330
Cohs
PA1109 ¢ 130 { == OCaH, K-16-N-115-1 1528 1907 0379

1) Extrapolated values (20 °C, 589 nm) of the mixture (monomer (10 wi%) and MJ931381 (90 wt%))
¢
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W / cm?’, 72 sec) at temperatures of nematic phase. The
polymerization was confirmed by the IR spectrum as the
absorption of the acrylate C=C double bonds disappeared. The
textures of DA1118 ~ DA1120 after polymerization were
homogeneous same as DA1110 or DAl1l1l3.

The values of An before and after polymerization were shown
in FIGURE 5-7. An of monomers were decreased as the terminal
chains became longer, which was the same trend of the An
estimated from the mixtures with the host nematic. An of
polymers were changed with the polymerization temperatures.
Order parameters before and after polymerization showed similar
behaviors as An (see FIGURE 5-8).

Haze after polymerization was shown In TABLE 5-3. All of
the polymers showed very small haze under 5 % as same with
observation. The three-ring phenylacethylene diacrylate

series have a merit of small disorder after polymerization.

5.5 Dibenzothiophenylacetylene diacrylate

In the investigation of low molecular weight 1liquid
crystals (see section 3.3.3 in chapter 3), new high An core
dibenzothiophenylacethylene was developed. The new core was
applied to photopolymerizable liquid crystalline materials.
The diacrylate compound synthesized here and physical
properties are shown in FIGURE 5-9. DAl1124 exhibited wide
nematic phase from 124 °C to over 300°C. The An of the monomer
was 0.41, which was higher than those of phenylacethylene
diacrylate series. An before and after polymerization was
also shown in FIGURE 5-9. DAl1l124 with 3 % irgacure 651 was
prepared and polymerized at 125°C by the same condition
mentioned in section 5.3. The textures after polymerization
was homogeneous same as phenylacethylene diacrylate series.
An of the DA1124 polymer was very high 0.35 which was slightly

lower than that of the monomer.
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TABLE 5-3 Haze of the 3PA polymer

Sample No Haze (%)

DA1118 0.7 -
DA1119 2.8
DA1120 3.1
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In order to obtain high An polymer, a mixture of DA1124
and DA1113 ( the highest An 3-ring phenylacethylene diacrylate
monomer) was prepared to lower the polymerization temperature.

The mixture of DA1124 : DAl1113 = 65.7 : 34.3 exhibited nematic

phase from 90 to 232 °C.  This mixture was polymerized at 100°C
by the same condition of DAl124. The value of An after

polymerization was over 0.4 (see FIGURE 5-10)

5.6 Conclusions

The synthesis and characterization of photopolymerizable
phenylacetylene and dibenzothiophenylacetylene liquid
crystals have been described. ‘The compounds evaluated here
exhibited a nematic phase and high birefringence as expected
from the corresponding alkyl containing homologues. The
homogeneous alignment of the monomers was retained after
polymerization such that the birefringence and the order
parameters were almost fixed at the values of the monomefrs.
The haze of the polymers was also very small under 5 %.
Therefore,:ﬁnand.svariedwithpolymerizationtemperatureand
hence, the higher An value was obtained by polymerization at

lower temperature.
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Chapter 6 Summary

In this thesis, novel high birefringence liquid crystals
are designed, synthesized and evaluated in order to develop
optical materials which are expected to be useful for brilliant
and low power consumption reflective LCDs. Practical
properties as liquid crystal temperature and durability are
also focused in this investigation. ‘

The background of the study and the preliminary study of
high birefringence liquid crystals are presented in Chap.l.
In order to investigate the starting core structure of high A
n liquid crystals, we synthesized phenyl acetylene homologues
which had different lengths of units and evaluated the basic
properties. 3-Ring phenylacetylene compound exhibited wide
nematic phase and high An over 0.4. It also showed good
durability and was colorless. Therefore, we believe that
3-ring phenylacetylene is highly worth further investigation
for high An liquid crysfals. ‘

Chap.2 focuses on the modification of 3-ring phenyl
acetylenes to improve the liquid crystal temperature and
solubility with keeping high An. In the investigation of
modified terminal ring, it was found that methyl substituent
was effective for lowering nematic range with keeping high A
n compared with fluorine group or introducing a branched
terminal chain. With these results we studied the effect of
the substituted position of methyl group on their physical
properties. The most effective methyl substituted position
for improving nematic temperature was core center ring. Fron
the estimation of An, order parameter and viscosity, the best
substituent position was the same. '

These results led us to the investigation of different type

of substituents. Introducing trifluoromethoxy group was
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effectiveforloweringnematicrangeandviscosity. Therefore
this type compound was useful for preparing of practical liquid
crystal mixtures.

In Chap.3, We synthesized new thiopheny acetylene and
benzothiazolyl acetylene homologues, and evaluated their
thermal and optical properties in the comparison with phenyl
acetylene homologues. These series had poor liquid
crystallinitywhencomparedwithphenylacetylenetype. The
conjugated hetero ring systems shifted UV absorption spectra
to the visible region, as a result they showed yellow or
brownish colour.

Oon the basis of the investigation of thiophenyl acetylene
and Dbenzothiazolyl acetylene series, new heterocyclic
molecules, which were expected‘to show high Aa and short UV
absorption spectra, were designed. Dibenzothiophenyl
acetylene homologues exhibited wide nematic phase and very
high An over 0.6. They exhibited high An over 0.5 even as
single compounds. The compounds with two dibenzothiophenyl
rings was colourless, so that we succeeded in obtaining
colourless super high An liquid crystals. We also analyzed
the contribution of transition band to refractive indices and
birefringence. From the analysis, dibenzothiophenyl
compounds were thought to be designed as expectation.

In Chap.4, cyclohexyl and cyclohexylethyl phenyl-
acetylene homologues are synthesized and evaluated for the
purpose of obtaining components for preparing liquid crystal
mixtures. Both type of them exhibited wide nematic phase
and moderate high An. Order parameters were not affected
by introducing cyclohexyl or cyclohexyl-ethyl groups so that
values expected for An from calculated polarizabilities were
actually obtained.

In Chap.5, photopolymerizable phenylacetylene liquid

crystals are synthesized and evaluated. The compounds
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evaluated here exhibited a nematic phase and high
birefringence as expected from the alkyl type homologues.
The homogeneous alignment of monomers was kept after
polymerization so that the birefringence and order parameters
were almost fixed at the values of the monomers. The hazes
of the polymers were also very small under 5 %. Therefore
An and S were varied with polymerized temperature so that
higher A n was obtained by polymerization at lower
temperature.
NewdibenzothiophenylaCetylenecorewerealsoappliedto
photopolymerizable liquid crystals. This monomer exhibited
high An and wide nematic temperature. High An polymer

over than A n of 0.4 was. obtained using the 3-ring
phenylacetylene and the  dibenzothiophenylacetylene

diacrylate monomers.
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