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Chapter 1

General Introduction

1-1 Introduction
1-1—1 Liquid Crystal Polymer VECTRA®
Main-chain type thermotropic liquid crystalk p‘olymérs (LCPs) are typically
Composed of ‘semi-m'gid or wholly rigid rod-like molecules consisting of para-linked
- aromatic residues as a mésogenic group and flexible ﬁloleCules which are incorporated
to reduce deliberately molecular rigidity. | | o
Especially, wholly aromatic polyesters are most important classkof thermotropic
LC polymers. They show outstanding physical properties and exceﬂem; chemical
resistance suitable for commercial applications in electronics, automotive and aerospace
VECTRA® A950 can be easily processed to the‘ﬁberr or film, but héwe had no idea Qf
that reason. Typical thermotropic LC polyester is é éopolﬁner composed of
4—hydr0xybenzéic acid (HBA) and 6-hydroxy-2-naphtoic acid (HNA). Random
incorporation of HNA: units into poly(HBA) decreases the melting point to 250°C and
makes the n‘erriaﬁc LC phase thermally accessible® It was first conune:;:ialized in
1985 as the VECTRA® Seriés of moldable LCPS.‘ Typical poly(HBA/HNA),kcaIIed as
VECTRA® A950, is composed of 73 mol % of HBA and 27 mol % bf HNA. A
tremendéus number of research works have been devoted 0 ;élucidate the liquid

crystalline and crystalline structures and physical properties of VECTRA® A950.



The weight-averaged molecular weight (M) and the polydispersity of the
molecular weight of VECTRA® A950 have been estimated to be 30000,® and 2.45,*
respectively. And the polymer structure is composed of a random sequenceﬁ
distribution® .

The most important feature of VECTRA® A950 polyester which is completely
different from others is that the component p-HBA and HNA units possess electron
donating and electron withdrawing groups at the opposite ends. By this reason, the
VECTRA® A950 polyester has a polarization along its long axis as far as it sustains a
rigid-like conformation. |

In Table 1-1, the dipole moments are clucidated for the monomer, dimer, trimer

and tetramer of HBA (the main comonomer unit of VECTRA® A950; Equation 1.1),'""

(1.1

As expected, the largest component of molecular dipole moment is found to be parallel
to the chain direction, and it increases in a proportion to the number of monomer units.
The average increment per unit is about 2 Debyes so that the polymer with a DP of n
has a dipole moment of approximately 2n Debyes.

It is noteworthy that the hyperpolarizability is relatively large as well!" Its
value approximates to that of p-nitro aniline (refer to the last law of Table 1-1) and
increases proportionally with the increase of n. It is thus reliable that the present
polyester shows the strong SHG, which allows us to'make a confident discussion on the

polarity.



Table 1-1.  Dipole moments (i) and hyperpolarizabilities (f) calculated for p-HBA and

m-HBA oligomers at B3LYP/6-31G*

gD B0 esu
p-HBA (n=1) 1.846 3.143
Dimer (n=2) 4.157 9.096
Trimer (n=3)  6.486 16.402
Tetramer (n = 4) 8.835 24.411

rm-HBAa 0.638 -3.197 0.024-1.719
Dimer (n =2)* 1.440-2311  0.501-3.506
Trimer (n=3)°  1.564-3.501  3.113-5.116

p-nitro aniline’ 7121 6.798

* There are several conformations with similar minimum energies which give different
values of u and .

® listed as a typical compound

1-1-2 " ~ Polar Liquid Crystals / Ferroelectric Li(juid Crystals

Ferroelectric or polar ordering of molecules in liquid crystais is of considerable
~ theoretical and technological interest.”” It has been achieved in chiral and tilted smectic-
phases; the chiralit‘yﬁof molecules and their tilted association into the smectic layer,
which can reduce the overall symmetry of liquid crystal structure, are essential for their |
preparation.'*" |
Recently, the great attention has been directed to the non-chiral feqoelectric

~ system. Watanabe et al.'®'7 has proposed that the ferroelectric smectic phase with C,,

. symmetry can be formed from main-chain liquid crystal polymers if two types of-



odd-numbered aliphatic spacers are incorporated into the backbone in a regularly
alternate fashion and are segregated into different microdomains. Although the
preparétion of ferroelectric liquid crystai in this case was failed because Qf the difficulty
in polyﬁler synthesis, ﬂ;e suécessful progress has béen made - by treating the

1824 In these exotic molecular

banana-shaped moleéules and bent dimer molecules.
systems, the ferroelectric and antiferroelectric responses were well identified in a
relation to their characteristic packing structures. Bustamante et al.*>*¢ héve also .
reportedr the antiferroelectric sxﬁectic phase in certain mixtures of non-chiral side-chain
polyn‘}ers‘ and their monomers as observed by pyroelectric and i)iezoelectric
‘ measurements.

The examples mentioned above are so-called improper ferroelectric bliquid
crystals, which emerge beca{lse of the introduction of chirality and the packing of polar
bent~core molecules. Anothér ‘approach to 6btéin the ferroelectric liquid crystals is
based on the idea of proper ferroelectricity, which is realized by dipole-dipole

interaction,?”?®

This idea has been suggestéd by the Computer simulation and
V theoretical calculation. These demonstrate that ferroelectricity appears ’e‘ven in the
nematic phase if the constituent rod-like molecules have a large dipole moment.*>* By
considering the dipole-dipole interaction and hard-core repulsion using a simplé mean~

 field model within the Onsager f()rmalism, Lee et al.*> presented the phaée diagram |
| ~ where  the  rod-like molecules  exhibit - conventional  isotropic-nematic, -

‘ nerhatic-ferroelectric nematic, and direct isotropic-ferroelectric nematic transitions as a

1.** discussed the same phase transition

function of temperature or pressure. Park ef a
behavior in the context of the phenomenological theory. It is also worth noting that the

isotropic-polar biaxial nematic phase transition in biaxial molecular systems has been



discussed at the phenomenological and molecular levels, suggesting interesting transition
behaviors.”’

These interesting predictions can be experimentally examined using the liquid
crystalline aromatic polyestefs which assume; the rod-like conformation and
simultaneously have the large dipole moment along the chain as a result of accumulation
of dipole moment of repeating unit. At this aspect, interesting is the X-ray analysis by
Coulter ez al.*® for the crystal of aromatic polyester based on p-HBA. It shows that the
polar polymers are packed with a net chain directionality in the crystalline phase. | And
Watanabe et al.*® confirmed the similar results using high-resolution solid state '>C NMR.
The polar crystal phases in a related polyester, VECTRA® A950 comprising HBA and
HNA, has also been suggested by second-harmonic géneration (SHG) measuremeﬂfs by
Stuetz*® and Asada.*'  Although these expgrimenta_ll studies have been done for the solid
state, it is strongly suggested that the polar ordering has been already formed in the
nematic liquid crystals preceding to the crystalline phase. In fact, Watanabe et al. have
observed strong SHG in the nematic liquid crystal formed on a process of
polycondensation rg:action of VECTRA® A950, furthermore, that polar structure have

been formed the biaxilty.*

1-1-3  Flow Behavior of Liquid Crystal Polymer

For moldable thermotropic polymer, the share flow behavior is one of most
important characterizations. But, the flow behavior of liquid crystalline polymers
(LCPs) is certainly very complex to be reflected by their complex structures at both the
level of rigid rod like molecules (molecular level) and the polydomain (mesoscopic

domain level). Even in the simplest (and most studied) rheological experiment, i.e.,



steady simple share flow, such materials display a variety of peculiar features, many of
which are still not combletely understood.
LCPs usuall_y shoW three regions in the shear flow curve®™: an initial and a
terminal shear thinning region at low and high shear rates and an intermediate plateau.
'The shear thinning at low shear rates is thought to result from the deformation andi flow
of the texture. The intermediate plateaur is associated with tumbling of the molecules.
;l"he terminal shear thinning region is assuméd fo correspond to the develo_p‘ment of
orientation along the flow direction and thé (eventual) degeneration of the texture and
.the development of a monodomain. These three regions are also shown by the
thennoﬁopic LC copolyesters of the VECTRA® type, even though they are less well
difined*. |
Physical qu_antiﬁcation for the textured structure of LCP was first introduced by

4748

Marucchi **, who defined a characteristic texture length scale « corresponding to the

average domain size and suggested a scaling law relating to shear flow strength:
aoc |— (1.2)

where K denoted a typical Frank elasticity constant, 7 the viscosity, and y the shear rate’.b
The scaling law, Eq (1.2), was derived from the balance of Flank elastic energy density
K/of with viscous energy 7y during shear flow. - This provided only a lumped featuré
that domain sizé was decreased with the increase of shear rate. Larson and Doi®
recently combined the two competing energy densities to produce the following defectk

density evolution equation:

dL b-K

=gy L— (1.3
a7 7D (1.3)

where the L was defined by 1/ &, which meant a net disclination-length pér unit volume



of texture, and a and b were dimensionless constants. Equation (1.3) was a tractable
equétion for the domain size evolution when the shear flow condition was changed. It
could satisfy the phenofnenological observation of texture evolution under flow such as
domain shrinkage after impositidn and texture coarsening after shear cessation.
Moreover, Chung er al. modified the defect density L, and Newtonian plateau
region over very low shear rates, called “region 0” can be predicted®®. And a “zero”
region has also been reported for lyotropic LCPs at very low shear rates, where the

viscosity again becomes constant’'.

1-1-4  Thermal Diffusivity

The study of thermal transport properties such as the thermal conductivity and
thermal diffusivity of polymeric materials is important because of the crucial role ‘\
played by these properties in both processing stages and product applications.
Recently, electric and electronic apparatuses have been improved of heat from the
internal conductor and have been designed to diffuse the heat efficiently. Especially,
the conversion efficiencies of clectric parts like the higher energy transduction element
(for example, Light-Emitting Diode (LED), Photo Voltaic generation (PV), etc) decrease
under the higher temperature.  So, the materials, which are used in much electric and
electronic apparatuses, are required higher thermal conductivity.

Typical thermal conductivity values in W/ m K for some common materials are
’0.2 — 0.3 for polymers, although crystalline polymers have higher conductivities and
diffusivities than amorphous polymers, reflecting the increased order and high density,
which provide more optimal pathways for thermal transport. Therefore most :polymers

are thermally insulating, because any electronic effects like the metallic bond are absent



in polymers and heat conduction occurs as a result of lattice vibrations. In polymers,
heat is,jconducted by t§vo mechanisums.® One mode is that molecular transmission or
molecuie—to—molecule transfer of energy occurs b}; the excitation of adjacent groups, i.c.,
by the translation, rotation or vibration of energized groups. Such a process is
diffusional in nature and is relatively slow, contributing to the thermal conductivity of
an amorphous solid. Another mode is due to the lattice vibration within a crystalline
structure (intra molecular), in which thermal excitation creates waves of disturbance
often referred to as phonons. This gives rise to a more efficient transfer of heat. In
polymers both mechanisms of heat conduction may operate at the same time.

Thermal conductivity (x) describes the ability of materials to transport heat.
The thermal diffusivity (@) is the thermo physical parameter which characterizes the
rate of temperature diffusion in the material due to heat flux in the unsteady state heat
transfer process and in an important parameter influencing the rate of heating and
cooling of solid bodies during the manufacturing process. It is closely related to the

thermal conductivity x aécording to the following formula (1.4) ,

k:a.‘cp -p (14)

where C, denoted the specific heat capacity at constant pressure, and p the specific . '~
gravity. Although, C, is mainly determined by the character of the polymer such as
density, the ¢ is determined by the crystallinity and orientation direction of the polymer,
that is? the degree of phonon scattering.”> By this reason, the thermal conductivity of
ordered LCPs is 0.4 - 0.5 W / m K, which is highér thermal conductivity among the
polymers.

For a further thermal conductivity improvement, one approach to improve the

thermal conductivity of polymer is through the addition of a conductive filler material,



such as carbon and metal, **> or polymer blends.\%' On the other hand, another
approach to improve the thermal conductivity of polymer tried to control the high-order

structure:.57

1-2 Motivation

VECTRA® A950 is one of most famous thermotropic LCPs. But, there is little
thing discussed about the relation between the polar structure and the physical property
for VECTRA® A950. The SHG-active polar structure is sure to influence the textured
structure, furthermore physical properties. 1f a unique physical property that
originated in the polar structure existed, there will be potentials that a furthermore new
physical property will be able to be created by controlling the polar structure. This is
sure to become important information in the develqpment of LCPs, and I should like to
explore a further possibility of a polar nematic LCPs, which to the best of my
knowledge has never been examined.

This thesis is intended as an investigation of more detailed polar structure in the/
nematic liquid crystals of VECTRA® A950 and in the related polyesters through SHG
observation. And the causal relation between the polar structure and the physical

property of polar nematic LCPs is considered.

1-3 Objectives and Approach

The subject of this thesis is to elucidate that the head-tail nature influences the
textured structure for LCPs. Here 1 gieal with VECTRA® A950 which is consisted of
HBA and HNA (Equation 1.5). And as comparison sample, VECTRA®:1 A950 is

modified using some kind of monomer.



o@—% / oﬁ (1..5)

In my study, the degree of molecular orientation is the important factor.
- Therefore, I tried to straighten the degree of orientation of the sample by giving a
constant shearing speed. This highly oriented sample was measured SHG signal and
wide-angle X-ray scattering (WAXS). And VECTRA® is difficult to dissolve in
conventional solvents such as chloroform and tetrahydrofuran, but in specific solvents
like pentafluoro phenol(PFP) and 3, 5-bis(trifluoro methyl)phenol (BTFMP). 1
performed SHG measurement, small-angle laser light scattering (SALS) and polarized
~ optical microscopy (POM) using the amorphous film casted from the dilute LCPs/PFP
solution. The variations formed the polar structure during polycondensation and the
mechanisms annihilated the disclination from amorphous state are discussed from these
measurements. Moreover, it was examined that the melt-viscosity measurement‘ due to

suppose the textured structure of LCS, and measured thermal diffusivity of it.

14 Organization of the Thesis

This thesis consists of seven chapters. Chapter 1 is the general introduction.
In the thesis, followed by the general introduction, through the detailed SHG
observation, an unusual physical properties caused by the polar structure is discussed.

In Chapter 2, SHG and steady shear flow viscosities was measured for nematic
liquid crystals in the aromatic copolyesters composed of 4-hydroxy benzoic acid (HBA),
6-hydroxy-2-naphthoic acid (HNA), terephthalic acid (TA) and biphenol (BP) whose

molar contents are 0.73-x, 0.27-x, x and x, respectively. Moreover, the textured

10



structure in polar LCPs and non-polar ones were estimated by small-angle light
scattering.

In Chapter 3, I prepared a modified VECTRA® A950 including
3-hydroxybenzoic acid (m-HBA). SHG measurements are observed for their nematic
liquid crystals, compared with LC phase diagram and SHG activity.

In Chapter 4, I performed SHG measurements, steady shear flow viscosity, and
transparency measurements for different molecular weight of nematic LC formed by
poly(HBA/HNA). Moreover I succeed in the in situ SHG intensity measurement
during polymerization for a (HBA/HNA) oligomer, and observed the variation of SH
response.

In Chapter 5, it was examined an annealing effect on the mechanically aligned
monodomain state of polar nematic liquid crystals and of non-polar one using wide
angle X-ray diffraction and polarized optical microscopy. And I expected a possible
mechanism from the obtained results.

In Chapter 6, thermal diffusivity was measured for various nematic LCPs, and
the relation between the polar structure and the thermal diffusivity was considered.

Chapter 7 will give the conclusions.
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Chapter 2

Difference in Steady Shear Flow Viscosity between Polar and
Non-Polar Nematic Liquid Crystals in Aromatic Polyesters Derived

from VECTRA®

‘Abstract
Ste‘ady‘éhéar flow viscosities was measured for nematic liquid crystals (LCs)
'compééed of 4-hydr0§<y benzoic acid (HBA), 6-hyd1foxy-2-naphthoic acid (HNA), |
telephthalic acid (TA) and biphenol (BP) whose molar contents are 0.73-x, 0.27-x, x and
‘\x, respectively. Second harmonic generation (SHG) measurements showed that a
“SHG-active polar nematic LC formed by poly(HBA/HNA) with x = 0 is altered to a
| conventional non-polar nematic LC with an increase in x more than 0.07. The
shear-rate dependence of melt viscosi‘;y measured for nematic LCs of all the copolymers
showed foﬁr characteristic regions; a Newtoﬁian plateau in Iéwest shear-rate region 0 in
addition to the well-known three regions. The SHG-activity in nematic LCs reflected "
on the Newtonian plateau region 0. The viscosity of the SHG-active nematic LCs in
this region 0 was 10 times higher than that of the non-SHG-active nematic ones. The
higher viscosity of the SHG-active nematic LC was connected to the smaller domain
size (or larger number of disclinations) estimated by small-angle light scattering. In
the non-polar nematic LC, many disclinaﬁons initially formed were easily annihilated |
because of a coalescence of two disclinatioﬁs with opposite signs, whereas in the polar
nematic LC, such an annihilation hardly occurred because of\ the polar pécking

symmetry.
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2-1. Introducﬁon

VECTRA® A950 polyester is an extraordinary class of LC polymers, since a
head-to-tail connection of HBA and HNA>" results in a large dipole moment along the
chain as a result of accumulation of the carbonyl dii)ole in ester linkage.® Because.of
such a polar rod-like conformation, poly(HBA/HNA) can form the polar nematic LC,
which has been experimentally confirmed by second harmonic generation (SHG)
measurements’'® and predicted by computer simulation and theoretical calculation

11-14

considering the dipole-dipole interaction. Mentioned in Chapter 1, SHG activity

appears to only the polymer characterized the head-to-tail structure in a nematic liquid
crystal polymer.

Another interesting aspect of nematic LC of poly(HBA/HNA) is observed on the
shear-flow behavior. It shows very high shear-flow viscosity of around 10° Pass at

-1

shear rates lower than 102 s while the conventional nematic LC in other

commercialized polyesters show the viscosity of around 10° Pa-s.ls'}7 These two’
characteristics, SHG-active polar nematic structure and high viscosity at low shear rates,
seem to be significantly related to each other. | | |
The head-to-tail character in poly(HBA/HNA), can be climinated by introduction
of symmetrical units of terephthalic acid (TA) and biphenol (BP) which cancels the
dipole moments along the chain axis within a polymer chain. I have thus prepared an
interesting series of poly(HBA/HNA/TA/BP) .polyesters, in which the SHG active and
non-active nematic LCs are formed depending on the content of TA and BP. By using
this series of polyesters, in this chapter, I observed carefully the steady shear flow

viscosity of the nematic LCs in a wide shear-rate range from 107 to 10* s”! and obtained

the well-defined viscosity curves which include a Newtonian plateau in lowest shear
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réte region (région 0) in addition to the well-known three regions I, II, and HIV
chafacféristic to the LC polymers.lgt The result indicates that the viscositykin region 0
strongly depends on whether the nematic LC is SHG-active or not whereas the -
Viscosiﬁeié in regions II and III dd not. The viscosity of the SHG active nematic LC in
region 0 is /10 timeé higher than that of the SHG non-active one. This difference ih the -
Viscdsity of region 0 can be deﬁniteiy connected to the difference in the domain size (or
the humber of defects) which is attributed to the difference in the annihilation modes of

defects between polar and non-polar nematic LCs.

22 Experiment
2241 Materials |
VECTRA® A950 compriséd of HBA and HNA uﬁits with a mélar ratio of 73/27,
§vhich is commercially available, was supplied by Polyplastics Co. Ltd. In this
‘ Cha?ter,: VECTRA® A950 is treated as a sfandard polymer, and abbreviated here as \
P-Std. | | | |
~The copolﬁners in\ which terephthalic acid (TA) and biphenol (BP) units were

k;k:"~incotporated int‘on VECTRA® A950 were synfhesized by the method according to the

kapplied patent ‘from Celanese.”! - The content of TA or BP that should be equimolar
, “With ~’ each other in order to properly perform the polymerization was varied from 0 té :

0.1. These co’pdlymers with the following structure, V ‘ ‘
- | 0 . ’ S
frot s feotti-o-odl
; o C - . -
. - .73 Q ¢ 0.27-x ¢ X © (2“1)
 are designated as P-x where x is the molar content of TA or BP unit.
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Inherent viscosities, Nisn, and crystal-nematic LC transition temperatures, Tr,, of
these polymers are listed in third and forth columns in Table 2-1, respectively. Here,
Mish 0of the polymers were measured for solutions of the equivolume mixture of
pentaﬂuoro phenol (PFP) and Hexaﬂuoro isopropanol (HFIP) at a concentration of 0.1 g
dL! at 30 °C, and T, was determined by differential scanning calorimetry (DSC) on
heating at a rate of 20 °C min™' (TA Instruments DSC Q-1000). At temperatures higher
than Ty, all of the polymers were confirmed to form the nematic phase by polarized
optical microscopy (Olympus BX 51 equipped with a Mettler FP82HT hotstage) and
wide-angle X-ray diffraction (Cu Ka radiation, Rigaku UltraX18 generator equipped
with the hotstage). No nematic to isotropic phase transition was observed in a

temperature region up to 350 °C.

2-2-2  Methods
SHG measurement: SHG was used as a probe to monitor the spontaneous polarization -
in the medium* Q-switched Nd:YAG laser light (A = 1064 nm) was incident
perpendicular to thin films with thickness of ~10 pm (illumination area; 0.lmm in
diameter) after passing through a‘quarter-wave plate and a polarizer. SH light (A =532
nm) generated was detected by a Hamamatsu model-R955 photomultiplier tube in a
transmitted direction after passing through an IR cut filter, an interference filter and an
analyzer.

The oriented films with thickness of ~10um were prepared by drawing out from
a slit die (5 mm in wide, 1 mm in length and 10 mm in height) at a rate of 100 mm min™
and pressed at 330 °C. SHG measurementé were performed with both thé polarizer

and analyzer set parallel to the orientation (polymer chain) axis.” Relative SHG
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intensities for all the P-x polymers were determined as a standard of P-Std by a contact
method where the P—X film was contacted with the P-Std film and the SH signal
intensity was detected by scanning the laser beam from the area of one polymer to' that
- of the other.” The Vaiues thus deterinined are listed in fifth column of Table 2-1.
Viscosity measurement: Steady flow viscosity measurements were performed with a
 Rheometric SR200 equipped with parallel piate configuration with 12.5 mm in radius -
| (R) and 1.5 mm ink gap (H) under nitrogen atmosphere. Share rate y is calculated by
- y=(27/60)-(R/H)-n where n is a rotational speed of the plate (min"). To avoid
3 stfuctt}rai changes due to a squeezing flow on k)élding the sample,” powdercd samples
fw*ithkthe* size of a few kmicrometers were first prepared from pellets and pressed into
J | djsé-like form Withoﬁt heating. The disc-like sample was then set between the parallel
‘pblkates, heated up to 330 °C, and sheared at the lowest shear rate of 107 s, Theh, the
viscosities were measured with iricreasing the shear rate up to 10*s™.  The temperature
0f 330 °C \%as selected to avoid the crystallization of the sample during measurements,
~ kk;vs‘fhich‘are completed within 30kmin after the loading ﬁrocedure of about 10 min.
. Capillary flow measurements were peiformed at 330 °C with a Toyd Seiki
 CAPILLOGRAPH IB with a capillary with 0.5 mm in diameter and 30 mm in length
having a flat entrance angie. Shear rates were varied from 107 to 10*s™. |
f Light scattering measurement: Small-angle light scattering patterns were
‘ measxired by using aﬁ Otsuka electric DYNA-3000.  Here, the polymers were
- dissolved in 50/50 v/v mixture of PFP and chloroform, énd cast on a slide glass. The
" film with a thickness of ~10 pm was then rinsed with chloroform and dried under
vacuum at 80 °C. The scattering patterns were recorded after annealing the film in

; nematic LC at 330 °C for 30 min.
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23 Results
23-1  Alteration of SHG-Active to Non SHG-Active Nematic LC by Tntroducing
Symmetrical Comonomer Units; into VECTRA® A950

P-x polynier chain loses the head-to-tail nature ‘bj} an introduction of &symmetric_
BP and TA units so that the resulting nematic LC Iosés the polarity as well. This trend
- is clearly observed in fifth column of Table 2-1, and in Figure 2-1 where the refative
SHG of the nerhatic LCs in P-x is plotted against the content x of TA (or BP). SHG
intensity sharply dgcreases with increasing x and becomes zero for P-x with x more than
0.07 ,’ indicating that the perfect alteration from the polar né;matic LC to the non-polar

(or conventional) one is accomplished on increasing x up to 0.07.

2-3-2 Steady Shear Flow Viscosity

| Steady shear flow viscosities for nematic LCs of all the prepared polymers were
measured‘at 330 °("'~kay_ a parallel-plate type of rheometer in a wide shear-rate range from
10° to 10* s, Typical Visc()Sity déta (closed circles) are shown in Figures 2—23 - 2-2f.
The viscosities Werec also measured by the c\‘apiﬂary rheometer in high shear rate zone
from 102 to 10* s"lk as shown by open circle‘s; Both ‘methVods give the simiiar shear rate ’
dependences of viscosity.  Although the viscosity by the capillai‘y rheometer is
| relatively larger than that of the rotation rheométer, both values do not need to be equal.

| The flow-viscosity curve is well divided into four regions; a Newtonian platean |
at the lowest shear-rate regirﬁé in ‘addition to three regions which have. bsen well
elucidated in LC polytmrmrs.18 Typical eXample 1s observed for P-Std in Figure 2~23.
On increasing the shear ratev( 7 ), the viscosity takes a constant value at 7 | up to 100 s

region 0), and then decreases to one-tenth at 7 from 107 to 10° s (region I). With
g | |
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further increase of the shear rate, the viscosity becomes. almost constant in a shear-rate
regién of 5%x10° to 5x iOI s (region IIL and then decreases again at y larger:than 107
gt (fegion III). Three bof these four flow regions, namely regions I, II and III, afe
designated to keep a corfespondence with those defined by Onogi and Asada‘,18 and
- frequently observed in ‘Various polymeric LCs. In contrast, the region 0 is rarely
ébserved. Only the observation of region 0 has been reported in é lyotropic LC of

* As far as 1 know, this is the first clear

hydrdxypropyir rcellulose/water system.
- observation of feg’ion 0 in thermotropic LC system. All the samples show the similar’
behavior although the region II becomes narrower or sometimes disappears as x
iﬁcreases more than 0.03 as found in Figures 2-24 - 2-2f.

In Figure 2-3, the viscosities in respecﬁvc regions of 0, II and III are plotte& asa
| function of Nimn 0f polymer. Here?, the viscosity measured by the capillary theometer at
a shear rate of 4846 s™' was adopfed as the viscosity in region III. ~The viscosity in
region II was determined for only four samples because region II becomes unclear on
increasing TA or BP fractiqn as mentioned above. The viscosities in regions II and III
shbw a simple positive correlation with 1y of pdlymer, i.e. the molecular weight (see
Figures 2-3b and 2-3¢). ~ The viscosity in region 0 as shown in Figure 2-3a, hbwever,
‘ | depends not only on n;gh, but also on whether the copolyester is SHG—acﬁve or nbt; the

viscosities of the six SHG-active copolyesters are around 10° Pa-s, which is ten times

larger than those of the four non-SHG-active copolyesters.

24 Discussion
First interesting result in this study is that the four characteristic regions were

- well established in the steady shear flow viscosities of polymeric nematic LCs. In
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other words, there are four different shear flow mechanisms. Here, it should be
erﬁphasized that the shear has been applied for thé polydomain nematic LC tﬁe ddmain
size of which is dominated by the number of disclinations.

Previous works'®?*?° have shown that in sﬁch polydomain LCs the regioné L1
and III, have been clearly observed and ‘assdciated with deformation of LC structures.
- Two shear-thinning regions I and III separated by intermediate plateau region Il are due

to the presence of two largely different characteristic times in deformation modes. ~ The
shear thinning in the lower shear-rate region I is attributed-to the long-range-order
elastic deformation of disclinations in polydomain LC whereésrthe other in highest
shear-rate region III is connected to molecuiar dynamiés; the short-range-order élasti;:k
deformation of molecular order which produces a uniform molecular orientation.*®
From X-ray patterns taken in respective regions in Figure 2-4, in fact, some ,oriéntatioh k
of molecules along the shear direction is observed in region I, and then orientation in
region III becomes more improved although no orientation can be detected in region 0.
Newtonian region II may appear as an intermediate Ijegion Wﬁere the characteristic
distance between disclinations decreases on increasing shear rate on the one hand, and
the molecules, on the other hand, surely flow. Thus, thé three regions 1, II‘and HI, are
associated with deformation or disturbance of polydomain structure whose length scale
s larger with decreasing shéar rate. |

According to this tendency, the Newtonian 'ﬁlateau appeariﬁg in lowest shear-rate
region 0 may be associated with flowing of the domains in such a- way that an
equilibrium defect density or domain size of the polydomain LC remains consfant to a

certain extent, which has been theoretically described by Chung er al*® by using the

Larson-Doi defect density evolution equation®’ with the inclusion of the defect density
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(number density of digclinations) in the initial polydomain LC. At this aspect, it is
' iﬁteresfing to refer tok the secéﬁd interesting result that the difference in viscosity of
~ region 0 between the SHG active and non SHG-active polymers can be really connected ;
- t():v the do;nain size difference. By the optical microscopic observations, all of the |
"polymeric neinatib LCs at 330 °C show very fine sanded texﬁlre where the disclinations
~and their related Schiiercns tend‘to be very small and blurred, however the relatively
: largé‘domain can bé recognized in the non SHG-active nematic LCs (see Figure 2-5).
The more quantitative analysis for the domain size can be done by small-angle light
ks‘cét’tering (SALS) rrae.ﬂ;hod‘.é8 The typical SALS patterns are shown iri Figures 2-6a —
; 2-60 ~ All of the nematic LCs ihvariantly show four-leaves SALS pattern, but show the
o di:ffel;ant sizes of thé pattern which depend on whether the copolymer is SHG -active or
not. - The SHG-active polymers Show the scatterihg patterns expanding info the Iarger
angle regién than the non SHG-active polymers, indicating that in the initial
:’k“,‘kpélyd’omain state just before starting the shear flow viscosity measurement, the domain
SIZe f(('}r the distances between disclinations) in the SHG active copolymers is smaller
: :\‘t:han that in non SHGraétive ones. The domain Es‘izes determined from the 26-inténsity‘
» .: proﬁle of Figures ‘2~6d - 2~6f, are listed insix column of Table 2-1. Th¢ domain sizes | ’
‘in»‘the SHG active copolymers are commonly estimated to be about 5 pm, while those in‘
- :nnohtSHG~active ones are aréund 10 um or larger than 10 um. Such domain sizes caﬁ
be qﬁéﬁtatively obtained as the distances between thé disclinations in mictoscopic |
‘nematic texture in Figure 2-5. 'Thus, I conclude that the smaller size domains (i.e. the
7highe‘r defect densities) in fhe SHG—active nematic LC arek attributed to the larger =
| shear-flow viscosity in region 0. This result is intérestingly compared with the result |

- obtained for highly concentrated emulsions of the water-in-oil type.”” In the emulsion
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. system, flow viscosity curves clearly show a low shear—iate Newtonian region, and its
Vvi~scosity increases with a decrease in dropletk size kof emulsions which may be
equivalent to the domain size in the present system.

Here, I consider the reason why the SHG active nematic LC, i.e. the polar
nematic LC,IQ possesses the high defect densitiy. Generaliy, the nematic LC may form
many kinds of disclinations with various strengths of s = +1/2, £1 and so on,
immediately after the powder samples are heated up to nematic temperature. kThe sum
of the strengths for all disclinations should be zero. In an initial stage on the hematib
LC formation, the number of disclinations would be almost ‘sa'me between the polar and
non-polar phases. After a prolonged annealing, however, diééﬁnations of equal and
opposite strengths attract one another and are annihilated. One of the examples is shown
in Figure 2-7 which illustrates the topological situation nearrthe center of disClinations
of [s| = 1/2 showing how the disclination lines of s = +1/2 and s = -1/2 are annihilated.*
Thus, many of paired disclinations with opposite signs may ,disapi:;ear altogether or form
a new one, leading to the development of the large domain texture with low defect
density. ~ Without surface anchoring nor external aligning fields, however, an
appreciable number of disclinations are st‘ill remained in the pseﬁdb—equilibrium state in
which size and shape of domain no longer change with time. 3033

Such a simple development of domain texture promoted by the director
orientation would be unlikely in the case of the polar nematic phase with a low packing
symmetry. Figure 2-8 shows various types of disclinations in nematic LCs. When
the dipole moment Vectérs indicated by the arrows are superimposed on the director
curves, I know that the disclination lines or points with |s| = 1/2 are not cémpétiblc with

the polar structure so that those have to escape into the disclinations with Is| = 1.
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Further, neighboring disclinations cannot join each other as occasionally as in the
non-polar phase, but ;:onversely, the new disclinations have to be created with the
simultaneous formation of ‘polar structure following the uniaxial alignment of polymers.
This ma}; be a reason why the SHG active polar nematic phase possesses the smaller
| ‘&omains than the SHG non-active one. The detailed examination for the texture

‘development in the polar nematic phase is now proceeding.

2-5 Summary |
~In this chapter, I prepared poly(HBA/HNA) and poly(HBA/HNA/TA/BP)s with
yhva‘r’ious contents of TA (of BP) up to 0.10, and examined steady shear flow viscosity for
fheir nematic LCs in wide shear-rate range from 107 to 10* s'. The SHG-active
nemati(; phase is formed from th@ standard poly(HBA/HNA), but the SHG activity is
| lost by an introduction of symmetrical TA (and BP) unit into poly(HBA/HNA) because
the polymer chain loses the head-tail character. .The shear-viscosity curves of nematic
B LCS in all these copolymers invariantly show a Newtonian plateau at lowest shear rate
(région 0) in addiﬁon ;tko three conventional regions, namely low-shear-rate and
high-shear—rate shear-thinning regimes (region I and region III) and the intermediate
Newtonian plateau (region II). In éontrast to regions II and III whefe the apparent
: ;/iscosity shows simply positive correlation with the molecular weight, region 0 shows
:’kthe distinct dependence of the viscosities on the SHG-activity. The viscosity 6f the -
~ SHG active copolymer is 10 times larger than that of the SHG non-active copolymers.
This difference in the viscosity is connected to thé difference in the domain size

measured by the small-angle light scattering method: the domain size in the SHG-active

copolymer is smaller than that in the non SHG-active copolymer. The small size of
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domains in the SHG-active nematic LC may be caused by its polar structure because the
polar symmetry does not allow the simple annihilation for disclinations with respect to

the director orientation which has been produced primarily in the powder sample.
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Table 2-1.  Characterization in a series of P-x copolyesters

kSiample Mole fraction ofk inh T n Relatiye» SHG D/um
TA unit dLg!  rce Intensity

PStd 0 467 283 100 53
,f.;.o;oos 0003 346 28 078 | 46
lj:‘;‘(‘;;eos 0006 391 280 063 68
~f1§?;i4i.01§‘ 0015 426 o 042 63
0.03 43 277 005 56

005 423 273 003 53

007 414 251 000 >10

‘}0.08 336 248 000 10
009 417 s o000 >0

010 431 219 0.00 >10

ased on heating DSC data..
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Figure 2-1. Variation of SHG intensity with the molar content of TA (or BP) unit in a
series of P-x copolyesters. Here, the relative SHG intensity is evaluated as a standard

of P-Std.
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plateau (region 0), (b) in the high-shear-rate Newtonian plateau (region II), and (c) at a -
shear rate of 4864 s in high-shear-rate shear-thinning region ITT with inherent viscosity
of copolymers. The applied temperature is 330°C. The viscosities of the SHG-active

and non-SHG-active polymers are plotted by closed and open symbols, respectively.
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Vvxy

Figure 2-4. WAXD patterns of P-Std nematic film sheared by rotational rheometer in
regions 0, I, II and III. X-ray beam was irradiated along the velocity gradient (Vv)
direction. The strong reflection in the central part has a spacing of 4.8 A, which is

attributed to the lateral packing of polymers.
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Figure 2-5. Optical microscopic nematic textures of (a) P-Std and (b) P-0.07. The

sample thickness is around 10 pm.
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Figure 2-6.
profile observed for the nematic LC of (a), (d) P-Std, (b), (¢) P-0.05 and (c). (f) P-0.08

at 330°C.
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Figure 2-7. Schematic representation of the annihilation microprocess of a pair of s
= +1/2 disclinations and the corresponding variations of the schlieren texture with

time in conventional nematic phase. Time is prolonged from left illustration to right
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=1

Figure 2-8. Illustratién of pblar molecules forming the disclinations with s =+1/2 and

+1 in polar nematic LC.  Arrows indicate the dipole moment vectors. It is found that
there is an inconsistency (presented by the dashed line) in alignment of dipole

moment vectors in disclinations of |s| = 1/2.
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Chapter 3

Effect of Kink Conformation on Transition from Biaxial Polar to

Uniaxial Polar Nematic Liquid Crystal Polymer

Absfract

I perfoﬁned second harmonic generation (SHG) measurements in the nematic
liquid crystal formed from polar aromatic polyester which comprises 4-hydroxybenzoic
acid and ‘6-hydroxy-2-naphthoic acid in a molar ratio of 73/27. The polymer is
commeréially available and called VECTRA® A950. The shear-oriented nematic
liquid crystal of VECTRA® A950 shows strong SHG mostly along the n-director.
From detailed analyses of the SHG intensity profiles measured with combinations of
polarizer and analyzer directions to n-director, the nematic liquid crystal is found to
possess the C, packing symmetry, in other words, it 1s not uniaxial but biaxial and the
polarization arises in the symmetry plane.

To search the origin of the spontaneous ‘polarization, I prepared a modified .
VECTRA® A950 including 3-hydroxybenzoic acid (m-HBA), the head-tail character is
not lost, but their liquid crystallinity is destabilized because of kink conformation
induced by m-HBA unit. In this system, the SﬁG is invariably observed for the
nematic liquid crystals, but as one of the significant effects, polar biaxial ne;matic liquid
crystal of VECTRA® A950 is altered to the polar uniaxial one by the introduction of

m-HBA above 5 mol%.
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3-1. Introduction

Ferroelectric or bolar ordering of molecules in liquid crystals is of considerable
theoretical and technological interest.' It has been achieved in chiral and tilted smectic
phases; the chirality of molecules:and their tilted assbciation into the smectic layer,
which can' reduce the overall symmetry of liquid crystal structure, are essential for their
preparation.™ |

Recently, the great attention has been directed to the non-chiral ferroelectric .
system. Watanabe et al.** has proposed that the ferroelectric smectic phase with C,,
symmetry can be formed from main-chain liquid crystai polymers if two types of
odd—nur‘nbered' aliphatic spacers are incorporated into the .backbone in a regularly
alternate fashion and aré segregated into  different microdomains. Althoughk the
preparation of ferroelectﬁc liquid crystal in this case was failed because of the difficulty
in polymer synthesis, the successful progress has been made by treating,ﬁ the

2 In these exotic -molecular

banana-shaped molecules and bent dimer molecules.®!
systems, the ferroelectric and antiferroelectric responses were well identified in a
relation to their 'characterié,ti‘c packing structures. Bustamante et 52.13’14 have alsk:oh .
reported the antiferroelctric smectic phase in certain mixtures of non-chiral side-chain
polymers. and their monomers as observed by pyroelectric and pieZoélectric
measurements.

The examples mentiéned above are so-called improper ferroelectric yliquicklk
crystals, which emerge because of the introductioh of chirality and the packing of polér |
bent-core molecules. Another approach to obtain the ferroelectrié liquid ‘crkystals is
based on the idea of proper ferroelectricity, which is realized by dipolefdipole

15,16

interaction. This idea has been suggested by the computer simulation and
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theoretical calculyation. These demonstrate that ferroelectricity appears even in the
ﬁémati(; phase if the constituent rod-like molecules have a large dipole moment.'”* By
éonsidering the dipole-dipole interaction and hard-gore repulsion using a simple mean
ﬁéld model within the Onsager 'fomlaﬁsm, Lee et dz’w?ze presented the phase diagram
where the  rod-like moleculés exhibit éohventionélv isotropic-nematic,
. nematic-ferroelectr‘ic’ nematic, and direct isotropic-ferroelectric ﬁématic transitions as ka
function of temperature or pressure. Park et al.* discussed the same phase transition
behavior‘ in the context of the phenomenomgicél theory. It is also Werth noting that the
~ isotropic-polar biaxial nematic phase transition in biaxial molecular systems has been
discussed at the phenomenological and molecular levels, suggesting interesting transitioﬁ
behaviors.? |
" These interesting predictions can be experiméntally examined using'the liquid
crystalline aromatic polyesters which - assume the rod-like conformation and
. simultaneously have the Iai"ge dipole moment aiong the chain as a result of accumulation
- of dipole moment of repeating unit. Typical monomer units are 4;(para),__—;h‘ydroxyl
‘benzoic acid (p-HBA) and 6-hydroxyl 2-naphthoic acid (HNA). At this aspect,
interesting is the X-ray ahalysis by Coulter et al** for the crystal of afomatic polyesief
‘based on p-HBA. It shows that the polar polymers are packed with a net chain
directionality in the crystalline phase. The polar erystal phases in a related polyester,
VECTRA® AQSO comprising HBA and HNA, has also been suggested by
second—harmonié generation (SHG) measuréinents by Stuetz?® and Asada.? | Although
these experimental studies have been done for the SSIid state, it is strongly suggested that
~ the polar ordering has been already formed in the nematic liquid crystals prececﬁng to the

crystalline phase. In fact, Watanabe et al. have observed strong SHG in the nematic.
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liquid crystal formed on a process of polycondensation reaction of VECTRA® A950.”
In this chapter, ‘I examine more detailed polar structure in the nematic liquid

crystals of VECTRA® A950 and related polyesters through SHG observation. I

examine how chemical modifications to VECTRA® A950 affect the polar biaxial

structure.

3-2. Experiment
3-2-1 Materials
The polymers used are aromatic copolyesters which basically comprise p-HBA

and HNA units in a molar ratio of 73/27 shown below Equation 3.1.

OO%, / Oﬁ% 3.1)

“VECTRA® A950”

This type of copolyester is called “VECTRA® A950” which is éommercially
available. The high molecular weight VECTRA® A950 as a standard polymer (so
named P-Std), was prepared by the method according to the applied patent from
Celanese.”® The resulting polymer is not soluble in conventional soiventé such as
chloroform and tetrahydrofuran, but in specific solvents like pentafluoro phenol (PFP)
and hexafluoro isopropanol. The inherent viscosity was @easured in a solution of PFP
at a concentration of 0.1g/dL at 30 °C. The inherent Viscosit;} of P-Std is 4.67 dL/g.

To prepare a homologous series of polymers, 3(meta)-hydroxy benzoic acid

(m-HBA) which works as a kink unit was introduced to VECTRA® A950. The molar

content of m-HBA was ranged from 0 to 100%. These copolymers with the following
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structure

0
|

@l> <> / < Oé 62)

0.73(1x) 0.27(1-x) X
are designated as M-x where x is the molar content of m-HBA unit. The calorimetric
characterization for M-x %opolyesters are shown in Table 3-1. The inherent viscosities

of the second and third series of polymer are around 4 dL/g which are comparable to that

of P-Std.

3-2-2.  Methods
SHG measurement: SHG was used as a probe to monitor the spontaneous polarization
in the rr‘lledium.’22 Q-switched Nd:YAG laser light (A = 1064 nm) was incident
perpendicular to thin films with thickness of ~10 pm (illumination area; 0.lmm in
diameter) after passing through a quarter-wave plate and a polarizer. SH light (A = 532
nm) generated was detected by a Hamamatsu model-R955 photomultiplier tube in a
transmitted direction after passing through an IR cut filter, an interference filter and an
analyzer.

The oriented films with thickness of ~10pm were prepared by drawing out from
a slit die (5 mm in wide, 1 mm in length and 10 mm in height) at a rate of 100 mm min’
and pressed at 330 °C.  SHG measurements were performed with both the polarizer and
analyzer set parallel to the orientation (polymer chain) axis.” Relative SHG intensities
for all the M-x polymers were determined as a standard of P-Std by a contact method
where the M-x film was contacted with the P-Std film and the SH signal intensity was
detected by scanning the laser beam from the area of one polymer to that of the other.”

And in detailed analysis, the SH light intensity was measured as a function of the
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rotation angle of the polarizer or analyzer.

Qifferential scaﬁning céiorimetric (DSC) measurements were carried out with a
Perkin-Elmer Pyris-1 at a scanning rate of lOOC/min. Wide-angle X-ray diffraction
measurements were performed by using a Rigaku-Denki RU-ZOOBﬁ X-ray generator
with Ni-filtered CuKol rlyradiation. Polarized optical microscopic (POM) observations
were carried out using Olympus BX50. Temperature of sample was controlled within

1°C by using Mettler FP82HT hot stage.

3-3. Results and Discussion

in the a series of M-x ,copolye;ters, head-tail nature is retained, but the rod-like
nature is lost because of the kink conformation of m-HBA when the rich amount of
m-HBA are introduced. Figure 4.1 shows the phase behavior observed in M-x
copolyesters. The nematic liquid crystals are uniformly formed in copolymers with
the m-HBA contents lower than 30 mol%, while it is totally destabilized to transform to
the isotropié liquid when the content of m-HBA becomes more than 60%. In the
polymers with intermediate contents between 30% and 60%, the nematic and isotropic
phases coexist. SHG intensities measured for the nematic liquid crystals are plotted
against the mole fraction of m-HBA in Figure 4.2. One can see that the iSHG inténsity
decreases with the molar content of m-HBA through four steps; the first step in a region
of 0 to 3‘%, the second in a region of 4 to 5% , t}}e third in a region of 5-30% and the
fourth in a region of 30 to 60%. It is obvious thét the decrease of SHG intensity at the
fourth step is caused by \the decrease in the relative volume of nematic phase to the
isotropic one. Besides, it is reasonable that the SHG intensity in the nematic field

steadily decreases with the increase of m-HBA content since the hyperpolarizability of
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m-HBA is relaﬁveiy smaller than that of p-HBA, as calculaed in Table 1.1.

A simple question arises.b Why does the SH intensity decrease steeply in a
Iﬁnited uregion of 4 to 5%? | To clarify this point, the packing symmetry was examined
for oriénted nematic liquid cryétggl by measuring the dependences of SH intensity on
polarizer and analyzer angles. £Figure 4.3 shows the content dependence of 1(¢,, 90°)
profiles observed for the copolyesters with the m-HBA contents of 0 to 20%. One can
find two-leaves pattern is altered to the four-leaves pattern when the mole fraction of
m-HBA is increased ﬁ'oﬁl 3 to 5%. - This méans that the C; symmetry is altered to the
Cuy, in other words, thé, polar biaxial nematic liquid crystal is altered to the polar
uniaxial one. ~ The remarkable reduction of SHG at the second step is thus attributable
to the losé of the ‘polarization in one of the axes. Possibly, ‘the conformational
disordering enhaﬁced by m-HBA kink unit may overcome the strongly coﬁelated field
: 'Whi(:h forces the p-HBA and HNA chains to assume the unusually confined
conformation with the polarization perpendicular to the chain axis.

According to the conformational analysis by density functional theory (DFT)
calculation,%9 Ph-C(=0)-0 are conﬁned oﬁ the same plane.- With respect to O-Ph bond,
there are two possible conformations with lowest energy. One conformation has 60°
and another has 120° as an angle between ihe adjacent Ph-C(=0)-O planes. In Figﬁ‘re |
3-4(a), the biaxial polar packing structurek is illustrated by selecting one of the possible
conformations, in which all the carbonyl groups are directed to the similar direction as
an average, to produc¢ the polarization along a pérpendicular direction to the polymer
chain as well as in the parallel direction. Here, ones would hardly believe that such a
~ confined conformation is sustained in fluid nematic field since the potentizgl energy

barrier around O-Ph is fairly low (less than 1 kcal/mol) so that this bond can rotate
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ksomewhat freely between two confomers.”’ Thus, Ikhave to consider that the unusual
conformational conﬁnément would be caused by the strongly correlated dipole-dipole
interaction field. It should be noted that the specific conformation of VECTRA® |
A950 has also been suggested by NMR?’0 and fluorescence data.’! Similarly, ~the
uniaxial polar packing structure (in Figure 3-4(b)) and the non-polar one (in Figure
3-4(c)) are illustrated by selecting one of the possible conformations. In the uniaxial
\“Vpolar packing, one polar axis is along the polymer chain axis only, but the carbonyl
groups are undirected to the similar direction due to kink conformation for m-HBA, also
even in the strongly correlated dipole—dipoie interacti(;n field. And in non-polar
packiné, the polar axis doesn't exist because the dipole moment is canceled by TA or

BP.

3-4. Summary
In summary, SHG éctivity is lost by the chemical modification to destabilize the
liquid crystallinity of VECTRA® A950. Further, introduction (;f kink conformation
aiters the C, symmetry to Cm one. These éffects obviously show that the polar Cs-
symmetry determined by SHG profiles is not of artificial. |
The Cs symmetry is very significant since it requires the nematic liquid crystal of |
VECTRA® A950 to possess xthe bia};;ﬁty. Generally, the biaxial neniatic liquid crystal

is expected for the board like shaped molecules. >

In addition, the C; symmetry
requires another significant conformational constraint for each polymer chain; the
polymer must take up a type of conformation which produces the polarization

perpendicular to the chain axis. These two requirements are satisfied if the ester

carbonyl groups are sticking out to similar direction as an average as illustrated in Figure
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3-4(a) although at a general sense, such a peculiar conformation of aromatic polyesters is
hardly accepted in a fluid field. This unusual conformational constraint suggests that
the strongly correlated dipole-dipole interaction field may act not only in the parallel
direction to the polymer chain, but also in the perpendicular one.>  On the other hand,
in case of uniaxiality, one polar axis is along the polymer chain axis only, but the
carbonyl groups are undirected to the similar direction due to kink éonformation for
m-HBA, also even in the strongly correlated dipole-dipole interaction field, as illustrated
in Figure 3-4(b). And as introducing TA and BP, the polar axis doesn't exist because
the dipole moment is canceled by TA or BP, as illustrated in Figure 3-4(c).

Finally, it should be noted that I have never succeeded to obtain the
macroscopically oriented polarization over the sample, which is the direct proof of the
spontaneous polarization. The nematic liquid crystals can not respond to the applied
electric field since the polymeric nematic liquid crystal is highly viscous. = Especially,

the viscosity of the nematic VECTRA® is extremely high probably due to the biaxiality.
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Table 3-1. Characterization in a series of M-x copolyestrs

Calorimetric Data®

. Enthalpy of
Transition temperatures . b
7 fusion
heating process cooling prdqgis
| TfC T,,C TPC AH/KJ-mol
Poly(HBA/HNA) | 283 238 19
Poly(HBA/HNA/m-HBA) V
Molar content of m-HBA ‘ | _
0.01 . 271 223 17
0.02 102 - 270 218 1.4
0.03 100 266 213 0.5
" 0.04 .95 252° 202 12
0.05 99 259°¢ 197 0.97
0.1 98 240° 183 0.97
02 | 101 236 - -
03 100 - - | -
04 -~ 105/121 - B -
05 Couwr - -
0.6 134 -
0.7 140 - L ‘ -
0.8 133 - -
09 131 - - -
1 : 125 - - . . -

~ “Based on DSC data measured at a rate of 10°C/min .
®Based on cooling DSC data
¢ Based on lower transition temperature in heating process
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Figure 3-1. Phase behavior observed as a function of the molar content of m-HBA unit

in a series of M-x copolyesters.
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Figure 3-4. (a) Hlustration of polar nematic liquid crystal with Cs symmetry which
satisfies the SHG data for P-Sdt. The nematic liquid crystal should be biaxial and
both axes should be polar as schematically illustrated in (a). (b) Iﬂustration of polar
nematic liquid crystal with C,, symmetry which satisfies the SHG data for M-x
above x 0.05. The nematic liquid crystal should be uniaxial and molecular axes
should be polar as schematically illustrated in (b). (c) Tlustration of non-polar
nematic liquid crystal for P-x above x 0.07. The nematic liquid crystal shouldn’t be

polar axis as schematically illustrated in (c).
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Chapter 4

Effect of Molecular Weight on Transition from Non-Polar to

Biaxial Polar Nematic Liquid Crystal Polymer

Abstract

I performed second harmonic generation (SHG) measurements, steady shear
flow viscosity, and transparency measurements for different molecular weight of
nematic LC formed by poly(HBA/HNA). With inéreasing molecular weight, SHG
intensity increased s;ceeply, but at around 2.2dL/g, it changed a sudden dip. This time,
polar structures transfered from .uniaxiality to biaxiality. At the same time the
transparency also changed at this M, region. Moreover I succeed in the in situ SHG
intensity klfneasurément during polymerization from a (HBA/HNA) oligomer, and the
alternation in SHG intensity became a similar tendency to it in the polymer of different
molecular weight. The melt viscosity measured for these nematic LCPS showed the
Newtonian plateau region 0, which is affect with domain size (or larger number of
disclinations). The fnelt viscosity on region 0 of biaxial polar nematic LCPs was 5
times higher than that of uniaxial polar nematic LCPs. These results mean that the
number of disclinations decreased, accordingly the pc;lar structure changes from biaxial

polar nematic LCPs to uniaxial polar ones.
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4-1 Introduction
Aromatic polyesters are most fmportant class of thermotropic liquid crystal
polymers (LCPs). They show outstanding physical properties and excellent chemical
resistance suitable for commercial applications in electronics, automotive and aerospace
industries as well ask in medical ﬁelds.l‘ Typical thermotropic LC polyester is a
copolymer composed of 4-hydroxybenzoic acid (HBA) and 6-hydroxy-2-naphtoic acid
(HNA). Random incorporation of HNA units into poly(HBA) decreases the melting
point to 250°C and makes the nématic liquid crystal (LC) phase thermally accessible.”
It was first commercialized in 1985 as the VECTRA® series of moldable LC polymers.
Typical poly(HBA/HNA), called as VECTRA® A950, is composed of 73 mol % of
HBA and 27 mol % of HNA.
| VECTRA® polyester is an extradrdinary ;:lass of LCPs, since. a head-to-tail
connection of HBA and HNA > results in a large dipole moment along the chain as a
result of accumulation of the dipole moment of the céfbonyl group. Because of such a
polar rod-like cqnformation, poly(HBA/HNA) can fof;\the polar nematic LCP, which
has been experimentally confirmed by second harmonic ‘generation (SHG)
measurements®'® and predicted by computer simulation and theoretical calculation

considering the dipole-dipole interaction.'''*

Another interesting aspect of nematic
LC of poly(HBA/HNA) is observed on the shear-flow behavior.”> 1 have already
reported these two characteristics, a SHG-active polar nematic structure and high

viscosity at low shear rates, seem to be significantly related to each “other in

poly(HBA/HNA/TA/BP) system in Chapter 2 and previous paper.'
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In this chapter, I examined the SHG measurement for different molecular weight
of poly(HBA/HNA). ‘The most interesting result is that, with increasing molecular
weight, the polar structures of these LCPs transferred from uniaxiality to biaxiality.
By this ah::cmation of polar structure, the transparency was lower, and the steady shear
flow viscosity of region 0 of biaxial polar nematic LCPs was 5 times higher than that of
uniaxial polar ones. Moreover this transition was appeared in the in situ observation of
SHG intensity during polymerization from the (HBA/HNA) oligomer. I found that this
difference in the viscosity of region 0 can be connected to the difference in the domain
size, mentioned in Chapter 2. The possible explanation is given in a relation to the
SHG-activity, i.e. polarity, of nematic LC, and was adapted for the transition from

biaxial polar nematic LCPs to uniaxial polar ones.

4-2 Experiment
4-2-1 Materials

VECTRA® A950 comprised by HBA and HNA units with a molar ratio of 73/27,
which is commercially -available, was supplied by Polyplastics Co. Ltd. The
weight-averaged molecular weight (M,,) and the polydiépersity of the molecular Weight
of VECTRA® A950 have been estimated to be 30000,'® and 2.45,'7 respectively. In
this chapter, VECTRA® A950 is treated as a standard polymer, so it is designated as

P-Std.

jiaSarragvet

0.73-n/2 0.27-n/2

o (@D
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To prepére a homologous series of polymer with various molecular weights, I
performed the polymerization by adding mono-functional hydroxy biphenyl (HBP) as
an end capping compound. The copolymers in Which HBP units"were incorporated
into VECTRA® A950 were sy;lthesized by the methéd accqrding tb the applied patent
from Celanese.'”® = The molar perceﬁts of HBP to the ‘(HBAfHNA) mixture were
| ‘changed from 1 to 5 %. And the higher molecular wéight copolymer than VECTRA®
A950 is prepared with the longer ;polyinerization time. Moreover és in situ
~ observation saﬁ;pié during polymerization, the (HBA/HNA) oligomer with a molar ratio
of 73/27 was prepared above synthesizing method with shorter polymerization time.

The inherent viscosities, ﬂinh: and thé crystal—nerﬁatic LC transition temperatures,
T of these polymers are listed in the ‘;hird, fourth and fifth columns in Table 4-1,
respectively. The Tun of the polymers were vmeasured for the solutions of the
equivolume mixture of pentaﬂuofo phenol (PFP) and hexaﬂﬁoro isopropanol at Va,
concentration of 0.1g dL’ at 30°C. Tn was determined by differential Séanning
caiorimetry (DSC) on heating at a rate of 20°C miﬁ'l(TA Instmments DSC Q-1000). - At
temperatures higher than T}, all of the polymers were conﬁrmedv to form the nematic
phase by polarized optical microscopy (Olympus BX 51 eéuipped with a Mettler
FP82HT hotstage) and wide-angle X-ray diffraction (Cu Ka radiation, Rigaku UltraX18
generator equipped with ‘fhé hotstage). All of the polymers treated kh‘ere show no
transition from nematic fo isoiropic ina ‘;emperatufé région up to 350°C. Here, the
samples are abbreviated as P-n where n indicates molar content of HBF, and the

(HBA/HNA) oligomer is abbreviated P-o.
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4-2-2  Methods

SHG m‘e;qsurement: SHG was used as a probe to monitor the spontaneous polarization in
the medium."” Q-switched Nd:YAG laser light (A = 1064 nm) was incident
perpendic{llar to the thin films with about 10 pm thickness (illumination area; 0.1lmm in
diameter) after passing through a quarter-wave plate and a polarizer. SH light (A = 532
nm) generated from the sample was | detected by a Hamamatsu model-R955
photomultiplier tube after passing through an IR cut filter, an interference filter and an
analyzer. As reflection method g‘eometry,vincident laser light was set a 45 ° with the
sample surface, and SH light was detected in the specular reflected direction.

The oriented 10pum-films were prepared by drawing out from a slit die (5 mm in
wide, 1 mm in length and 10 mm in height) at a rate of 100mm min” and pressed at
310 OC', The SHG measurement4s were performed with the polymer chain éxis set
parallel to both the polarizer and the analyzer.® The relative SHG intensities for all the
P-n polymers were detérmined as a standard of P-Std by a contact method where the
sample film was contacted with the P-Std film and the SH signal intensity was detected
by scanning the laser beam from the area of one polymer to that of the other.*” The
values thus determined are listed in the sixth column in Table 4-1.

Transmittance and Reflectance measurement: Transmittance and reflectance
measurements were performed with a JASCO V-570. Incident wave length was fixed
in 1064nm. The sample films thickness were IOO}JII;, which were pressed at 310°C.

Viscosity measurement: Steady flow viscosity measurements were performed with a

Rheometric SR200 equipped with parallel plate configuration with 12.5 mm in radius
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(R) and 1.5 mm in gap (H) under nitrogen atmosphere. Share rate y is calculated by
7 =(27/60)-(R/H)-n where n is the rotational speed of the plate (min™). To avoid
structural changes due to the sqﬁeezing flow on loading the sample,”® the powdered
samples with the size of a few 'micrometers were once prepared from the pellets and
shaped into disc form by pressure without heating. The disc-like sample was set
between the parallel plates at 330 °C, held ‘for 10 minutes. After that it was cooled
down to 310 °C. Then, the viscosities were measured with increasing the shear rate up
to 163 s’ This complicated temperature profile is to avoid the crystallization of the
sample.”! The measurements were completed within 30 min after the | loading

procedure of about 15 min.

4-3 Results and Discussion
4-3-1 Thermal Transition of P-n Polymer and of (HBA/HNA) Oligomer
VECTRA® (P-Std) is known to form the nematic phase as has been identified

36 Similarly, all P-n polymers was

by optical microscopy and X-ray diffraction.”
conformed to form the nematic phase by optical microscopy and X-ray diffraction.
The crystallization takes place only partially from the nematic liquid crystal. The
melting temperature of crystal to the nematic liquid crystal is 283°C for P-Std (see the
third column in Table 4-1). With introducing‘ HBP upit, the melting temperature of
P-n polymer was decreasing, and n > 0.010, another higher melting température was
appeared. = This higher melting temperature may be the transition from the

1.22

pseudo-hexagonal crystal to the orthorhombic crysta And the melting temperature
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of crystal to the nematic liquid crystal is 117°C for P-o, although that is increasing
~during DSC measuring. But no nematic-to-isotropic transition for all P-n polymers

and P-o0 oligomer was observed up to the decomposition temperature of around 350°C.

4-3-2  Alteration of SH Response in Nematic LC by Decreasing Molecular
Weight | |

I examined the dependence of SHG intensity on the molecular weight of P-n
polymer. Here, the relativ¢ intensities of SHG for all the P-n polymers were
determihéd as a standard of P-Std by a contact method.® - The polymer with a thickness
of 10um was contacted with same thickness of P-Std. Then, the SH signal intensity
was detected by scanning the laser beam from the area of one polymer to that of the
other. The relative SHG intensitiés of P-0 to P-0.050 are listed in the sixth of Table 4-1
and plotted against mixn in Figure 4-1. It is found that SHG intensity increase
remarkably up to 2.2dL/g, after that, it decrease in a time of crisis, and it increases
steeply again. If it is considered on the basis of Lee’s suggestion,' this result will be
strange.

This result might be effect on the transparency. Figure 4-2 showé the
alternation of transmittance and reflectance for a 100mm-film by decreasing molecular
weight of P-n polymers. When ny;, were between 1dL/g and 2.2dL/g, transmittance
and reflectance were almost constant. But ninl‘l > 2.2dL/g, transmittance was
decreasing, and reflectance was increasing. The sum of transmittance and reflectance

in each sample is almost 100%. This means, the P-n polymers don't have a special
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| absorbent in this wavelength region. This is, the strong SH signal intensity between 1/
and 2.2 on M by traﬁsmission method is affected higher transmittance. Shown in
Figure 4-3, SH signal intensity between 1 and 2.2 on 1y, is very weak by reflection
method. |

Moreover, the alternation of mdrphology with an increase on 1M Was obsgrved

'by a polgrized optical microscope with‘b crossed polarizer. Figure 4-4 shows the

mdrphology for P-0.017 (a) and P-0.029 (b). With increasing on M, the number of

disclinations was increasing.

4-3-3 Inb Situ Measurements of SH Response during Polymerization from
(HBA/HNA) Oligomer

I tried to measure the SH signal intensi,ty during polymerization from P-o0
oligomer. Sample was prepafed as a 10mm-cast film. To carry out the observation,
P-o0 was prepared aé a 10mm-cast ﬁlm‘ on a glass slide from the 01 g dL”! P-o/PFP
solutionf’ After»evaporation of the solvent, the ﬁlm sandwiched between two glass
slides with a riﬁg sp;cer. The ring spacer was made o‘f stainless steel with a thicknéss
of 0.5 mm. The ring spacer provided space for easy removal or release of acetic acid
during polymerization.23 Without the spacer, it was found that the reproducibility was
quite low and the film quality was poor because the evaporation (or release) of acetic
acid at elevated temperatures was vigorous. The whole package was Vplaced on a
heating stage of a microscope or of ’SHG measu‘remen‘t\ and held at 33k0 °C:5‘during the

whole reaction process, and the reaction time began to be recorded. Here, the SH
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signal intensities during polymerization were absolute unit, which is different from the
relative-SH signal intensities. - Figure 4-5 shows an alternation with the progress of
SHG intensity. There is no 4SH response until 4 minutes from the beginning of
polymeriz:ation. But over 4 minutes, SHG intensity was observed, and it was
increasing rapidly by 8 minutes. ) After that, SHG intensity was decreasing once, and it
was increasing again from 11 minutes. This alternation of SH response is analogous to
the result of differgnt molecular weight of P-n polymer.

Moreover, the reaction process was observed in situ by a polarized optical
microscope with crossed polarizer. The alternation of morphology with
polymerization time was observed. Figure 4-6 shows the morphology at 3.5minutes
from the beginning of polymerization (when is the period with no SH response), at 6
minutes (when is the period With’ the inéreasing SHG intensity rapidly), and at 28.5
minutes (when is the period with the increasing SHG intensity gradually). With
prolonging the polymerizatioﬁ time, the number of disclinations was increasing step by

step.

4-3-4 Altération of Biaxial Polar Nematic L.C to Uniaxial Polar Nematic LC by
Decreasing Molecular Weight

Here, a question arises on why SHG intensity for P-n polymers change a sudden
dip with an increase on molecular weight and the t;ansp,arency became lower, or SH
signal intensity during polymerization from P-o oligomer decreases at once.

I examined the intensities of SH light from the oriented nematic films of P-n
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polymer at room temperature under various polarization conditions. Here, the laser
beam was irradiated normal to the film (along the y-axis), and SHG intensities were
plotted agaiﬁst the rotation angles of the polarization (¢,) for the ﬁlhdamenfal beam or
the polarization (¢,) for the SHG light. The rotation angle was defined as an angle
from polymer chain axis (z direétion). With respect to the z-direction, the clockwise
rotation was defined as positive when viewed along the y-direction and the polar plots
weré made under four configurations of ¢p-¢s ($p-0°, $,-90°, 0°-¢,, and 90°-¢,). Figure
4-7 displays SHG profiles, (a) I(¢,, 0°), (b) I (¢p, 90°) and (c) 1(0°, ¢a), observed.)for
P-Std at room temperature. 1(90°, ¢,) was too weak to detect reasonable signal. All
three proﬁles‘s'how the two-leaves pattern due to Cs swn;:netry.7 The solid line in this
figure indicates the fitting results dealt with C; symmetry. The obtained parameters
were X xa=0.12, X xy=0.14, %=0.29, % zxx=0.£)5,“ x Z;WZO.Sé,' X 222=1.67, and the
agreement is very good.

Figure 4-8 displays SHG profiles, (a) I(¢p, 0°), (b) I (¢y, 90°)» and (c¢) I(C‘?, da),
observed for P-0.025 at room temperature. To thc;, above mentioned similar, 1(90°, ¢,)
was too weak to detect reasonable signal. SHG profiles of (a) I(¢, .O°) and (c) 1(0°, ¢.)
for P-0.025 were similar to it for P-Sdt. On the other hand, SHG profile of (b) I ((i)p,

- 90°) for P-0.025 is four-leaves pattern. This means that the symmetry of polar
structure for P-0.025 is different from it for P-Sdt. Here, when it is assumed Coy
symmetry,’ the fitting resultS were indicated by solid line; in Figure 4-7. Tﬁe obtained
pafameters were Yzx—1.00, %=0.91. I can conclude fhat the polar structure change

from C, symmetry to C,y symmetry by a decrease on molecular weight, that is,‘ the
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transition from biaxial polar nematic to uniaxial one is observed.

4-3-5 Steady Shear Flow Viscosity

The steady shear flow viscosities for the nematic melts at 310 °C were measured
by a parallel-plate type of rheometer in a wide shear-rate range from 10> to 10° s
Sample was melted at 330 °C, and held for 10 minutes. After that it was cooled down
to 310 °C. This complicated temperature profile is to avoid the crystallization of the
sample.2 ' Figure 4-9(a) shows flow curve of P-Sdt, P-0.01, and P-0.025. For all P-n
_polymers, with the exception of P-0.025, the flow curve is well divided into the four
regions (in case of P-0.025, the fourth region wasn’t able to be measured because of
exceeding the measuring limit). Three of these four flow regions, namely regions I, II
and III, are designated to keep correspondence with the flow regions defined by Onogi
and Asada®* Region 0 has been found experimentélly for a lyotropic LC of
hydroxypropyl cellulose/water system® and the previous paper.'’

The flow behavior in region II and III was influenced by molecular weight.”
As found in Figure 4-9(a), first, region II shifted to high shéar rate as n increases.
Similar phenomenon is measured by Sigillo.”> But, the decades of region II. were
almost same for each sample.

In Figure 4-9(b) and (c), the viscosities in characteristic regions II and 0 are
plotted as a function of ni;.  The viscosities in regions II show a positive correlation
with the inherent viscosity of polymer, i.e. the molecular weight. The viscosity on

region 0, however, does not depend on 1, in the present range of 1 to 5.5dL/g. It may
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depend on whether the copolyester is biélxial polar structure or uniaxial polar stfucture.
The viscosities of the four of six biaxiai polar structure copnlﬂfestérs are around
-3000Pa-s, which is 5 times larger than those of the three ugiaxial polar ones. [ have
already reported the viscosity in RQ is affected by the domain sizé in nerﬁatic LCPs; the
xfiscosity of biaxial ﬁolar LCPS was 10 tirﬁes larger than it of non-polar LCPs."”
Therefore, the difference of the viscosity on region 0 is suggested the change of domain
sizé as the polar structure transfer from biaxial to uniaxial, supported by alternation of

optical microscopic images in Figure 4-3 and 4-5.

454 - Summary

In this chapter, I prepared different molecular weight of poly(HBA/HNA) by
adding HBPas aﬁ end capping compound, and e};amined SHG, and transmittance and
reflectance, and steady shear flow viscosity in wide shear-rate, réingé from 102 to 10* s
for their nematic LCPs. The biaxial polér nematic phase is formed from the basic
poly(HBA/HNA),‘ but the it is transferred to the uniaxial polar nematic beléw Ninh
. 2.2dL/g, and the transparency increéses. The viscosity of region 0 also changes
around the transition point, which is from biaxial polar nematic to uniaxial one. The
viscosity of the biaxial polar nematic is 5 times higher than that of the uniaxial one,
although the viscosity of region II depends on positive correlations with the molecular |
weight. Mentioned previous paper,” this difference in the Viscosity might be
connected to the differenée in the domain size: the domain size in the biaxial polar

nematic copolymers is smaller than that in the uniaxial ones. The small size of
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domains in the biaxial nematic LCPs; in other words, a lot of disclinations is occurred
low transparency, because the disclinations scatter the light strogly.”

Moreover, the alternation of in situ observation of SHG during polymerization
from P-o0 oligomer changes analogous to that of different molecular weight of P-n

polymer, and with prolonging polymerization time, the domain size is smaller.
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Table 4-1.  Characterization in a series of P-n copolyesters

Sample Molar fraction of Hinn/dL g'1 Tn/ °C? Relative SHG
HBP unit Intensity
P-Std 0 4.67 283 - 1
P-0 0 5.53 281 - 1.33
P-0.010 0.01 3.92 278 - 1081
P-0.013 0.013 3.83 279 293 0.72
P-0.017 0.017 2.95 275 294 0.55
P-0.020 0.02 2.49 272 293 0.46
P-0.025 0.025 2.15 267 | 289 2.03
P-0.029 0.029 2.07 265 289 - 1.99
P-0.033 0.022: 1.45 262 287 0.60
P-0.050 0.05 1.15 - 281 | 0.16
P-o0 ; 0.16 117 i ;

“based on heating DSC data.
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(a) )
Figure 4-4. Optical microscopic nematic textures of (a) P-0.017 and (b) P-0.029.

The sample thickness is around 10 pm.
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Figure 4-5. In site measurements of SH signal intensity during polymerization for

P-o oligomer at 330 °C.
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Figure 4-6. Optical microscopic nematic textures of (a) at 3.5 minutes, (b) 6 minutes
and (c) 28.5 minutes from the beginning of polymerization. The thickness of cast

film 1s around 10 pum.
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Figure 4-7. SHG profiles of P-Std, (a) I( ¢ p,0), (b) I( ¢ p,90), (c) 1(0, p a). The
dots and lines indicate measured values and fitting results respectively. Fitting results
are dealt with C; symmetry, where the parameters are X x=0.12, % xy=0.14, %

x27=0.29, X% 2=0.05, % 4,70.53, x.~1.67.
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0

Figure 4-8. SHG profiles of P-0.025, (a) I( ¢ p,0), (b) I( ¢ p,90), (c) I(0, ¢ a). The
dots and lines indicate measured values and fitting results respectively. Fitting results

are dealt with C., symmetry, where the parameters are yxx=1.00, %z=0.91.
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Chapter 5

Unusual Transformation of Mechanically Induced Monodomain State
to Polydomain one in Polar Nematic Liquid Crystals of Aromatic

Polyesters

Abstract

| I present an interesting phenomenon of the mechanically aligned monodomain
state of polar nematic liquid crystals transforming into the polydomain one. This
ﬁnusual transformation may resuit from mismatéhing of the dipolar vectors. By
stretching or shear—ﬂowiﬁg the polar nematic liquid crystal, the perfect orientation can
be achieved with respect to the long molecular axis, but the misorientation exists with
respect to the polar vector. ~ After the prolonged annealing, then, the free energy of the
molecules is minimized by producing new defects which satisfy the continuity \of polar

orientation, but lead to the loss of macroscopic molecular orientation.
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5-1 Introduction

Aromatic polyésters are most important class of thermotropic liquid crystal
polymers (LCPs) for commercial applications.! Thermotropic liquid crystallinity in
aromatic polyesters can be achieved by random incorporation of aromatic monomer
units which decfeases the crystal melting point and makes the ﬁematic LC phase
thermally accessible.” Among aromatic LC polyesters, VECTRA® A950 composed of
73 mol % of 4-hydroxy benzoic acid (HBA) and 27 mol % of 6-hydroxy-2-naphtoic
acid (HNA), is an extraordinary class of LC polymers, since a head-to-tail connection of
p-HBA and HNA®” results in a huge dipole moment along the chain as a result of
accumuiation of the carbonyl dipole in ester linkage.® Because of such a polar rod-like
conformation, VECTRA® A950 can form the polar biaxial nematic LC, which has been
experimentally confirmed by secopd harmonic generation (SHG) measurements”® and
predicted by computer simulation and theoretical calculation considering the

3

dipole-dipole interaction.”"® It has been also reported that the polar nematic and

cholesteric LCs are formed in the lyotropic solutions of polar a-helical polypeptide.'*!’

As reported in the previous paper,’ the head-to-tail character in VECTRA®
A950, can be eliminated by an introduction of symmetrical units of terephthalic acid
(TA) and biphenol (BP) Wﬁich interrupts the dipole accumulation along the chain. I
have thus prepared an interesting series of polyesters, the nematic LCs of which are
SHG active and non-active depending on the content of TA and BP. Further, the
biaxial nematic LC in VECTRA® A950 has been altered to the uniaxial polar nematic
LC by an introduction of 3-hydroxyl benzoic acid (m-HBA)."® In this chapter, I treat

three kinds of polymer, thus prepared, polar biaxial, polar uniaxial, and nonpolar

nematic LC polymers, and show the interesting phenomenon that the mechanically
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oriented polar nematic LCs lose their uniaxial orientation to transform into the
polydomain state at nematic temperatures. Since such an extinction of macroscopic
orientation dose not occur at all in the nonpolar nematic LC, it can be attributed to the

polar structure.

5-2 Experiment
Three kinds of polymer as mentioned above were prepared by conventional melt

condensation method. One is VECTRA® A950 (Equation 5.1),

O‘Q%' / OZH (5.1)

Poly-A
which is commercially available from Polyplastics Co., Ltd. The inherent viscosity is
4.7 dL/g as measured for solutions in an equivolume mixture of pentafluoro phenol and
hexafluoro isopropanol at a concentration of 0.1 g dL™ at 30 °C. The molecular
weight (M,,) and the polydispersity of the molecular weight of VECTRA® A950 have
been estimated to be 30000," and 2.45,% respectively. VECTRA® A950 is named
here Poly-A. Second polymer is the copolymer with m-HBA unit of 10% incorporated

into VECTRA® A950,

' OOIE °@>L / | Ogﬁ (52)

Poly-B

This polymer called here Poly-B (Equation 6.2) forms the uniaxial polar nematc.'® In
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the third polymer, Poly-C, TA and BP units were incorporated into VECTRA® A950 as

following Equation (6.3).

kPoly—C

The content of TA and BP that should be equimolar to each other in order to |
propeﬂy perform the poiymerization, 1s 0.07. Poly-C forms the typical nonpolar
nematic LC.® The inherent viscosities of Poly-B and Poly-C are 4.5 and 4.6 dL/g,
‘respectiQely, which is similar to that of Poly-A (VECTRA® A950).

Crysfal melting temperatures to the nematic phase, Ty, are 280, 240 and 290 °C
for Poly-A, Poly-B and Poly-C, ;espectivély. At temperatures higher than T, all of
thekpolymers form the nematic phase as confirmed by polarized optical microscoﬁy
(Olympus BX 51 equipped with a Mettler FP82HT hotstage, and KEYENCE digital
microscope‘ VHX-1000) and wide-angle X-ray diffraction (Cu Ko radiation, Rigaku
UltraX18 generator- equipped with the khotstage). "No nematic’ to isotropic phase

transition was observed in the temperature region up to 350 °C.

5-3 Résults and Discussion
5-3-1 Disoriéntation of Polar Nematic Liquid Crystal in Fiber

Figure 5-1a — 5-1c shows the X-ray patterns taken for the aS—span fibers of three
polymers which were spun at a nematic temperature of 330 °C and then quenched to the
room temperature. At a glance, one knows that the high Qrientation is achieved for all

of the fibers with the long axis of polymer aligned along the fiber axis. The, cross-



polarized microscopy also shows the uniform texture in Figure 5-2a and 5-2¢, which
becomes dark and bright in a high contrast when the fiber is set in directions of 0 and
45° to the polarizer, respectively. This change inkthe brightness can be recognized
from Figure 5-3 where the transmitted light intensity (given by closed circles) are
presented with a function of angular diéplacement of the fiber axis to the polarizer.
Interesting phenomenon with respect to. the orientation is observed when the

fiber is agéin heated up to a nematic temperature of 330 °C and annealed for 10 min.
Figure 5-1d ~f shows the X;ray patterns of their annealed fibers. Obviously, the
macroscopic orientation disappears completely in fibers of polar Poly-A and quy—B,
but not in nonpolar Poly-C fiber. Meanwhile, the shape of the fiber sample is retained
so that the loss of orientation is caused by rearrangement of polymer molecules inside
of the fiber. Optical microscopic texture offers a rﬁore definite illustration for this.
' Ahnealed fiber of Poly-C ‘still shows highly‘bri ght and dark contrast of transmitted light
by the rotation of the stagé (see the data given by the open circles‘ in Figure 5-3b),
although uniform texture is altered té the banded texture (Figure 5-2d) which
‘occasionally appears when some strain retained on stretching is relaxed.*>”  On the
other hand, the annealed fibers of Poly-A and Poly-B show a Very distinct change in
texture, as found in Figure 5-2c. The texture includes many fine schlierens. .The
inset of Figure 5-2¢ shows its enlarged view. . One can clearly see that there are many
defects composed of fine schlierens with |s| = 1. As a result, the brightness does not
change at all by rotation of the sample bstage (see the Aata given by open circles in
Figure 5-3a), again indicating the disappearance of macroscopic orientation. Since the
birefringence 1s still obServed, the disorie&ation is not due to the transformati:én of the

. LC phase to the isotropic phase but to the simple change of monodomain to polydomain
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structure.

5-3-2  Disorientation of Polar Nematic Liquid Crystal in Film

Similar phenomena are also observed for the oriented films which were prepared
by the plate-plate rheometer (a Rheometric SR200 with parallel plate configuration with
a 12.5 mm radius and a 1.5 mm gai}) at a shear rate of 10° s at 330 °C. At this shear \
rate in shear thinning zone “Region III” which promotes the molecular orientation, all of
,' the samples show a similar viscosity of ~ 10 Pa-s characteristic to the nematic LCH
(refer xto Figure 5-4). After the shear flow for 10 min, the film-like sample ’was
~quenched and removed from the plate for X-ray measurement. The left-side
photographs in Figures’ 5-5a and b show the X-ray patterns taken with an irradiation
parallel to the velocity gradient (Vv) direction. All of the samples show a good
orientation of polymers with their long axes parallel to the velocity (v) direction;
Again, these oriented films were aﬁnealed at 330 °C and the X-ray patterns were taken
‘after different annealing periods. Similarly as observed in the specimens, the
macroscopic‘cri_entation of polymers completely disappeared in Poly-A and Poly-B
after annealing for 15min, but not in Poly-C (seé the right-side phofographs in Figure
5-5a and b). Thus, I know that the disorientation behavior does not depend 6n the
’shape of sample, but on the polarity in nematic LC. In other words, it can be
concluded that the mechanically oriented state is not sfable in the polar nematic LCs
irrespective of their uniéxiality, and biaxiality. It should be noted that a similar
disorientation behavior has been reported in VECTRA® A950 (same as Poiy-A) by
Windle et al.*’.

On the transformation from the uniaxial orientation state to polydomain one, the
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nematic LC phase has to pass over the high energy barrier and then increase its free
energy because of new creation of the defects followed by the splay, bend and twist

deformations.?®?

Considering that the elastic distortion energies of splay and bend
deformaﬁons are fairly large in a hérd~r0d polymer éystem such as the present systei'n,30
the polydomain structure should be much more enérgeticaﬂy uﬁfaVOrabIe.b Thus, I
‘have to consider the speciﬁc internal force that inevitably leads to the poiydomain
strﬁcture in polar nematid LCs of Poly-A and Poly-B. The example of the intérndl
force is the internal stress produced by the stretching between the cross-linking points in
the nematic LC elastomer. When the LC elastomer is stretched, its polydémain

3134 On a release of strain (or

structure is altered to the perfect monodomain one.
stress), the eléstomer tends to recover the initial polydomain structure by relaxing the
residual stress ‘Working between cross-linking poipfs. Such a relaxation mechanism,
! however; is unlikely in the present system because of no chance of chemical cross
1 Iinkagé (or some entanglement of polymers working as an apparent cross-linking
through the melt-polymerization process. Furthermore, it is hardly considered that
cross-linking preferably occurs in polar systems of Poly-A and Poly-B. As -showﬁ
Figure 5-4, all of the polymers are commonly fluid exhibiting a similar flow behavior
with 2 low viscosity of ~10 Pa-s in the high-shear-rate “Region III” which is
characteristic of conventional polymeric nematic LCs***®, \

All the polymers‘ exhibit similar conventional flow behavior with low viscosity
of ~10 Pa-s characteristic to the nematic liquid crystals. | Thus, another kind of internal
force should be considered. A fnore plaﬁéible explanation can be given on the basis of

polar symmetry. When fibers or films are mechanically oriented in the polar* nematic

- LC state, the perfect monodomain can be achieved with respect to the orientation of the
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long molecular axis. However, the resulting structure is not homogeneous with respect
to the pplarity, as illustfated in Figure 5-6a. There are grain boundaries with respect to
the dipoiar vectors; the dipolar vectors abruptly change their direction on the boundary.
This misorientation of dipolar vectors makes the free enefgy cost high so that the
dipolar orientation tends to become continuous by producing new defects of strength |s|
= 1 after the prolonged annealing. One of the possible mechanisms for the molecular
rearrangement to eliminate the initial uniaxial orientation is illustrated in Figure 5-6.
If this disorientation mechanism is proper, the distance between disclination lines (or
points) may correspond to the size of the polar domain in the initially oriented sample.
From Figure 5-2c, [ know that this size is around 2-3pm.

There is another possibility for the disorientation according to the prediction by
Pleiner and Brand.*® In their prediction, some polar nematic phase with spontaneous
splay defects would be energetically more favorable than the homogeneously oriented
one, just similarly to the cholesteric helical phase in the chiral nematogens. It has been
found to be the case for a temperature range close to the isotropic-polar nematic phase
transition using Ginzburg-Landau type analysis.”®  Although the nematic temperature
adopted in my study is fairly lower than the isotropization temperature and there are a
lot of bend defects included in Figure 5-5, this possibility will alsb need to be

considered.

5-4 Summary
As a summary, I report the first example of the spontaneous disorientation of the
mechanically aligned nematic LC. This unusual transformation of the monodomain to

polydomain state is characteristic of the polar nematic LC phases and is explained as
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resulting fmrﬁ mismatching of the dipolar vectors. By stretching or shear-flowing the
polar nematic LCs, the perfect orientation can be achieved with respect to the polar
vector. After the prélonged annealing, then, the free energy of the molecules is
minimizéd by producihg the new defects which satisfy the continuity of the polar
orientation, but lead to the elimination of macroscopic orientation of the molecula; long

axis.

; 5.5 Appendix: Growth Kinetics of LC r])omain from Amorphous Films
.~ The LC domain size which is enciosed disclination lines, was different between
polar nematic LCPs and non-polar ones in the static state. To clarify this point, I
observed the kinetics of growing thé LC domains from the amorphous films for biaxiai
| polar nematic, Poly-A and non-polar one, Poly-C qnder isotherm at 330°C by the laser
light scatteriﬁg method? as shown m Figure 5-7 and Figure 5-8 respectively. Each
patterns show the four—leavés pattern, but its magnitude énd its evolution of influence of
annealing time were different. The patterns of Poly-C simply became larger with
’increasinkg armealing,r time. - Those of Poly-A changed complicatedly. The scattering
angle 6, of the intensity maximum fof the Hv scattering is related to the domain size,
D(?), as defined by Shiwaku®®, |
D) =2mlgn(d) | (5.4)
Where
| o) = Grisin[6,2] 69 :
and A is the wavelength ‘of light in the medium. - Thus the shift of &, towards smaller
values corresponds té, grovﬁh of D(r) or a decrease in the number dc;;isity of

disclinations.



The influence of annealing time on the average distance between disclinations
was determined from tﬁe scattering patterns, some of which are shown in Figure 5-7 and
Figure 5-8. |

Figure 5-9 shows the variation of D(f) with annealing time. In case of non
polar nematic LCP, Poly-C, within 15 < t <120, the time evolution of D approximately
obeyed a power law with ihe exponent of c. 0.46, i.e.

D) ~ *4¢ (5.6)
On the. basis of the time-dependent Ginzburg-Landau model with
- non-conserved order parameter and assuming that defects are topologically point-like
~and that the attractive force between them is given by 7', where  is the separatiori
between the two defects, Toyoki’’ obtained a scaling krelation of D(#) ~ ° in
two~dimensionalrspace. This simulation result was almost consistent with my result.
On the other hand, iﬁ case of biaxial polar nematic LCP, Poly-A, within 15 <t
<45, the time e\}olution of D approximately obeyed a power law with the exponent of
c.a. 0.19. But, > 45, that decreased with increasing ¢, and was constant at > 600s.
Here, a question érises on why the time evd]utio‘n of D of polar nematic LCPS
breaks a power law.  Figure 5-10 shows the possible mechanism for the transformation
of an amorphous state to a polydomain one in the polar nematic liquid crystal. Firstly,
bwhen thek amorphous films are heated up to nematic temperature, the nematic LC may
form many kinds of disclinations with various strengths of s = £1/2, =1 and so on (see
the above processes in Figure 5-10 are given in the case of s = =1/2). The sum of tﬁe
strengths of all disclinations in a sample should be zero. After a prolonged annealing
time, however, disclinations of equal and opposite strengths attract one another and are

annihilated, leading to the development of the large domain texture with low defect
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density.  Without surface anchoring nor external aligning fields, however, an
appfeciable number of disclinations is still remained in the pseudo-equilibrium state in
which size and shape of domain no longer change with tinie.3 840

| Suéh a simple development of the LC domains promotéd by the director
‘ orientatioﬂ would be unlikely in the case of the polarb nematic phase. And the dipole
- moments was 6Ccurréd the phase separation due to the molecular diffusion. Finally,
the misorientation of dipolar vectors makes the free energy cost high kso that the dipolar
érientation tehds to become continuous by producing new defects of strength |s| = 1
after the proloﬁged annealing, similar with the transformation of a mechanically aligned |

monodomain structure to a polydomain one in the polar nematic liquid crystal (see the

below processes in Figure 5-10).
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Poly-A Poly-B Poly-C

Figure 5-1. X-ray patterns taken for the fibers spun from the nematic LC at 330 °C;
a) Poly-A, b) Poly-B and c) Poly-C. Corresponding X-ray patterns for the fibers
annealed for 10 min at 330 "C are presented in (d)-(). X-ray patterns were taken at
room temperature with fiber axis set in the vertical direction. The strong reflection
in the central part has a spacing of 4.8A, which is attributed to the lateral packing of

polymers.



Poly-A Poly-C

Figure 5-2. Optical microscopic textures for the ﬁEc:‘s spun from the nematic LC at
330 °C: (a) Poly-A and b) Poly-C. The corresponding textures for the fibers annealed
for 10 min at 330 °C are presented in parts (¢) and (d). The inset of part (c) indicates
the enlarged view of texture by digital microscope (KEYENCE digital microscope

VHX-1000)). The data for Poly-B are the same as those of Poly-A.
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Figure 5-3. Transmitted light intensity rr-xeasured\ under the cross polarizatioﬁ as a
function of angular displacement of ﬁber axis to the polarizer; (a) Poly-A and (b)
Poly-C. Closed and open circles are observed for as-spun fiber and annealed fiber for

10 min at 330 °C, respectiifely.
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Figure 5-4. Steady-state viscosity for the nematic LCs of (a) Poly-A, (b) Poly-C at

330 °C. The data presented by closed and open circles are collected by the ,

plate-and-plate rheometer and the capillary theometer, respectively.
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15min

Smin 10min

(a) Poly-A

10min

(b) Poly-C

Figure 5-5. X-ray patterns taken for the oriented films by the shear flow between
plate-plate rheometer for the nematic LC at 330 °C; (a) Poly-A, (b) Poly-C. The time
given on the photograph is the annealing period at 330 °C. The X-ray beam was
irradiated along the velocity gradient (Vv) direction and with the velocity (v) direction

set in a vertical one. The data for Poly-B are the same as those for Poly-A.
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Figure 5-6. Possible mechanism for the transformation of a mechanically aligned .
monodomain structure to a polydomain one in the polar nematic liquid crystal.
When the polar nematic liquid crystals are aligned mechanically, the perfect
domain can be obtained with respect to the orientation order of fhe long molecular
axis. In these sampleé, however, there are many grain boundaries with respect to
the dipolar vector; the dipolar Véctcrs abruptly change 'théir direction on the
boundary (dashed line), as illustrated in part (a). This misorientation of dipolar
vectors is of high free energy so that the dipolar orientation becomes continuous by
produciﬁg new defects of strength s = [I| after the prolonged anneaiihg, as
illustrated in parts (b) and (c). This leads to the elimihation of the initial

macroscopic orientation.
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120s

Figure 5-7. Variations of HV light scattering patterns of Poly-C. The time given on

the photograph is the annealing period at 330 °C.
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Figure 5-8. Variations of HV light scattering patterns of Poly-A(a). The time given on

the photograph is the annealing period at 330 °C.
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Figure 5-9. Diameter of LC doméin‘ determined by the light} scatteﬁng method versus

isothermal annealing time at 330°C.
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Figure 5-10. Possible mechanism for the transformation of an amorphous structure to.a

polydomain one in the polar nematic liquid crystal.
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Chapter 6

Difference in Thermal Diffusivity between Polar and Non-Polar
Nematic Liquid Crystals in Aromatic Polyesters Derived from

VECTRA®

Abstract

Various head-to-tail nature LCPs or not was measured thermal diffusivity. The
head-to-tail nature nematic LCPs are fundamentally higher thermal conductivity than
the not head-to-tail nature ones. It is concluded that biaxial polar nematic LCPs,
which have all the carbonyl groups directed to the similar direction as an average, is
advantageous structure for obtaining a higher thermal diffusivity. Furthermore, as
6-hydroxy-2-naphtoic acid (HNA) is replaced to 4-hydroxybiphenoic acid (HBPA) in
polymer element, the thermal diffusivity is increasing. While the thermal difﬁlsivity of
non-polar nematic LCPs doesn't depend on the molar content of kink monomer and is
almost constant.

Similarly, the thermal diffusivity for poly(HBA73../HNA,7../TA/BPy)s with
various contents of TA (or BP) up to 0.10 was measured. With lack of the head-to-tail
nature, thermal diffusivity of the polar nematic LC indicated is lower. On the other
' hand, as the polymer chain loses the head-tail character, the thermal diffusivity
increased by about 0.2 X 107 m?s. At this time, because the number of disclination

decreases, the disclination may cause the phonon scattering.
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6-1 Introduction

Aromatic polyesters are most important class of thermotropic liquid crystal (LC)
polymers for commercial applications." Especially, aromatic LC polymers have been
used in electric and electronic devices. Recently, these have been improved of heat
from the internal conductor and have been designed to diffuse the heat efficiently.
Because the conversion efficiencies of electric parts like the higher energy transduction
velement (for example, Light-Emitting Diode (LED), Photo Voltaic generation(PV), etc)
decrease under the higher temperature. So, the materials are also required higher
thermal conductivity.

Most polymers are thermally insulating. ‘Typical thermal conductivity values in
W / m K for some common materials are 0.2 — 0.3 for polymers. Thé thermal
conductivity of polymer without the metallic bond is ruled by the phonon conduction.
Therefore, the thermal conductivity of ordered L.C polymers is 0.4 - 0.5 W / m K, which
is higher thermal conductivity among polymers. For a further thermal conductivity
improvement, one api)roach to improve the thermal conductivity of LC polymer is
through the addition of a conductive filler material, such as carbon and metal.>* or
polymer blends.* On the other hand, another approach to improve the thermal
conductivity of polymer tried to control the high-order structure.’ |

VECTRA® A950 composed of 73 mol % of 4-hydroxy benzoic acid (HBA) and
27 mol % of 6-hydroxy-2-naphtoic acid (HNA); is an extraordinary class of LC
polymers, since a head-to-tail connection of p-HBA and HNA ® results in a huge dipole
moment along the chain as a result of accumulation of the carbonyl dipole in ester
linkage.” Because of such a polar rod-like conformation, VECTRA® A950 can form

the polar biaxial nematic L.C, which has been experimentally confirmed by second
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10,11

‘harmonic generation (SHG) measurements and predicted by computer simulation

12-16

and theoretical calculation considering the dipole-dipole interaction. Moreover

VECTRA® forms the biaxialty in the view of polarity, ‘'so that, it is nécessary that the éll
carbonyl groups direct to the similar direction as an average' 'L,

In this chapter, I tried to examine that howb the polar structure influence the
‘thermal difﬁlsivity. ‘Various head-to-tailk nature LCP.S or not were prepared. The
head-to-tail nature LCPS With biaxial polar structure are fundamentally higher thermal
conductivity than the not head-to-tail nature ones. And the thermal diffusivity is also
measured an interesting series of polyesters, the nematic LCs of which are SHG active
and nonfactive depending on the content of TA and BP. And the difference in the’

domain size (or the number of defects) between polar and non-polar nematic' LC '

polymer was effect on the thermal diffusivity.

6-2 Eﬁperiment
6-2-1 Materiéls

“Various head-to-tail nature nematic‘ LCs and not head-to-tail Vone : weré
| synthesized by the method acc()rding to the applied patent from Celanese.'” The molar
_content of each comonomer is shown in Table 6-1. ~ All head-to-tail nature nematic
LCPs in Table 6-1(a) indicate SHG activity, as well as biaxialty. And the not
head-to-tail nature ones indicate non SHG actiVity in Table 6-1(b). At temperatures
higher than T m, all of the polymers were confirmed ‘;o form the. rxen&atic phase’ by
polarized optical microscopy (Olympus BX 51 equipped with a Mettler FP82HT
hotstage). No nematic to isotropic phése transition was obseﬁed in a teﬁlperature

; region up to 350 °C.
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Moreover, as used in Chapter 3, the copolymers in which terephthalic acid (TA)
and biphenol (BP) unité were incorporated into VECTRA® A950 (abbreviated here as
P-Sdt) w?:re also used. The content of TA or BP that should be equimolar with each
other in order to properly perform the polymerization was varied from 0 to 0.1. These

copolymers with the following structure,

Ot ot /oo o

are designated as P-x where x is the molar content of TA or BP unit.

Mentioned in Chapter 3, P-x polymer chain loses the head-tail nature by an
introduction of symmetric BP and TA units so that the resulting nematic LC loses the
polarity as well."' This trend is clearly observed in Figure 2-1. SHG intensity
sharply decreases with an increase in x and becomes zero for P-x with x more than 0.07,
indicating that the perfect alteration from the polar nematic LC to the non-polar (or
conventional) one is accomplished on increasing x up to 0.07.

The quantitative analysis for the domain size can be done by small-angle light
scattering (SALS) method.’® The domain sizes determined from the 20-intensity
profile, are listed in six column of Table 6-3. The domain sizes in the SHG abtive
copolymers are commonly estimated to be about Sum, while those in non SHG-active

ones are around 10um or larger than it.

6-2-2 Methods
Thermal diffusivity measurement: Thermal diffusivity was measured by Thermal

Wave Analysis (TWA) method using an Ai phase mobile-1u. The sensor element was
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calibrated by using a zirconia plate as a standard with o being 1.15 X 10°m? -s'. The
| ﬁlms with thickness of ~100um are measured. The 100um-film sample was prepared
for various polyesters used in Chapter 6-3-1 at 380C° and the P-x polymer used in
Chapter 6-3-2 was prepared at 320C"°. By wide-angle X—ray measurements, the
‘molecular orientation of their films existed parallel to the film plane, but a very low

level in the film plane shown in Figure 6-1.

6-3 Results and Discussion
6-3-1 Difference of Thermal Diffusivity between Polar Nematic LCs and
Non-Polar Nematic LCs

The thermal diffusivity is measured for the thickness direction in 100pm-films,
that is a perpendicular direction of molecular axis to see in Figure 6-1. Shown in Table
6-1 (a) and (b), the thermal diffusivity of the polar nematic LCs is higher than that of the |
non-polar ones as well. This trend is clearly observed in Figure 6-2 where the thermal
diffusivity of the function of the molar content of kink monomer. Here,
6-hydroxy-2-naphtoic acid (HNA) and 2,6-naphthalic acid (NDA) is indicated as kink
monomer. It was suggested in Chapter 3 that all the carbonyl groups in biaxial polar
nematic LCPs are directed to the similar direction as an average, to produce the
polarization along a perpendicular direction to the polymer chain as weli as in the
parallel direction. Therefore, the ordered carbonyl group might be a cause in the
reason why the thermal diffusivity of biaxial polar étructure is higher because it
measures the thermal diffusivity for the perpendicular direction to the polymer chain in
the actual experiment. Moreover, in the polar system, the thermal diffusivify of polar

nematic LCPs increase remarkably with a decrease in the molar content of kink
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monomer, namely, as the polymer conformation become linear. While the thermal
diffusivity of non—polér nematic LCPs doesn't depend on the molar content of kink
monomer and is almost constant. This result of the non-polar nematic LCs indicates
that the thermal diffusivity. of conventional wholly aromatic polyesters might be
approximately a regular value at 1.4 X 107 m%/s.

In Figure 6-2, only HNA was used as kink monomer. What influence does
m-HBA unit, which is more kinkily, exert on the thermal diffuéivity? The copolymer
in which m-HBA unit were incorporated into poly(HBA/HBPA) were evaluated. This
trend is clearly observed in Figure 6-3 where the thermal diffusivity of the nematic LCs
in a series of poly(HBA/HBPA/m-HBA) is plotted against the content kink monomer.
Introduction of m-HBA into poly(HBA/HBPA) is the lower thermal diffusivity than it of

HNA into that.

6-3-2  Alternation of Thermal Diffusivity at Transition from Polar Nematic L.Cs
to Non-Polar Nematic LCs

Then, the alternation of the thermal diffusivity in the process from which the
polarity was lost was examined by using in a series of P-x polymer. P-x polymer
chain loses the head-tail nature by an introduction of symmetric BP and TA units so that
the resulting nematic LC loses the polarity as well.!! Figure 6-4 shows an alternation
of thermal diffusivity on the molar content of TA (or BP) in a series of P-x polymers.
When x is between 0.015 and 0.05 and between 0.07 and 0.10 respectively, thermal
diffusivity is almost constant. When the molar content of TA is low, which is below x
= 0.015 the thermal diffusivity is increasing drastically with a decrease in x.. The

thermal diffusivity dominated by the phonon conduction is important for higher
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ordering in the structure, so polar stru;ctures possess the higher thermal diffusivity,
especially in the direction of perpendicular to the chain axis. In contrast, when the
polarity is lost, the ordering in paraliel to the chain axis can’t be recognkized,‘and that in
perpendicular to the chain axis must be random diétribution. As a result, the thermal
diffuéivity in non polar structure decreases. On theA other hand, the non-polar nematic
LCs isk higher thermal difﬁxsivity than the polar ones, which are close to the non-polar |
ones, and the différeﬁce of thermal diffusivity is about 0.2 X ll()'7 m® s, This
discontinueus change of thermal diffusivity consists with the polar-nonpolar transition
for P-x polymer, just the domain size change from about Sum to over 10urﬁ. - By these
results, 1. considered that the thermal diffﬁsivity inbreased at the | polar-nonpolar
transition point because the number of disclination had decreased, that is the '

disclinations in LCPs cause the phonon scattering.

64 Summary

Various head-to-tail ﬁature,' énd‘ not head-to-tail nature - nematic LCs was
measured thermal diffusivity. The head-to-tail nature nematic LCPs is fundamentally
higher thermal conductivity than the not head-to-tail nature ones. The thermal
* diffusivity dominated by the phonon conduction is important for higher ordering in the
structure, 0 biaxial polar nematic LCPs, which have all the carbonyl groups directed to
the similar direction as an average,. is advantageous structure for obtaining a higherk
‘thermal diffusivity. And the thermal diffusivity of | polar nematic LCPs increase
remarkably with a décrease in the molar content of kink monomer, name_ly, as the
polymer conformation become linearity, thermal diffusivity increases. A‘sithe ‘moreb

" kinkily conformation was introduced, the' thermal diffusivity remarkably decrease.
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While the thermal diffusivity of non-polar nematic LCPs doesn't depend on thé molar
content: pf kink monomér and is almost constant.

~ Similarly, the thermal diffusivity in a serieé of P-x polymer, which is
poly(HBA/HNA/TA/BP)s with variqu contenté of TA (or BP) up to 0.10, was measured.
The poiymer with the head-to-tail nature indicated the higher thermal diffusivity.‘ On
the other hand, as the polymer chain loses the head—tail character, the thermal diffusivity
increaéed by about 0.2 X 107 m¥s. At this tinﬁe, because the number of discliﬁation |

decreases, the disclination may cause the phonon scatfering.
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Table 6-1. (a) Thermal diffusivity of various biaxial polar LC polymers

. . Molar content of ~ Thermal diffusivity
Composition Molar ratio/% ) ; 7,9
; kink monomer/ % X 107/m"s
HBA/HNA (P-Sdt) 7327 27.0 1.99
'HBA/HNA 79.8/20.2 20.2 1.93
HBA/HNA 24/76 76.0 1.68
HBA/HNA 23/77 77.0 1.81
HBA/HBPA/m-HBA 73/25/2 2.0 2.20
" HBA/HBPA/m-HBA 73/20/7 7.0 2.19
HBA/HBPA 73/27 0 313
HBA/HNA/HBPA 7312125 2.0 276
HBA/HNA/HBPA 73/5/22 5.0 2.64
HBA/HNA/HBPA 73/10/17 10.0 2.44
HBA/HNA/HBPA 73/20/7 20.0 221
HBA/HNA/HBPA 60/15/25 15.0 2.17
HNA/HBPA 70/30 700 2.11
* Abbreviations

' HBA: 4-hydroxy benzoic acid

m-HBA: 3- hydroxy benzoic acid

- HNA:  6-hydroxy-2-naphtoic acid

HBPA: 4-hydroxybiphenoic acid =
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Table 6-1. (b) Thermal diffusivity of various non-polar LC polymers

Molar content of  Thermal diffusivity

Composition” Molar ratio/% ) R
kink monomer / % X 10"/m™s
HNA/TA/HQ 60/20/20 60.0 1.49
HNA/TA/BP ‘ 60/20/20 600 1.32
HBA/HNA/TA/BP/APAP  50/2/24/14/5 2 139
HBA/HNA/TA/BP/APAP  60/5/17.5/12.5/5 5 1.36
HBA/HNA/TA/BP/APAP 66/20/7/7/0 20 1.38
HBA/HNA/TA/BP/APAP 65/19/8/8/0 19 1.16
HBA/HNA/TA/BP/APAP 64/18/9/9/0 18 1.14
HBA/HNA/TA/BP/APAP =~ 63/17/10/10/0 17 1.28
HBA/NDA/TA/BP/APAP  60/12.5/1.5/15/5 s 153
HBA/NDA/TA/HQ/APAP 60/12.5/7.5/15/5 12.5 1.28
" Abbreviations

HBA: 4-hydroxy benzoic acid
HNA: 6-hydroxy-2-naphtoic acid
NDA: 2,6-naphthlic acid

TA: terephthalic acid

HQ: hydroquinone

BP: biphenol

APAP: N-acetyl-P-aminophenol
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Table 6-3. Characterization in a series of P-x copolyesters

Sample . Molar content of inh T, n Relative SHG D/um
TA unit [dLgt  ce Intensity

P-Std 0 467 283 1.00 5.3
P-0.003  0.003 346 283 o078 4.6
P0.006 0006 391 280 0.63 6.8
P-0.015 0.015 426 278 042 6.3
P003 003 438 277 005 5.6
P-0.05 0.05 425 23 003 53
P-0.07 - 007 414 251 0.00 >10
© P-0.08 0.08 336 248 000 10
P-0.09 009 417 248 0.00 >10
P-0.10 010 431 219 10.00 | >10

“ based on heating DSC data.
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(b)

Figure 6-1. Wide-angle X-ray diffraction (Cu Ko radiation, Rigaku UltraX18
generator) pattern for film of P-Sdt (a) in the direction of edge view, (b) in the direction
of through view. The molecular orientation of their films existed parallel to the film

plane, but a very low level in the film plane.
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Figure 6-2. Correlation between thermal diffusivity and molar content of klnk
monomer. (@) represents polar nematic liquid crystals in | a series of poly
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Chapter 7

Conclusions

In this thesis, I investigate the nematic liquid crystal of VECTRA® A950 and
related polyesters through the SHG observation melt viscosity measurement, wide angle
X-ray diffractioﬁ, polarized optical microscopy, small angle light scattering, and
thermal diffusivity measurement. And these results lead to the following four

conclusions.

1. VECTRA® A950 forms a novel nematic liquid crystal with polar ordering
along the nematic director. The SHG profiles as a function of incident or SHG
polarizations are well 'simulated according to the model of Cs symmetry with its mirror
plane rotationally disordered around the nematic director. The Cj symmetry is very
significant since it requires the nematic liquid crystal of VECTRA® A950 to possess the
biaxiality. And the SHG activity is lost by an introduction of symmetrical TA (and BP) -
unit into poly(HBA/HNA) because thé polymer chain ioses the head-to-tail character.
Furthermore, with increasingmOlecular~weight on poly(HBA/HNA), the polar structure
transfer from non polar, uniaxial polar to biaxial polar, because the stronger dipole
moment is formed. As the kink Confofmation of rﬁ-HBA, which retains head to tail
nature but loses the rod-like nature, is introduced, their liquid crystallinity is
destabilized and polarity is lost. Filrfhermoré, in the middle of the lost polarity, their

biaxial polar structure transfers to the uniaxial one.
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2. In ihe share-rate dependence of melt Viséosity meaéurements for VECTRA®
A950 kand related copolyesters, a Newtonian plateau at the lowest shear-rate region (R0)
 was appeared in addition to three regions which have béen well ﬂucidated in LC
polymers.‘ As far as I know, this is the ﬁ;'st clear observation of region 0 in
thermotropic LC system.

‘ThekNewtoﬂian plateau regio‘rik() -reﬂectéd on the SHG activity or not. Thé
_Viscoéity of the biaxialkpolar nematic LCs in this region 0 was 10 times higher than that
of the non-polar ones, and 5 time;higher than that of uniaxial ones. The differences in
~ these Viscosities are connected to the differences in the LC domain size, which is lead to

the poiarstructure. That is‘, the LC domains are smaller, and the ﬁscosity in region 0

is higher.

3. In static state, the domain size in the biaxial polar nematic liquid crystals is
smaller than that in the uniaxial ones and that in the non polar ones, and that in uniaxial
polar nematic liquid crystals is smaller than that in the non polar ones.. When the
dipole moment vectors is overlapped Wiﬂl the two dimensional disclination models,
Isj=1/2 cannot exist. By this reason, the disclinations in polar nematic LCPs "Cah-’t be
anniﬁﬂated, and a large numbefof disclinations is kept. In addition, I found an
interesting phenorhenon of fhe méchaﬁically aligned monodomain state of polar nematic
liquid crystals transforming into the polydomain ane.} This unusual transformation
»may‘ result‘ from mismatching of the dipolar vectors: It can be conchided that each B
behévior is the same origin, which is that the free energy of the molecules is minimized

by keeping many defects, or by producing new ones, based on the polar strué%urfe. B
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4. The head-to-tail nature nematic LCs possess fundamentally higher thermal
condtic?civity than the not head-to-tail nature ones. And the thermal diffusivity of head
-to-tail nature LCs Adecreases with an increase in the molar content of kink monomer,
while that of nét head-to-tail nature ones didn't depend on the molar content of kink
monomer and were almost constant. As éne suggestion for obtaining the higher
thermal diffusivity, it is important that the carbonyl groups are ordered in the
perpendicular direction of the axis of the molecule. Moreover, when the polymer
chain loses the head-to-tail character, thermal the thermal diffusivity increased by about
0.2 x 107 m%s. At fhis time, because the domain size is bigger, the disclination may

cause the phonon scattering.
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