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Chapter 1 Introduction

Chapter 1 Introduction

Since application of thermotropic liquid crystals has always been of wide inter-
est, discovery of bent-shaped (banana, boomerang, bow) liquid crystals [1] opened a
very promising field concerning new mesophases.
Banana-shaped mesogens exhibit rich variety of liquid crystalline state: new so-called
banana as well as conventional mesophases have been observed. The properties of ba-
nana mesophases are affected by the transversal anisotropy of the bent-shape of the
molecules. In banana mesophases bent-core molecules organize into liquid-like layers
but the mesophase character is different from conventional smectic phases inasmuch as
conventional smectic and banana phases are not miscible. Some banana mesophases are
switchable: they display ferro- and/or antiferroelectric switching behavior. The mole-
cules are achiral, however. The unique properties of bent-core mesogens have stimu-
lated intensive work: comprehensive studies have been carried out to make a better un-
derstanding on structure-property relationship in bent-shaped liquid crystals. You can

find an extensive review in ref. [2].

1.1 Bent-shaped mesogens: a topic area of liquid crystals

1.1.1 Structure of bent-core mesogens

According to the [IUPAC recommendation [3] banana-shaped mesogens are con-
stituted of two mesogenic groups linked through a rigid group in such a way as not to be
co-linear (Fig. 1.1). The mesogenic groups are mostly calamitic molecules consisting of
two aromatic rings with varied linking groups (Y, Y') between them, and a terminal
chain in para position on one of the aromatic rings with respect to this linking group,
e.g. 4-(4-n-octyloxyphenyliminomethyl)- phenylcarbonyloxy fragment. These
calamitics are connected to a rigid mainly six-member-aromatic ring, so that the angle
between the two calamitic wings (bending angle) is around 120 degrees. In case of a
benzene ring it means that the mesogens are connected in position 1 and 3, respectively.

Thus, the origin of the non-linear shape is the meta-substituted benzene ring.
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There are some examples for varying the central ring while keeping the bending
angle around 120 degrees. Possible alternatives were found by replacing the benzene
ring with 2,7-disubstituted naphthalene [4] or 2,5-disubstituted 1,3,4-oxadiazol or 2,5-
disubstituted-thiophene [5]. The latter two compounds exhibit but conventional smectic

and nematic mesophases, though.
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Fig. 1.1 General scheme of bent-shaped molecules

The mesogenic groups can be connected by a spacer, too. Thisayukta et al. made
a comparative study of such so-called twins connected through “one-unit spacer” like
methylene, carbonyl, ether and thioether [6]. X-ray measurements proved that all com-
pounds exhibit smectic mesophases: the compounds with methylene and carbonyl spac-
ers have a conventional, with ether spacer a frustrated smectic layer structure. The tex-
ture observations do not provide additional information about the mesophase structure.
X-ray data obtained from the thioether derivative also suggest a smectic layer structure.
Although the microscopic texture gives a hint suggests a more complex structure than in
the above-mentioned three cases. All compounds exhibit smectic mesophases: the re-
sults do not give any indication if the substances display conventional or banana smectic
mesophases. An explicit odd-even effect occurs connecting the mesogenic wings
through a longer spacer [7, 8, 9]. An additional important structural factor is the propor-
tion of the length of the spacer and the terminal chains. If the length of the terminal
chains is smaller or comparable to the central spacer an intercalated SmC phase appears
[8, 9]. If the terminal chains are significantly longer than the spacer they segregate from
each other resulting in a biaxial structure [10, 11].

Pelz et al. synthesized two kinds of asymmetric twins with methyleneoxycar-
bonyl spacer [12]. The molecules differ in the linking groups: the benzene rings are

connected only by carbonyloxy groups in one compound while by carbonyloxy and



Chapter 1 Introduction

azomethine groups in the other one. They found that the substances exhibit B; phase,
whereas two different kinds of — tilted and non-tilted - B; phase.

Recently, Schroder et al. presented bent-core liquid crystals with very unusual
benzoylpiperazine and benzoylpiperidine central moiety [13]. These mesogens exhibit
both, banana and/or conventional mesophases.

Linking groups employed for calamitic mesogens can be used in bent-core mole-
cules, too. Varying the connection between the rings may bring about drastic changes in

the mesophase behavior.

1.1.2 Structure of liquid crystalline phases of bent-shaped molecules

What makes these molecules different from calamitic ones so that banana smec-
tic mesophases can show macroscopic electric polarization? Two directors can define
orientation of a bent-shaped molecule. One n along the long molecular axis and another
in the direction of the bow p. Because of packing constrains, bent-core molecules tend
to segregate into planes, with their polar axis defined by p aligned along a common di-
rection. Since the layer normal k defines a direction independently of n and p a large
variety of mesophases with different symmetries may result. Because an electric polari-
zation exists the polar axis can be controlled by application of an electric field, in other
words, the mesophase is switchable. You will find a detailed description in chapter 2.

As it has been mentioned above rich variety of banana mesophases are conceiv-
able. There are several possibilities of arrangement of the molecules in smectic layers.
A detailed description is given in chapter 2.

There are two nomenclatures for banana mesophases. One based on the nomen-
clature of conventional liquid crystals. A subscription behind the phase symbol signs the
interface arrangement of the molecules from layer to layer, viz. S for synclinic, A for
anticlinic one. Additionally the letter P indicates if the mesophase is polar. There may
be a subscription behind it describing the switching behavior. 4 stands for antiferroelec-
tric and F for ferroelectric mesophases. Thus, SmCsPr describes a mesophase where the
long axes of the bent-shaped molecules are tilted with respect to the layer normal, from
layer to layer parallel with each other, showing ferroelectric switching behavior in elec-

tric field. Detailed description of this mesophase see in chapter 2.
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The other nomenclature was suggested in the workshop Banana-Shaped Liquid
Crystals: “Chirality by Achiral Molecules” held in Berlin in December 1997. According
to this regulation B denotes that the mesophase is formed by banana molecules. Fur-
thermore numbering from one to seven behind indicates the similarity or the sameness
with one of those banana phases discovered at first. This nomenclature was declared
preliminary, and does not cover the whole spectra of banana mesophases known nowa-
days. However, for instance B; and Bs phases cannot be described with the conventional
nomenclature because of our incomplete knowledge about it. The necessity of develop-
ing a new nomenclature has been formulated on the workshop “Banana Liquid Crystals:
Chirality and Polarity” held in Boulder in August 2002. As a result Clark, Pleiner, Pelzl
et al. have been developing a new nomenclature based on the symmetry of the phases.

Neither banana mesophase is miscible with any smectic phase of calamitic com-

pounds. Detailed descriptions of the mesophases see in chapter 2.

1.1.3 Experimental techniques

Characterization of the mesophases requires combination of several techniques
such as polarizing microscopy, calorimetry, X-ray diffraction, electro-optics, dielectric
spectroscopy and NMR. None of these techniques can give complete picture about the
mesophase, even if each has particular contribution to the full characterization. A short
overview is given below. The consequence of the methods is in accordance with the

usual consequence of investigations.

Polarizing microscopy Phase assignment based on microscopic texture
and the topology of defects
Differential scanning calorimetry ~ Transition temperatures 7'
Transition enthalpy 4H
in some cases order of transition
X-ray diffraction Structural analysis:
symmetry of the molecular arrangement
layer thickness d of smectics

Phase assignment
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Electro-optics Switching behavior
switching time 7,
switching polarization P
Elastic constants K

Viscosity y

Dielectric spectroscopy Dielectric properties
dielectric permittivity &
conductivity o
Molecular dynamics
elastic constants K

viscosity ¥

relaxation processes: relaxation times 7
and activation energies E4
Intermolecular interactions
Nuclear magnetic resonance Degree of orientational order S, D
Molecular conformation
angles
torsions
interatomic distances
Relaxation processes 7

Elastic constants K

1.2. This thesis

In 1932 Vorlénder reported about the first bent-shaped molecules [14]. In 1994
Akutagawa et al. gave an account of some bent-core mesogens without characterization
of the high-temperature smectic phases [15]. The article of Niori et al. [1] turned the
attention to the bent-shaped compounds. Several bent-shaped compounds have been
prepared and investigated since then, but still there is a lot to do to complete the picture
about this field. This work is an attempt to make a better understanding on structure-

property relationships.
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In chapter 2 there is a description of physical studies (polarizing microscopy,
DSC, XRD, electro-optics, dielectric spectroscopy and NMR) applied for characteriza-
tion the substances. Additionally, it gives an account of banana phases as well as struc-
ture-property relationships in bent-shaped mesogens known up to the beginning of this
work. Here you will read about the objectives of this work.

In chapter 3 resorcinol derivatives and the intermediates of the synthesis are in-
troduced and characterized. In chapter 4 a description about m-phenylenediamine de-
rivative bent-compounds will be given. In chapter 5 an account is given about isophtha-
laldehyde derivative bent-core compounds. In chapter 6 conclusions will be drawn.

Chapter 7 provides the summary, chapter 8 contains the experimental part of this work.
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Chapter 2 The field of bent-shaped mesogens

2.1 Mesophases of bent-shaped mesogens

2.1.1 Predicted banana mesophases

It is important to notice that achiral bent-shaped compounds show mesogenic
behavior. One of the striking features of the mesophases formed by achiral bent-shaped
molecules is that they show spontaneous breaking of achiral symmetry. In case of smec-
tic liquid crystals formed by bent-shaped molecules possible arrangements have been
proposed by Brand et al. [16]. So-called “minimal banana smectics” have one polariza-
tion vector and corresponding arrangements and symmetries are sketched in Fig. 2.1

and Table 2.1. Among these polar structures two phases with C, and C; symmetries are

chiral.

Class Symmetry Electro-optics Helix

Cp Cy, Ferri- or ferroelectric no
P = (P, 0, 0)

Cp Coy Ferri- or ferroelectric no
P=(0, 0, P,)

Cr2 C; Ferri- or ferroelectric yes
P = (P, 0, 0)

Csi Cu Ferri- or ferroelectric no
P =(Py, 0, P,)

Co C; Ferri- or ferroelectric yes
P = (Py, Py, P,)

Table 2.1 Character of banana smectics

Thisayukta et al. synthesized bent-core compounds with chiral terminal chains
and studied the effect of chiral dopants on the formation of smectic phases of achiral
mesogens [18, 19]. They have supposed that the chirality of the phase has been deter-

mined by the intermolecular steric interactions and not by the handedness of the mole-
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cules. Although it has not been proved yet if the effect of the molecular chirality and

interactions can be interpreted independently.

ki’n C k”lp C,
P —ﬁ—n

“t /o K[ m

p
A C C.

Fig. 2.1 Possible arrangement of the molecules in smectic layers [17]

©

Fig. 2.2 Structural chirality of the SmC phase [17]
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achiral chiral

Fig. 2.3 Various arrangement of smectic layers in SmCP phase and the effect of the switching on the struc-

ture of the layers. E electric field, E,, threshold field

2.1.2 Realization of banana mesophases

Theoretical models predict tremendously rich variety of smectic and nematic
mesophases of various symmetries, yet only few unusual smectic phases have been ob-
served experimentally. Among them there are two phases with a simple layer structure
of C; and C,, symmetry and no order within the layers as well as there are some higher
ordered phases. Recently some evidence has been found for the phase with the C; sym-
metry [20].

A phase with C, symmetry is called Cp or SmAP. The bent molecules are ar-
ranged orthogonally in liquid-like smectic layers. The molecules are packed in the di-
rection of the bow within each layer, which results in spontaneous macroscopic polari-
zation. Therefore the SmAP phase is different from the SmA phase where there is no
preferred direction perpendicular to the layer normal. A similar phase (SmAP) was
found in side-chain polymers [21] quite a while ago, however, in low-molecular bent-
shaped compounds it was observed and described for the first time only recently [22].

Up to date the most common phase is the one with C, symmetry. There is no all-

accepted nomenclature so far and this phase is designated by different authors as Cp; or
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B, or SmCP. The structure of the phase consists of smectic liquid-like layers with tilted
molecules and the polar order in the direction perpendicular to the layer normal. It is a
unique mesophase since despite liquid disorder within the layers it shows a breaking of
achiral symmetry, natural for solids but has never been found in liquids. The molecules
are achiral and the chirality appears in consequence of the mesophase structure. Indeed
the structure is defined by three vectors p, n and k. These vectors are coplanar unless
the value of [nxk]-p =q # 0 which, actually, defines the chirality since the vector
product is a pseudo-vector. The states with ¢ <0 and g > 0 are of opposite handedness:

have no mirror symmetry (Fig. 2.2). Whereas the state with ¢ =0 is achiral. In our sys-

tem the latter case corresponds to the SmAP phase. An excellent review of the topic of
chirality and its measure can be found in ref. [23, 24].

An extensive research made on thin SmCP films [25] showed that besides the
polar packing of the molecules within the smectic layers, the arrangement of the layers
with respect to each other plays an important role. In particular, there are two possible
interface arrangements: synclinic and anticlinic as well as two possible orientations of
the polarization vectors in the adjacent layers: ferroelectric (FE) and antiferroelectric
(AFE). In most cases the ground state is antiferroelectric and applying an electric field
along the layers one can switch to the ferroelectric state. As it has already been men-
tioned above each layer is chiral. However, among these four different structures two
are macroscopically chiral (SmCaP5 and SmCgPr) and the other two are achiral (or ra-
cemic as designated in ref. [25]) (SmCgsPa and SmCaPr). Application of an electric field
leads to an electro-optical switching from the ground AFE state into the FE state (Fig.
2.3). The chirality of the layers usually remains conserved.

Among other mesophases the Bs phase is similar to the SmCP phase: it consists
of smectic layers with tilted molecules and shows electro-optical switching. In contrast
to the SmCP phase, the Bs phase possesses an in-plane density modulation which can be
described by a rectangular two-dimensional network [2, 26]. So far, it is not fully char-
acterized and probably is a candidate to an analogue to hexatic phases of calamitics.

An intercalated version of the SmCP phase is called Bg. It occurs rarely and in
contrast to the SmCP phase, it does not show electro-optical switching [2, 27, 28].

A long search for simple smectic phases with triclinic (C;) symmetry seems to

have good chances to be of success in the field of bent-shaped liquid crystals. Recently

10



Chapter 2 The field of bent-shaped mesogens

some candidates for the general SmCg phase have been found in our laboratory [20]. In
chapter 3 you will find an account about these substances. Jakli et al. suggested at first
that one of these candidates exhibit SmCg phase [29].

The family of the B; phases which are under intense discussions nowadays [30].
Unusual bright and artistic textures attracted many liquid-crystal researchers and en-
deavored them to unravel the structure of this enigmatic phase. However, difficulties to
form free-standing films and absence of oriented samples is a main obstacle since the
X-ray shows a complex two- or three- dimensional superstructure of the mesophase.
Currently, columnar models with triclinic symmetry [31] as well as modulated lamellar
structures with C, symmetries are under consideration [32]. However, there could not
be observed incommensurable reflections — typical for B; phase — in the X-ray pattern
of the compound researched by Clark et al. A description about materials exhibiting B,
phase is issued in chapter 3.

Additionally except for smectic phases described above, the bent-shaped
mesogens form some exotic columnar phases designated as B (it is rather a group of
phases of different symmetries) [2, 33]. Lately Pelz et al. suggested that there exists two
kinds of B; phase with rectangular lattice: an orthogonal and a tilted one [12]. Two
more crystalline phases “belong” to the banana class: the crystalline B; phase [2], and

the distorted soft-crystalline B4 phase [34].

11
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2.2 Experimental techniques

2.2.1 Polarizing microscopy

The texture characterization of liquid crystal mesophases has been essential in
primary phase assignment. The birefringence and the defects of a liquid crystal are re-
sponsible for the patterns seen in a polarizing microscope wherein light first passes
through a polarizer, then through the liquid crystal specimen, and finally through a sec-
ond polarizer. The latter is situated at 90 degrees to the first one. Because of the crossed
polarizers no light gets to the observer’s eyes unless the liquid crystal changes the po-

larization state of the light.
2.2.2 Calorimetric studies

Measurement of the temperature dependence of the heat capacity C, and/or the
enthalpy 4H determines the thermal behavior of the liquid crystal phases and helps to
characterize the phase transitions which occur.

By far the most common thermal technique used to study liquid crystals has
been differential scanning calorimetry (DSC). This method has the advantages of high
sensitivity for detecting enthalpy changes, very small sample size, rapid and convenient
operation. However, DSC is not well suited to making detailed quantitative measure-
ments near liquid crystal phase transitions.

The disadvantage of DSC measurements is the difficulty to distinguish first- and
second-order transitions. In operation, a constant heating (or cooling) rate dH,.r/dt is
imposed on the reference sample, which results in a constant and rapid linear tempera-

ture ramp. Scan rates dT/dt of 5-10 K/min are commonly used. Although slower rates
can be used, DSC machines work best for fairly rapid scans (d7/dt >1 K/min) and re-

quire minimum scan rates of 0.1 K/min. A servosystem forces the sample temperature

to follow that of the reference by varying the power input dH / dt . The differential

sample

power dH/dt =dH ,,,, /di—dH,, /dt is measured, and the integral j(dH/dt)dt for a

sample

ref

DSC peak approximates the enthalpy associated with the corresponding transition.

12
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A quantitative distinction between first and second order transitions could be
found by making a series of measurements at different scan rates with further extrapo-
lating of the transition enthalpy to rate zero. Strongly first order transition does not ex-
hibit dependence of the latent heat on the cooling/heating rate. Whereas the enthalpy H

shows almost linear dependence in case of the second or weakly first order transitions.

2.2.3 X-ray diffraction

X-ray diffraction provides one of the most definite ways to determine the struc-
ture of liquid crystalline phases. This technique has played a key role in the identifica-
tion of liquid crystalline phases and in the quantitative study of several liquid crystal
phase transitions.

The basic mantra of X-ray diffraction is the Bragg law. This law states that X-
rays reflected from adjacent atomic planes separated by a distance d of a crystal inter-
fere constructively when the path difference between them is an integer multiple of the
wavelength /, i.e.

2dsinf =nA (2.1)

Here n, an integer, is the order of the reflection. The reflected rays make an angle of 26
with the direction of the incident beam. X-ray “reflection” is present only when the
planes are oriented (e.g. under the influence of an external field) at the correct angle to
satisfy the Bragg condition. There is no reflection at other angles. For this reason it is
called X-ray diffraction.

One of the goals on an X-ray experiment is to determine the Bragg angle(s),
which can be related to the inter-planar distance or lattice constant. Conceptually, it
seems to be simple but in liquid crystal experiments one needs to carefully consider the
details.

An X-ray diffraction experiment provides information not only about the inter-
planar distance, but also about the relative orientation and spatial orientational distribu-
tion of different sets of planes.

Basically the diffraction patterns of banana mesophases do not differ much of

the calamitic liquid crystals. Thus, one cannot make difference between the SmC and

13
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SmCP phases of banana compounds. However, clear distinction lies between the dif-

fraction patterns of banana phases [2].
2.2.4 Electro-optical studies

The strong anisotropy of the molecular shape of bent-core mesogens can pro-
mote a polar packing within the smectic layers. The expressed sterical moment of such
molecules accounts for ferroelectric properties observed in some banana mesophases
(SmCP, Bs). One of the most intensively studied features of the ferroelectric liquid crys-
tals is their ability to switch the direction of optical axes under the influence of external
electric field. The bistable ferroelectric switching in ferroelectric chiral smectic C phase
has found to be suitable to a lot of application. The macroscopic polarization in the
ferroelectric phase does not linearly depend on the external field: it shows a hysteresis-
like behavior. A typical one-loop ferroelectric hysteresis curve is shown in the Fig. 2.4.
In the limit of large fields (E>E;) the macroscopic polarization is saturated. When the
field goes to zero the macroscopic polarization remains non-zero. In this case two stable
states are allowed; with spontaneous polarization “up” (+Ps) and “down” (-P;). Applica-
tion of the field above a certain threshold £y, results in the transition (switching) be-
tween these states. The rate of the switching is characterized by the switching time 7. In
antiferroelectric mesophases the macroscopic polarization in the absence of the external
field is zero. However, applying the field £ (E>Ey,) a transition into the ferroelectric
state can be induced. In this case the field-dependent macroscopic polarization shows a
typical antiferroelectric two-loop hysteresis curve (Fig. 2.5).

The measurements of the spontaneous polarization can be made by applying
electric field to a capacitor filled with the liquid crystalline sample. In the triangular
wave voltage technique the applied electric field has a triangular shape. When the volt-
age over the capacitor exceeds a threshold voltage Uy, (Uy=E;;, x d, where d is the dis-
tance between the capacitor plates) the reorientation of the macroscopic polarization in
the sample induces a current impulse through the capacitor. The value of this switching
polarization is:

p =1 [ 1dr (2.2)

overthe pulse

14
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where S is the area of the capacitor. In the ferroelectric material there is only one transi-
tion with the threshold E,, between the FE' and FE states. Thus, one peak in half a pe-

riod of the applied voltage represents the current response.

Polarization P

0
Field E

Fig. 2.4 One-loop ferroelectric hysteresis curve

Polarization P

Field E

Fig. 2.5 Two-loop antiferroelectric hysteresis curve

15
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In the antiferroelectrics there are two transitions: AFE—FE with £,,; and the inversed
FE—AFE transition with £, what provides two current impulses per half a period. The
switching times can be extracted from the current response curves for the step-like

shape of the external field.
2.2.5 Nuclear magnetic resonance studies

NMR offers numerous ways to study dynamic aspects over a large range of
characteristic motional rates. The main advantage of NMR is its unprecedented selectiv-
ity. Since the discovery of NMR technique it has been intensively used in liquid crystal
research [35, 36]. The most important aspect of NMR for study of liquid crystals is that
the splitting of the proton and deuterium NMR lines is directly related to the orienta-
tional order parameter S and to the orientation of the nematic director n. NMR has a
variety of applications in liquid crystals: study of structure and conformation of
mesogens [37], study of orientational order [35, 38], determination of elastic constants

[39], etc.
Application on bent-shaped liquid crystals [17]

If we consider, for example, an aromatic ring in a bent-shaped molecule, the dynamic
and the orientation of the group with respect to the molecular frame should be taken into
account. In Fig. 2.6 the direction of the principle axis frame of chemical-shift tensor is
schemed. In presence of a n-flip only two components of the tensor are non-zero: paral-

lel and perpendicular to the para-axis:

W,, =W, cos’ n/3+W,,sin’ /3

! 2.3)
W,, =W, cos’ z/3+W,, sin’ /3

Allowing the aromatic rings be tilted in the molecular frame, we can express the com-

ponents of the tensor in terms of the angle ¢ and the torsion angle ¢ (Fig. 2.4)

W, = W, - (WH -W,, )sin2 £— (WH +2W,, )Sin2 esinp  (2.4)
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?T‘—ﬂip ~—]

e
sz Was i .
para axis
PASi e

Fig. 2.6 Co-ordinate frames and the assignment of the atomic positions in a bent-shaped molecule. MF -

JxYy

molecular fixed frame: a coordinate frame fixed on the long and the short molecular axes, PAS — principle
axis system: coordinate frame in which the corresponding interaction tensor (dipolar, quadrupolar or chemi-

cal shift tensor) is diagonal [40]

The experiments performed on the compounds included the following steps:
e Determination of the orientational order parameter S. It is made by observing
dipolar splitting of H in positions 10 and 11 in "H-NMR (when these positions
are not substituted). The three-spin system formed by a proton H11 and two pro-

tons H10 gives in the molecular frame an outer splitting Av, =k Av”, where

Av? is the splitting in a two-spin system with a field parallel to the vector con-

necting the protons H10 and H11. The coefficient £ depends on the precise ge-
ometry of the ring. Neglecting the transversal order parameter D the dipole split-

ting can be expressed by Eq. 2.7

Av=Av, S(%cosz/i’—%) (2.5)
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o__ 3K . _ VY

where Avy” =——— with K h, Av{¥’ =47.25 ppm for r = 2.48 A, and
r

2

B regards to an angle between the symmetry axis and the molecular long axis.
Shift anisotropy of carbons in positions 9 and 10 (11, 12) was measured, too. If
the position 11 was substituted by fluorine, then the order parameter S could be
found directly from '"F-NMR measurements. The values of chemical shift ani-
sotropy tensor were taken from literature [41]. Since there are no data on exactly
the same molecules with similar groups and substituents had to be chosen. Using
their data on shift anisotropy as initial parameters, a refinement was made with
respect to the geometry of the rings to obtain a better agreement between differ-
ent methods.

o The bending angles a = (180—2¢) and torsion angles ¢ for the rings A and B

have been determined from *C-NMR from the corresponding positions in the
rings A and B with a help of Eq. 2.4. If the ring A is fluorinated, the angle &
could be found from the dipolar splitting by the neighboring proton.

2.2.6 Dielectric spectroscopy

The dielectric permittivity determines the response of the material to the external
field. In case of static electric field the dielectric permittivity is dielectric constant ¢ .
For anisotropic materials dielectric constant is a tensor (depends on the direction in
space). For example for uniaxial liquid crystals in the principal axis frame dielectric

permittivity can be expressed by two values: &, (component parallel to the optical axis)
and &, (component perpendicular to the optical axis). The dielectric anisotropy

Ae=¢

| — &, can be positive like in case of 2,3-bis(trifluoromethyl)-4-methoxyphenyl

trans-4-(trans-4-n-propylcyclohexyl)-cyclohexanecarboxylate, or negative like in 2,3-
bis(trifluoromethyl)-4-methoxyphenyl trans-4-n-propylcyclohexylmethyl ether [42]. If

the sample is non-oriented the dielectric response is governed by the average dielectric
permittivity: ¢, = %5” +§g . for uniaxial phase. If the applied field varies with time,

then the frequency dependence of the permittivity is an additional property of the mate-
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rial. A complication with any time-dependent response is that it may not be in-phase
with the applied field. Thus to describe the frequency-dependent dielectric response of a
material, the amplitude and phase of the induced polarization must be measured. A con-
venient way of representing phase and amplitude is through complex notation, so that
&' (real) measures the in-phase response, and &" (imaginary) is the phase delay of the

dielectric response (dielectric loss).

& (N=¢(N)-ie"(f) (2.6)

In presence of the relaxation process with characteristic relaxation time t the

dispersion curve looks like in Fig. 2.7.

0.01 0.1 1 10 100 1000

Fig. 2.7 Typical dispersion curve of the dielectric permittivity

The real part & shows step-like behavior changing from its low-frequency limit

&, (F<frclaxation) to &, (Pfrclaxation). Thus, the relaxation process is characterized by the
dielectric strength Ag:
Ae=¢,—¢€ (2.7)

o0

19



Chapter 2 The field of bent-shaped mesogens

In case of several relaxation processes the characteristics can be extracted from
the dielectric spectra using Debye and Cole-Cole approaches. Dielectric measurements
on liquid crystals probe the dipole organization of molecules, and changes in the permit-
tivity components as a liquid crystal undergoes phase transitions will primarily reflect
changes in orientational order and symmetry changes. Dielectric spectroscopy gives us
indispensable information about molecular dynamics in the mesophase, dipolar correla-

tions, viscosity and diffusion.
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2.3 Chemical structure-property relationships in bent-shaped

molecules

In order to determine what types of molecular structures form mesophases nu-
merous compounds have been synthesized and their mesomorphic properties deter-
mined to establish structure-property relationships. Yet the accurate prediction of prop-
erties for a new compound is still not possible. The best that can be done is to use
known trends in the design of a molecule with the desired properties, and hope that this
will be one of the many that do follow these known trends, but not be surprised if it
does not.

Structure-property relations in bent-shaped mesogens are even less predictable
than those of calamitics. The only criterion certainly need to be applied is that two
mesogenic groups should be connected non-linearly. This condition is not guaranteed to
obtain mesogens, but need to be prevailed for banana mesophases. In many cases, such
a bent structure is non-mesogenic or exhibits common mesophases like in calamitics.
Hence, the golden rule in banana-field is the compounds showing banana mesophases
always consist of bent-shaped molecules, whereas the bent-shape of molecules does not
assure (banana) mesophase at all. On top of all, it has not been clarified either why or in
what case macroscopically chiral mesophases (SmCP/B,, SmAP/Cp,, Bs, and SmCyg)

appear.

Terminal chain Terminal chain

Fig. 2.8 General scheme of a bent-shaped molecule. X, X’, Y, Y’ are the connecting or linking groups. L,
Lw’, Lo, Lo” represent the lateral substituents, i.e. substituents on the rings of the wing. R" designates lateral

substituent(s) on the central ring, where n indicates the position of the substituents.

In this section the up to date trends in structure-property relationships in bent

mesogens will be discussed in the following sequence: central ring, connecting groups,
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lateral substituents, and terminal chains (Fig. 2.8). However, it should be noted that
these structural factors together determine the physical properties of the mesogens. Con-
tribution of a particular unit of the molecules cannot be discussed independently. More-
over the influence of the different structural factors, especially of the lateral substitu-

ents, is strongly dependent on the size of the molecules.
2.3.1 The central unit

The central unit in banana mesogens plays the key role in the bent. If the con-
nection between the wings of the molecule through the central ring is established not in
the right angle, there is no chance to obtain banana mesogens even if the construction of
the molecule in all other building stones corresponds to the structure of bananas [43,
44]. The loss of the bent results in rod-like molecules with an extensive ring system,
most probably with inconvenient, high transition temperatures and with no chance for
macroscopically chiral phase formed by achiral molecules. At the same time one should
note that bent-core mesogens might also exhibit “classical” mesophases like N, SmA
and SmC phases. Examples will be shown in chapter 3.

In the literature, one may mostly find two aromatic systems used as central ring
in bent-shaped compounds: 1,3-disubstituted benzene ring [1, 2, 45, 46] and 2,7-
disubstituted naphthalene ring [4, 6, 18, 47] (Fig. 2.9).

a b
Fig. 2.9 1,3-Disubstituted benzene (a) and 2,7-disubstituted naphthalene (b) rings

Additionally there are some examples for heterocyclic central ring, e.g. 2,5-disubsti-
tuted 1,3,4-oxadiazol or 2,5-disubstituted-tiophene [5], 2,6-disubstituted-pyridine [48,
49, 50] (Fig. 2.10). In fact, only the pyridine derivative exhibited banana mesophase.

The five-ring heterocycle derivatives exhibit smectic and nematic mesophases.
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e O L
a b C

Fig. 2.10 2,5-Disubstituted-1,3,4-oxadiazol (a), 2,5-disubstituted-thiophene (b) and 2,6-disubstituted-pyridine

(c) cores

As it has already been mentioned, it is impossible to consider only a particular
element of the bent-shaped molecules as responsible moiety for the mesophase behav-

ior. That brings us to the next topic of this chapter: the role of the connecting groups.
2.3.2 The connecting groups

Connecting or linking groups are as essential elements in bent-shaped molecule
as the bent-core. They connect the rigid core system of bananas together. Connecting
groups used for calamitic mesogens are suitable for bent-core compounds, too. Some
typical examples for connecting groups in bent-shaped molecules are depicted in Fig.

2.11.

DN / / /

N—=CH N—=N N—

@]

N
QO =-—2=

O

Fig. 2.11 Examples for connecting groups in bent-shaped molecules: a) carboxylic b) azomethine c) azo d)

azoxy e) ethylene linking groups

Additionally there are some instances of linking the aromatic rings with thiocarbonyl
connection [51] or extensive acroyloxy group [52].
Connecting groups exert a powerful effect on the mesophase behavior: they es-

tablish the flexibility and influence the polarity of the molecules.
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The electron withdrawing or donating effect of the connecting groups determines the
electron density and so the partial polarity of the aromatic rings. Obviously, the direc-
tion of a non-symmetric linking group between two aromatic rings does matter. Some
symmetric five-ring bent-shaped compounds with varied (in direction and/or chemical
class) linking groups were compared [53]. Mesomorphic properties were observed in
the case where the donor or acceptor nature of the four linking groups leads to an alter-
nate sequence of positive and negative charges on the five benzene rings according to

molecular modeling and electrostatic potential map computation (Fig. 2.12).

N

XN
5 9 Q ¢
H2n+1CnO

Fig. 2.12 Alternating partial charges on a five-ring bent-core molecule

In the meantime, some linking groups (e.g. azomethine, ethylene) together with the
aromatic rings establish an extensive conjugated system, whereas ester group is not a
completely conjugated unit. The role of conjugation in banana molecules, however, has
not been cleared up yet. Furthermore free rotation around the single bond of the ester
linking group is possible (with consideration of spatial hindrance and electrostatic re-
pulsion, attraction), while the double bond in imino, ethylene, etc group hinders rota-
tion. In other words, segments of bent-shaped molecules with ester linking group may
have more kinds of rotational arrangement than with imino connecting group. Regard-
ing bent-shaped molecules where X= X’= -O-CO- rotation around this bond may
strongly influence the bending angle itself [40]. Additionally polarized FT-IR measure-
ments of 1,3-phenylene-bis[4-(4-decylphenyliminomethyl)benzoate] in SmCP (B,)
phase indicate that the ester groups are twisted with respect to the central phenyl ring,
and on average only one of the possible twisted conformations exists in B, phase what
could result in molecular chirality [54]. So far, many points of conformation in bent

molecules remains open to question.
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The most successful bent-core mesogenic materials exhibiting several
(switchable) mesophases contain the sensitive azomethine group: it is thermally instable
and sensitive to proton and metal surfaces. Some Schiff bases decompose above around
150°C, while others are stable even above 200°C. Hence, the thermal instability is de-
pendent on the structure of the molecule. Moreover, only compounds containing azome-
thine linking groups e.g. 2-methyl-1,3-phenylene bis[4-(4-n-alkyloxyiminomethyl)ben-
zoate] exhibit polymorphism like SmCP-Bs [55]. As we shall see later, even richer
polymorphism was found in a laterally substituted derivative of this compound (chapter
3) [56].

Shen et al. reported about bent-shaped mesogens containing central unit derived
from 1,3-phenylene ring so that there is no connecting group between the central ring
and one of the middle rings [57, 58, 59, 60] (Fig. 2.13). Biphenyl derivatives exhibit

either a wide range SmCP, (B;) phase or a rectangular columnar phase designated as

Col; or B;.

Fig. 2.13 3,4-Disubstituted-biphenyl core

B O
T 4 \
a b

Fig. 2.14 2) m-Terphenyl (X=H) and 2,6-diphenylpyridine (X=N) central units, b) tolane central core

They gave an account about compounds without any connecting group between the cen-

tral and middle rings: 2,6-diphenylpyridine and m-terphenyl derivatives [48, 58] (Fig.
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2.14a) were synthesized. In the same work they also reported about tolane derivatives
(Fig. 2.14b). Actually, only 2,6-diphenylpyridine derivatives exhibited liquid crystalline
(B1, By, Bx1) phase.

2.3.3 Lateral substitution

In case of lateral substitution three major factors are involved: the size (spatial
contribution) and the polarity namely inter- and intramolecular forces of attraction, re-
pulsion of the substituents, and the position of the substitution. These factors influence
molecular conformation. Molecular conformation effects on molecular packing and vice
versa. Consequently, lateral substitution has an impact on the liquid crystalline state, i.e.
on the liquid crystalline phase stability. It is not easy to predict the influence of lateral
substitution on bent-shaped molecules: the above-discussed structural factors and the
lateral substituents not independently influence the liquid crystalline behavior. System-
atic study of banana substance classes one by one, may advance understanding on this

subject.

H2n+1ChO OCH2zn+1

Fig. 2.15 General formula of substituted 1,3-phenylene bis[4-(4-n-alkoxyphenyliminomethyl)benzoate]

On the way to investigate the influence of lateral substitution of bent-core sub-
stances, several new banana mesophases were discovered [2]. In this work among oth-
ers, the results obtained by investigating substituted resorcinol derivatives (Fig. 2.15)
are summarized. Some of them exhibited new, up to that time not known mesophases:
Bs and B;. Moreover, Bs turned out to be switchable. On top of that, the 2-methyl-
resorcinol derivative bent mesogen exhibited both, SmCP (B;) and Bs, switchable
mesophases. These are the main conclusions to which detailed investigation of mesog-

enic five-ring resorcinol bananas led:
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e substitution of the central core strongly effects on the liquid crystalline proper-
ties: voluminous substituents like ethyl- (-C,Hs), acetyl- (-COCHs), hexyl- (-
CeHi3) groups adversely (no mesophase), small substituents like methyl- (-CHj3),
nitro- (NO,), chloro- (Cl), cyano- (CN) groups depending on the position of the
substituent positively influence them,

e substitution in position R’ results in non-mesogenic compounds, independently
of the class of substituents. The only exception (R’=F) found will be described
in this work (Chapter 3) [61]. Another exception was found in perfluorinated
terminal chain containing bananas, but for a different substance class [62],

e in the case when R2=N02 a new mesophase, called B;, with very unusual texture
was discovered [30, 63],

e in the case when R*=CH; a new mesophase (Bs) and a first a banana polymor-
phism (SmCP (B;)-Bs) were observed [26],

e 4,6-dichlororesorcinol derivative bananas exhibit SmA and SmC mesophases,
owing to the stretched (rather rod-like) conformation of the molecules [40, 64],

e a later study of 4-cyanoresorcinol derivatives (R4= CN) [65] reported about
SmCP-SmC-SmA polymorphism, in the case of R*= Cl switchable SmCP (B,)
phase was found [64, 66, 67, 68] as well as in the homologue serie of the resor-
cinol derivative. The 4-chlororesorcinol bananas have lower melting and clear-
ing points, while the resorcinol bananas exhibit some additional crystalline, Bs
and B4 phases. The temperature ranges of the mesophases are in the same order
of magnitude.

Substitution of the central ring of bent-shaped molecules turned out to be a fruit-
ful field in liquid crystal research, and so several research groups have been working on
this area [28, 49, 70, 50, 69, 71, 72, 73]. Recently, another 5-methylresorcinol deriva-
tive, 5S-methyl-1,3-phenylene bis(alkoxycinnamoyloxy)benzoate was declared to exhibit
banana mesophase (B¢ and crystalline Bs) [28]. Although, this is the only substance
class where the 5-substituted resorcinol derivatives show more favorable phase behavior

than the 2-substituted resorcinol compounds.
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2.3.4 The terminal chains

The molecular organization of bent-shaped molecules depends on the balance of
electrostatic interactions developed by the polar segment of the molecule and the van
der Waals interactions established by the terminal chains. The most often occurring
terminal chains are alkyl- and alkoxy chains [e.g. 2]. As it has already appeared in sev-
eral above-mentioned examples, the mesophase character of bananas is exposed to the
influence of the length of the alkyl/alkyloxy chain. Namely, short-chain homologues of
otherwise chemically equivalent bent-shaped molecules exhibit B;, long-chain homo-
logues SmCP (B;) mesophase [74, 75]. There are few examples for banana molecules
with alkyloxycarbonyl [76] and alkenyloxy terminal chains [69, 77]. By comparison,
replacing alkyloxy chains with unsaturated alkenyl chains decreases the clearing points
by 10-20°C.

Heppke et al. synthesized bent-core compounds with terminal alkylthio chains
[45]. The substances exhibit crystalline B; and a high-temperature switchable phase.
They found that the transition temperatures fall down replacing alkyloxy with alkylthio
terminal chains.

Walba et al. prepared a racemic asymmetric bent-core compound with achiral
alkyloxy and chiral alkyloxycarbonyl chain [78]. By means of polarization microscopy
and electro-optical measurements on freely suspended films with differing layers they
observed a ferroelectric mesophase.

Dantlgraber et al. synthesized asymmetric bent-core mesogens with a dodecy-
loxy chain and a bulky oligosiloxane unit connected through a flexible alkyloxy chain to
the outer ring [60]. The compounds exhibit switchable SmCP mesophase. X-ray inves-
tigations proved that each moiety (aromatic cores, aliphatic chains, oligosiloxane units)
is organized into sublayers. Furthermore, they found that the mesophase stability is
nearly independent of the size of the siloxane unit.

Bent-shaped materials were synthesized even with perfluoroalkyloxy terminal
chains [62, 79]. They possess the individual property exhibiting (banana) mesophase
despite the voluminous methyloxycarbonyl substituent on the top of the central ring
(R’= -COOCHj3). The rigid perfluoroalkyloxy chains often intercalate. Additionally, it

might drive on separation of the perfluoroalkyloxy chains from the aliphatic and aro-
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matic parts of the molecules. It results in increased mesophase stability. Unfortunately,
the transition temperatures are strongly elevated, and so the mesophase behavior cannot
always be completely characterized. Decreasing the number of aromatic rings to three in
bent-shaped molecules or introduction of substituents may reduce the transition tem-
perature of bent-core materials with perfluoroalkyloxy chains, however they exhibit

only conventional smectic phases [80, 81].
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2.4 Objectives

Rich variety of banana phases was discovered by introducing lateral substitu-
ent(s) on the central ring [2]. It was found that these substituents bring about changes in
the bending angle o thereby influencing the mesophase behavior and characteristics of
the mesogens.

Lateral substitution has an essential influence on the sterical and electronical
characteristic and thereby on the intermolecular distance. Consequently, it can generate
mesophase characteristics different from the related non-substituted mesogens.

Up to the beginning of this work no bent-core molecules with lateral substituents
on the outer as well as central rings had been presented. There had not been any infor-
mation about the effect of such lateral substitutions on the phase behavior of the sub-
stances. Therefore substitution on the outer rings of central-ring substituted bent-shaped
molecules has attracted our interest. At first we turn our attention to the small but
strongly electronegative fluorine substituent. Since it has the highest electronegativity
among the chemical elements it always brings strong dipolmoment in corresponding
positions of the molecule. Would it affect in altering spontaneous polarization values of
bananas either? Furthermore, do lateral substituents on the outer rings bring about
changes in the bending angle « as substituents on the central ring do?

NMR measurements can develop our understanding about these questions and
even more in connection with structure-property relationships of these bent-core
mesogens. They can provide additional information (molecular conformation — bending
angle, torsion angles, longitudinal and transversal order parameter) if the molecules
contain heteronuclides or isotopes different from 'H and "C.

Thus, fluorinated and/or deuterated five-ring bent-core mesogens have been syn-
thesized for two reasons:

e to study the influence of lateral fluoro-substituents on mesophase behavior
e to make it possible to apply not only 'H and °C, but also *H and '’F NMR tech-
niques for the investigation of bent-core mesogens in liquid crystalline state.

There had been found some evidence that the direction of the connecting groups
in bent-core compounds influences the phase behavior [2]. Therefore, isomers of the

first banana 1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates] have been
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synthesized. How lateral substitution of these substances influences the mesophase
character?
Besides, the effect of several kinds of terminal chains on the mesophase proper-

ties of isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines] has been studied.
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Chapter 3 Substituted resorcinol derivatives

In the first part of this chapter there is a description of the synthetic work led to
substituted resorcinol (1,3-dihydroxybenzene) derivative bent-shaped molecules fluori-
nated on the outer rings in different positions. In the second part, there is a description
of the mesophase behavior of these compounds. Additionally, the intermediate two-ring
calamitic materials are introduced.

The electro-optical and X-ray measurements were made in the work team of
Professor Gerhard Pelzl (Martin-Luther-University Halle-Wittenberg, Germany) on the
following instruments:

e the electro-optical measurements were performed with the help of LEICA
DMRXP polarizing microscope equipped with METTLER-TOLEDO FP900
heating stage (Switzerland).

e the X-ray measurements were made on Guinier goniometer (Huber Diffraktion-
stechnik GmbH, Cu-K,, line) and either with a camera or with a 2D detector (HI-
Star, Siemens AG) recorded.

The dielectric measurements were carried out in the work team of Professor
Horst Kresse (Martin-Luther-University Halle-Wittenberg, Germany): the samples were
put into a two-plate condensator and the signals were recorded by Hewlett Packard (HP
4192) impedance analyzer.

The NMR investigations were performed in the work team of Professor Siegbert

Grande (University Leipzig, Germany) on Bruker MSL 500 spectrometer.
3.1 Synthetic work

The resorcinol derivatives were synthesized according to the following strategy

(Fig 3.1):

1. Nucleophilic substitution of the commercially available 2- or 3-fluoro-4-
nitrophenol was done to obtain 4-n-alkyloxy-3-fluoronitrobenzene (1) and 4-n-
alkyloxy-2-fluoro-nitrobenzene (2) (hereafter abbreviated as 2/3-fluoro...). Mit-
sunobu reaction (n-alkanol/PPhs/DEAD in tetrahydrofuran, room temperature)

[82] produced higher yield in some cases than the considerably cheaper modified
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Fig. 3.1 General scheme of the synthesis of resorcinol derivative bent-shaped compounds. R=H (9, 10), R>=
NO; (11, 12), CH; (13, 14), R*= CN (15, 16), ClI (17, 18), R*=R°=Cl (19, 20), R>= F (21, 22).

33



Chapter 3 Substituted resorcinol derivatives

Williamson etherification (n-alkylbromide/K,CO3/KI in acetone or DMF under
reflux) [83]. The reaction after Mitsunobu takes shorter time (2 days vs. 1 week),
but the purification is more time-consuming in this case (removing O=PPh; de-
rived from PPhs requires column chromatography). The difference in yield is not
significant if the Williamson etherification is carried out in DMF under reflux
(61% in Mitsunobu reaction vs. 53% in Williamson reaction for 2-fluoro-4-n-
octyloxy-nitrobenzene). Note that 2-fluoro-4-nitrophenol becomes 4-n-alkyloxy-
3-fluoro-nitrobenzene and 3-fluoro-4-nitrophenol turns into 4-n-alkyloxy-2-
fluoro-nitrobenzene.

2. Nitro group reduction was carried out with hydrogen in ethylacetate with Pd
catalyst. The resulting compounds are 4-n-alkyloxy-3-fluoro-anilines (3) and 4-
n-alkyloxy-2-fluoro-anilines (4).

3. The anilines were led into condensation reaction with 4-formylbenzoic acid in
ethanol under reflux. The resulting Schiff bases — 4-(4-n-alkyloxy-3-fluoro-
phenyliminomethyl)benzoic acids (5) and 4-(4-n-alkyloxy-2-fluoro-phenyl-
iminomethyl)benzoic acids (6) — exhibit mesomorphism.

4. 5-Fluoro-resorcinol (7a) and S5-chloro-resorcinol (7b) are not commercially
available. They were prepared by cleavage of the corresponding 3,5-

dimethoxyhalogenobenzenes with BBr; in dichloromethane (Fig. 3.2) [84, 85].

BBr;/CH,Cl,
_—————
2 days

HaCO OCH;§ HO OH
7a and 7b

Fig. 3.2 Synthesis of 5-halogenoresorcinol, X=F, CI

4-cyanoresorcinol was available in the laboratory of the work team. Partially
deuterated resorcinol and 2-methylresorcinol were prepared in the laboratory of
Katalin Fodor-Csorba (Research Institute for Solid State Physics and Optics of
the Hungarian Academy of Sciences, Budapest, Hungary).
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There were several attempts to synthesize 4-fluoro and 4,6-difluororesorcinols
using Selectfluor as fluorinating agent [85]. Since the first attempt had not been
successful, the reaction circumstances were changed. The proportion of the re-
agents, the solvent, the reaction time and temperature had been varied. GC-MS
investigations pointed out that always mixture of mono-, di- and even trifluori-
nated resorcinols were obtained. Fluorination of 2-methylresorcinol with Select-
fluor was not successful either.

Some attempted synthesis were done to get 2-cyanoresorcinol from 2,6-
dihydroxy-benzaldehyde and 2,6-dihydroxybenzamide. Reddy et al. could obtain
this substance from 2,6-dimethoxybenzonitrile under extreme reaction circum-
stances: they hydrolyzed the diether by borontribromide at high temperature

[73].

5. Reaction between (substituted) resorcinols (resorcinol 8a, 2-nitroresorcinol 8b,
2-methylresorcinol 8¢, 4-cyanoresorcinol 8d, 4-chlororesorcinol 8e, 4,6-
dichlororesorcinol 8f) and the 4-(4-n-alkyloxy-3-fluoro-phenyliminomethyl)
benzoic acids (5) or the 4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)ben-zoic
acids (6) in presence of N,N’-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP) catalyst [87, 88] produced the bent-shaped
compounds (9-23).
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3.2 Two-ring substances

3.2.1 4-(4-n-Alkyloxy-3-fluoro-phenyliminomethyl)benzoic acids (5)

were prepared, too.

On the way to synthesize new bent-shaped compounds rod-like mesogens (5, 6)

All mesogens exhibit SmC and a low-temperature SmX phase (Fig. 3.3). Pre-

liminary X-ray studies point to a new higher ordered smectic phase. The transition tem-

peratures marginally change with increasing chain length. The transition temperatures

and transition enthalpy values are shown in Table 3.1. In Fig. 3.4 the tendency of de-

creasing transition temperatures is illustrated.

E

COCH

H2n+1CnO
Sign. n Cr SmX SmC

5.1 8 . 147 . 181 . 261
[19.7] [5.4] [16.3]

5.2 9 . 133 . 176 . 255
[18.2] [5.5] [15.4]

53 10 . 112 . 175 . 254
[18.4] [5.4] [15.5]

5.4 11 . 116 . 171 . 251
[20.4] [5.0] [14.7]

5.5 12 . 114 . 169 . 246
[22.6] [5.5] [17.3]

Table 3.1 Transition temperatutes (°C) and transition enthalpy values [k /mol] of 4-(4-n-alkyloxy-3-fluoro-

phenyliminomethyl)benzoic acids (5.1-5.5)
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Fig. 3.3 The low-temperature SmX phase of compound 5.2 at 124°C
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Fig. 3.4 Phase behavior of 4-(4-n-alkyloxy-3-fluoro-phenyliminomethyl)benzoic acids (5.1-5.5)

3.2.2 4-(4-n-Alkyloxy-2-fluoro-phenyliminomethyl)benzoic acids (6.1
and 6.2)

These compounds exhibit nematic and smectic C mesophases. The difference is
minimal between the clearing points of the two homologues. The melting points signifi-

cantly decrease with lengthening the terminal chains (Table 3.2).
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F
/70 COOH
Hon+1C,O N
Sign. n Cr SmC N I
6.1 8 . 192 . 239 . 253 .
[16.3] [3.6] [6.3]
6.2 12 . 165 . 237 - .
[15.3] [16.2]

Table 3.2 Transition temperatures (°C) and transition enthalpy values [k] /mol] of the 4-(4-n-alkyloxy-2-

fluoro-phenyliminomethyl)benzoic acids (6.1 and 6.2)

Comparing the phase behavior of the non-fluorinated [40] and the fluorinated
mesogens the following conclusions could be drawn (Table 3.3):

e the 4-(4-n-alkyloxy-phenyliminomethyl)benzoic acids as well as the 6.1 and 6.2
exhibit smectic C and/or nematic mesophases. Compounds 5.1-5.5 exhibit two
smectic mesophases.

e fluorination slightly decreases the clearing points (8-20°C),

e melting points hardly change if fluorine is introduced into position 2 (6.1 and

6.2), while significantly decreased if the compound is fluorinated in position 3

(5.1-5.5).
Sign. n Phase behavior
[40] 8 Cr 190 SmC 255 N 2611
5.1 8 Cr 147 SmX 181 SmC 261 1
6.1 8 Cr 192 SmC 239 N 253 1

[40] 12 | Cr 155 SmC 2551
5.5 12 | Cr 114 SmX 169 SmC 246 1
6.2 12 | Cr 165N 2371

Table 3.3 Comparison of fluorinated and non-fluorinated 4-(4-n-alkyloxy-phenyliminomethyl)benzoic acids
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Introduction of fluoro-substituent next to the position of the terminal chain positively
influence width of the phase range. Furthermore a new mesophase (SmX) appeared.
Fluoro substitution next to the position of the azomethine connection does not remarka-

bly effect on the transition temperatures and the phase behavior.
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3.3 Bent-shaped compounds derived from resorcinol and sub-

stituted resorcinols

In this chapter resorcinol-derivative compounds substituted or non-substituted
on the central ring and fluorinated on the outer rings will be described. The chapter is
divided in sections according to the chemical structure of the central ring, the conse-
quence of the discussion follows the position of the substitution on the central ring, e.g.
the first section is about the non-substituted resorcinol derivatives, the second about the
2-nitroresorcinol derivative, the last section is about the 5-fluororesorcinol derivative
banana compounds. You will find an account of several novelties concerning the phase
behavior of these substances:

e the first mesogens (9) probably exhibit SmCg phase (Section 3.3.1),
e the first bent-shaped compounds (15) with biaxial SmA (SmAP or Cpp) phase

(Section 3.3.4),

e some examples of exceptionally rich polymorphism of switchable banana
mesophases (Section 3.3.3 polymorphic SmCP (13) and Section 3.3.7 polymor-

phic Bs phases (21)),

o the first issue (18.1) about SmCP phase formed on cooling the nematic phase

(Section 3.3.5).

3.3.1 Resorcinol derivatives without substitution on the central ring (9, 10)

3.3.1.1 1,3-Phenylene bis[4-(4-n-alkyloxy-3-fluoro-phenyliminomethyl)benzoates] (9)

In this section liquid crystalline materials exhibiting B4, SmCP and most proba-

bly SmCg phase will be introduced [20]. All mesophases were experimentally proved.
Phase behavior (DSC)

As it is shown in Table 3.4 three mesophases appear on cooling. The SmCg -
SmCP transition is not detectable with DSC. The B4 soft-crystalline phase appears on

the first cooling, and does not crystallize in reasonably long time. The melting and

clearing points hardly, the transition temperatures slightly decrease with the length of
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the terminal chains (Fig. 3.5). The shorter the terminal chains the wider SmCP and

shorter SmCg phase ranges exist.

\O:F
OCnH2n+1

Sign. | n | Cr B," SmCP SmCg I

9.1° 8 . 129 ( 98) . 164* . 166 -
[40.6] [26.0] [20.5]

92 | 9 | « 123 (= 10D . 153 . 163 =
[39.8] [32.7] [20.7]

93" [ 10| « 123 (99 . 147* . 163
[44.7] [29.2] [23.1]

9.4 11 . 121 ( 98) . 141* . 162
[44.5] [38.6] [22.3]

9.5 12 . 120 ( 98) . 132%* . 160
[49.8] [50.4] [22.5]

* the B, phase can be supercooled up to room temperature, the inverse transition B, — SmCP takes place
about 10-12°C above this temperature
* not detectable with DSC, * [89], ¥ [90]

Table 3.4 Transition tempetatutre (°C) and enthalpy values [k]/mol] of substances 9.1-9.5 according to the

DSC measurements
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Fig. 3.5 Transition temperatutes vs. chain length for compounds 9.1-9.5

X-ray studies
Sign. Molecular length Spacing Tilt angle

LA d+0.5 (A) (deg)
9.1 453 38.5 31.3
9.2 47.5 40.5 314
9.3 49.5 41.8 32.5
9.4 51.6 43.5 32.6
9.5 54.4 45.5 33.2

Table 3.5 Molecular lengths, temperature-independent layer spacings and tilt angles found in compounds

9.1-9.5

XRD measurements performed on powder sample produced the outcome as follows:

e the layer spacing d is temperature independent, it does not change either during
the SmCg-SmCP or during the SmCP-B4 transition (Table 3.5),

e the layer spacing linearly depends on the length of the terminal chain,

e from the proportion of the layer spacing to the effective molecular length (L) the

tilt of the molecules within the layer is estimated about 32°,
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e the correlation length & determined from the full width at half maximum of the
small angle X-ray reflection is temperature independent in the SmCg phase,
while it continuously increases at the transition to the SmCP phase and abruptly

decreases at the SmCP-By, transition.

XRD measurements on surface-oriented sample

In the SmCg phase four reflections occur in the small angle region (Fig. 3.6).
They originate from differently oriented domains where the smectic layers are parallel
and perpendicular to the substrate surface. The longer chained homologues (9.5) prefer
orienting perpendicular, while the short chain homologue (9.1) parallel to the substrate

surface. For compound 9.2 the probability is equal for growing in both directions.

First layer reflecton y-scan
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=
1
| |
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02 i ’:\l. \ ".-' |
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Fig. 3.6 X-ray pattern of the surface oriented sample for compound 9.5

The maxima in the wide-angle region have been found to be out of the equator, what
means the molecules are tilted with respect to the layer normal. The estimated tilt angle
about 33 degrees is in good agreement with the values obtained from the diffuse scatter-
ing measurements. The SmCg phase is a smectic phase without in-plane order formed

by tilted molecules. Orientation completely disappears in the B4 phase.
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Electro-optical investigations and texture observations

Cooling the sample quickly from the isotropic phase non-specific grainy texture
appears, while at slow cooling rate colored and gray ribbon-like growing domains as

well as screw-like and telephone-wire filaments have been observed (Fig. 3.7).

Fig. 3.7 Formation of SmCg phase on cooling the compound 9.2

When the growing domains are surrounded with isotropic liquids application of electric
field affects on the texture. Depending on the polarity of the field the grey ribbons grow
or shrink. Exposing the ribbons to an electric field they coil into spirals formed clock-
or anticlockwise depending on the polarity of the field. The behavior of the ribbons in
electric field tallies with the observations given by A. Jakli et al. in favor of SmCg
phase [29]. The screw-like filaments coil, moreover grow as flat nuclei in case of long-
time exposure even grow as flat nuclei in electric field (Fig. 3.8). When the texture cov-
ers the whole view-field of the microscope electric field does not markedly effect on the
texture. On further cooling the fan-shaped texture changes into a grainy one, it indicates
a phase transition. In this low-temperature phase the field-induced texture is independ-
ent from the polarity of the field.

On cooling the SmCg phase the chiral domains remain unchanged at the transi-
tion into the SmCP and B4 phases. In the B4 phase the texture shows nearly extinction
between the crossed polarizers and the contrast between the domains of opposite hand-

edness is less pronounced. These domains neither change upon a reversed transition on

44



Chapter 3 Substituted resorcinol derivatives

heating from the B4 phase. Only the formation of the SmCP phase from the B4 phase is
delayed, taking place at about 10 degrees higher temperature. Similar hysteresis behav-
ior will be reported in chapter 5 [91].

a) b)

Fig. 3.8 Microscopic texture of SmCP phase of the compound 9.3 at 133°C a) E=0 Vum! b) E= £20Vpm-!

Depending on the experimental conditions (cooling rate; surface treatment) dif-
ferent behavior have been observed. During the nucleation of the SmCg phase one-
dimensionally growing screw-like domains as well as large chiral domains grow simul-
taneously (Fig. 3.9). The screw-like domains further transform into a grainy texture,
whereas the large chiral domains remain unchanged.

The high temperature SmCg phase is not switchable: the strong sterical hin-
drance inhibits turning of the leaning molecules in the smectic plane. The low tempera-
ture phase is an antiferroelectric mesophase with synclinic symmetry, i.e. SmCsPa
mesophase. Unexpectedly, the spontaneous polarization shows pronounced odd-even
effect in spite of the long terminal chains.

As it has already been mentioned in section 2.2 the molecules in the SmCP
phase can adjust four kinds of structures: AFE anticlinic and synclinic (SmCxPa,
SmCgP,), FE anticlinic and synclinic (SmCaPg, SmCgPr) [25, 92]. The two states AFE
and FE are separated by a small energy barrier. In most instances the energy of the AFE
state is somewhat lower than one of the FE state resulting in the AFE ground state either
synclinic or anticlinic. Application of an electric field leads to the transition from the
AFE into FE state. The chirality of the layers is mainly conserved (observed transitions

are SmCaPo— SmCsPr and SmCgPs — SmC,Pr ). Recent Fourier transform infrared
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spectroscopic measurements also indicated a motion of the long molecular axis on the

cone as in the SmC* phase [93].

Fig. 3.9 Nucleation of SmCg phase in compound 9.5

A detailed investigation of the switching in the SmCP phase is reported in the
ref. [94]. They observed that the appearance of the synclinic or anticlinic ground state
can also be influenced by the shape of the oscillating external field. However, the
SmCgPa ground state has lower energy. Dielectric spectroscopy measurements sepa-
rately performed on racemic and homochiral samples showed quite different properties
of the domains. In the racemic state the switching is about twice as fast as in chiral state.
The dielectric strength Ag, however, is about twice as high in the chiral state. Further
analysis of the effects of the chiral and racemic domains in the SmCP phase has been
reported by L.M. Blinov et al. [95] on the base of the analysis of the fine structure of the

current response peaks.

3.3.1.2 1,3-Phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)benzoates] (10.1
and 10.2)

These compounds exhibit switchable SmCP mesophase. Since there is a tiny

change in the clearing point and a slight decrease in the melting point with chain-
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lengthening the mesophase range is wider in the dodecyloxy (10.2) homologue (Table
3.6).

C C
F ~o F
Nse N
H H
H2n+1CrhO OCHon+1

Sign. n Cr SmCP I

10.1 8 . 127 . 142 .
[38.9] [19.9]

10.2 12 . 117 . 144 .
[42.6] [21.1]

Table 3.6 Transition tempetatutre (°C) and enthalpy values [kJ/mol] of compounds 10.1 and 10.2 according

to the DSC measurements

The mesophase appears with Schlieren and non-specific grainy texture. At the freezing
point this texture freezes and becomes glassy. NMR measurements pointed out that in
10.1 the bending angle between the two wings is about 118-120 deg, what means that
the molecule is really bent. The order parameter S is around 0.82 corresponding to S

values found in banana mesophases in earlier studies [2].

Comparing the phase behavior of fluorinated (9.1-9.5, 10.1 and 10.2) and non-
fluorinated* [1, 33] resorcinol derivatives:

e fluorination decreases the melting points, in case of compounds 9.1-9.5 they are
slightly changed, whilst in 10.1 and 10.2 there is a significant difference be-
tween them,

e the clearing points change similarly to the melting points,

e all three kinds of bananas exhibit enantiotropic SmCP mesophase. The
mesophase range is wider in the fluorinated substances.

e anew mesophase SmCg appears in 9.1-9.5,
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e in 10.1 and 10.2 crystalline banana phases (B3, B4) disappear.

* The non-fluorinated substances, 1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates] dis-
play the following phase behavior [1, 33]: if n=8 B, 139 B; 152 B, 174 I and if n=12 B, 141 B, 170 L.
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3.3.2 2-Nitroresorcinol derivatives (11, 12)

All fluorinated bananas derived from 2-nitroresorcinol derivatives exhibit the
exotic B7 mesophase [61] (Table 3.7) as well as the non-fluorinated compounds [30].
This phase appears with two-dimensional patterns indicating a helical superstructure.
However, neither substance could be oriented, therefore detailed characterization of B,
phase is one of the most challenging tasks of the future.

Dielectric measurements point to a crystalline-like monotropic low-temperature

phase in compound 11.1 [96]. The mesophase B7 does not crystallize anymore after the

first heating of 11.1.
o] O
. Q 1
Y (@) O Y
X NS /O/ NO, \©\04N X
H H
H2n+1CrO OCnHon+1
Sign. X Y n Cr By B; I
11.1* F H 8 . (142" °) 147 . 169 .
[3.8] [26.2]
11.2 F H 12 . - 148 . 167 .
[3.2] [25.5]
121 | H | F 8 . 81 - . 157
[38.6] [29.3]
12.2 H F 12 . 88 - . 156 .
[10.0] [30.0]

* for compound 11.1 data are given on cooling

# this transition is not detectable on DSC

Table 3.7 Transition tempetature (°C) and enthalpy values [kJ /mol] according to the DSC measurements
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Comparison of compounds 11 and 12 and non-fluorinated 2-nitroresorcinol de-
rivatives® [30] points to the following conclusions:

e all compounds exhibit B; mesophase,

e the melting point decreases by about 60°C if fluoro-substituent is introduced in
position 3, while fluoro-substitution in position 2 hardly changes it,

e the clearing point decreases by about 10°C in 11.1 and 11.2, and 20°C in 12.1
and 12.2. Since characterization of B; phase is in an early state compounds with
sunk transition temperatures might be good candidates for extensive studies.

e dielectric measurements suggest that the octyloxy homologue of the non-

fluorinated substance and 11.1 have a low temperature By phase.

* The non-fluorinated mesogens, 2-nitro-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl) benzo-
ates] have the following phase behavior [30]: n=8 X=Y=H Cr 87 B, 129 B; 177 I and if n=12 X=Y=H Cr
85B;173 L
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3.3.3 2-Methylresorcinol derivatives
3.3.3.1 2-Methyl-1,3-phenylene bis[4-(4-n-alkyloxy-3-fluoro-
phenyliminomethyl)benzoates] (13)

In this section substances with polymorphic switchable banana mesophases
(SmCP, Bs, By) will be introduced. The octyloxy homologue (n=8) was thoroughly re-
searched [56], even its deuterated analogue was synthesized to enable extensive NMR

investigations never have been carried out before.

Phase behavior (DSC)

L
OCnrHazn+1

Sign. | n | Cr By Bs B,” By’ B, |
131 | 8 | « 103 « 112 « 136 - 142 e 147 <« 153 -
[11.4] [0.5] [0.4] [0.04] [*] [18.1]
132 | 9 | - 99 110« 127 133 . 150 -
[10.4] [0.5] [0.3] [0.06] [16.1]
133 [ 10| 97 108 121 . 127 . 151
[11.4] [0.6] [1.2] [19.7]
134 [ 11| - 94 109 « 120 - 124 . 151 -
[15] [0.7] [1.5] [21.0]
135 |12 - 92 106 <+ 115 . 119 . 149.5 -
[17.2] [0.6] [1.9] [21.0]

* this transition not seen on DSC

~ sum of 4H at B,"-B,’ and B,-Bs transitions

Table 3.8 Transition tempetature (°C) and enthalpy values [k]/mol] of 13.1-13.5 on cooling provided by

DSC measurements
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Fig. 3.10 The phase behavior of substances 13.1-13.5

These substances exhibit very rich variety of mesophases. The long chain homo-
logues were not fully investigated, so the phase assignment is a preliminary. Neither
polarization microscopy nor DSC measurements can provide information about the B,-
B,’ transition of compound 14.1. At the same time the B,'-B," transition is detectable
with both techniques. Therefore the existence of B,” mesophase in compounds 13.2-
13.5 could be determined preliminary. The By phase is not identical with the By phase
mentioned in section 3.3.2. As you can see on Fig. 3.10 the clearing point hardly, the
melting point slightly decreases with increasing terminal chain length. The longer ter-

minal chain the wider SmCP and By and the narrower Bs phase ranges were found.

Polarizing microscopy and electro-optical measurements

These observations were made on compound 13.1. The B, phase appears on
cooling of the isotropic liquid exhibiting a grainy or fan-shaped texture (Fig. 3.11a).
There is no texture change at the transitions B, — Bz/, whereas at the transition Bz/ —
B, paramorphic smooth fan-shaped textures appears (Fig. 3.11b). There is a minor
change in the texture at the transition into the Bs phase: a small change of the birefrin-

gence and the formation of irregular stripes perpendicular to the fans have been ob-
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served (Fig. 3.11c). The transition into the low-temperature phase Bx could not be seen

by polarizing microscopy.

Wiy

44

(4

Fig. 3.11 Optical textures of compound 13.1 at 148°C B, phase (a), 140°C B,” phase (b) and at 130°C Bs
phase (c)
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All four phases showed similar electro-optical responses to the applied d.c. elec-
tric field. The initial fan-shaped texture transformed into a smooth SmA-like fan-shaped
texture at the field higher than a threshold 0.5 - 0.8 V/um for the mesophases B,, B,
B,” and Bs (Fig. 3.12 and 3.13). The textures relaxed into their initial state when the

external field was removed (at £ = 0).

Fig. 3.13 Field induced texture change of the Bs phase at 132°C a) field-off state b) E= £4.8 Vum'!
The spontaneous polarization is temperature dependent, its maximum value is

800 nCcm™. At the transition into the low-temperature phase Bx the threshold signifi-

cantly increases. The relaxation from the polarized state into the ground state is quite
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slow, probably due to high viscosity of the sample; otherwise the switching behavior is

quite similar to that of the Bs phase.

X-ray measurements

The patterns of oriented samples provide important details about the
mesophases. The high temperature phase exhibits a pattern without in-plane order, typi-
cal for SmCP: the layer reflections are observed on the meridian of the pattern; the
maxima of the broad outer diffuse scattering are situated out of the equator indicating an
inclination of the molecules and the absence of the long-range positional order within
the layers. From the y-scan the tilt angle of about 25 deg has been derived. On cooling
the sample into the B, phase the meridian reflections reproducibly split up into pairs.
This splitting corresponds to an angle ~ 6 deg between the layer normal and the fiber
axis. This additional tilt is too small to be detected from the wide-angle diffuse outer
scattering. However, this change conforms to alterations in the NMR spectra. The split
peaks merge again on the meridian at the transition into the B,” phase at 142°C. Below
135 °C the scattering diagram shows formation of a two-dimensional rectangular cell
within the layers on a short-range scale characteristic of Bs phase [26]. The pattern of
the Bx phase indicates the positional correlation of the molecules in adjacent layers. The
phase is assumed as a three-dimensional crystalline one with large amount of disorder.
Furthermore an in-plane organization of the molecules described by an orthorhombic
cell can be inferred. The pattern also hints at more complex structure could not have
been proved yet. The next change of the X-ray pattern takes place below T = 102 °C to

a true crystalline phase.

Dielectric measurements

The phase transition B,//B,” could be interpreted with the help of dielectric spec-
troscopy: the decrease of the parameters A, and 7 at the Bz/ /Bz/ ! transition may indicate
that in the B,” phase the interaction of the dipoles is reduced with respect to that in the
B, phase. The detected high strength 4, is in the same order of magnitude as in case of

B, modifications and indicates a strong positive dipole correlation in the Bs as well as in
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the B, phase. The decrease of 4, at the Bs/Bx transition may be connected either with a
complete disappearance or a stepwise decrease of the relaxation frequency of some dec-

ades (phase transition into a highly ordered solid-like B phase).

NMR studies

PO
CgH170

Fig. 3.13 Compound 13.1d: bent-core molecule deuterated on the central ring

OCgH17

NMR measurements were made on the compound 13.1 and deuterated 13.1
(13.1d, see Fig. 3.13). There is no difference between the phase behavior of 13.1 and
13.1d. Partial substitution by deuterium enables finding both the longitudinal (S) and
the transversal (D) order parameters. The order parameter S in the high-temperature B,
phase was obtained using both "H-NMR and “H-NMR techniques under the assumption
that the molecules are oriented parallel to the magnetic field. Three regions can be dis-
tinguished in the temperature interval of the B,-like phases (152 °C — 136 °C) (Fig.
3.14). The first interval between the clearing point and ~145 °C where the splitting is
almost independent of the temperature, then the splitting experiences a jump and again a
small plateau up to 142 °C. This region we designate as the B, phase. The transition
into the B,” phase is accompanied by a small latent heat detected on the DSC curve. The
proton splitting is monotonically increasing with decreasing temperature and at 136 °C
it reaches saturation upon the transition into the Bs phase. The calculated value of D in
high-temperature range is very small: D < 0.01. Therefore at lower temperatures D was

assumed to be negligibly small, and only S was calculated from the splitting of *H.
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Fig. 3.14 Order parameter of compound 13.1d obtained from NMR measurements

The long-chain homologues (n=9-12) show similar phase behavior under polarizing

microscope and according to the DSC studies as 13.1. XRD measurements are neces-

sary to provide unambiguous information, though.

3.3.3.2 2-Methyl-1,3-phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)

benzoates] (14.1 and 14.2)

The compounds 14.1 and 14.2 were preliminary studied by polarizing micros-

copy and electro-optics. These substances have lost polymorphism owing to fluorination

in position 2 on the outer rings. Fluorination in this position influenced the phase behav-

ior so unfavorably that the short-chain homologue exhibits only a monotropic non-

switchable B, mesophase. Terminal chain lengthening, as usual, led to the appearance

of B, phase. However, B,-Bs polymorphism does not show up either.
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0 i
C o
Nse CHs N
H H

Hon+1CnO OCnHan.1
Sign. n Cr B, B, |
14.1 8 . 135 ( 131) - .

[33.2] [15.8]
14.2 12 . 125 - . 135 .
[21.0] [20.6]

Table 3.9 Transition tempetatutre (°C) and enthalpy [k]/mol] values of compounds 14.1 and 14.2

Comparing the non-fluorinated mesogens* [26] and 13.1-13.5 and 14.1, 14.2 the

following points can be raised:

fluorination considerably changes the phase behavior in the case of 2-
methylresorcinol derivatives,

the short-chain (n=8) homologue of the non-fluorinated compound exhibit B,
and Bs, the dodecyloxy homologue B, mesophases,

in compounds 13.1-13.5 unique polymorphism of switchable mesophases ap-
pears,

in compounds 14.1 and 14.2 only the dodecyloxy homologue exhibits switch-
able B, mesophase,

additionally, fluorination in both positions considerably decreases the melting
points,

the clearing points fall due to fluorination.

* The 2-methyl-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates], the non-fluorinated
mesogens, have the following phase behavior [26]: if n=8 Cr 161 Bs 165 B, 172 I and if n=12 Cr 148 B,

164 1.
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3.3.4 4-Cyanoresorcinol derivatives

In this section you will read about materials exhibiting SmAP (Cps) — an or-
thogonal, but switchable — mesophase. Brand et al. [16, 97] predicted this kind of phase
behavior of bent-shaped mesogens. These are the first substances where the existence of

SmAP was found and could be proved [22].

3.3.4.1 4-Cyano-1,3-phenylene bis[4-(4-n-alkyloxy-3-fluoro-phenyliminomethyl)
benzoates] (15)

These substances exhibit a high-temperature SmA and a low-temperature SmAP
switchable mesophase. Both mesophases are enantiotropic and appear independently of

the chain length.

Sign. n Cr SmAP SmA I

15.1 8 . 73 . 145 . 180 .
[74.6] [1.2] [16.7]

15.2 9 . 78 . 143 . 180 .
[30.8] [0.4] [8.1]

15.3 10 . 81 . 140 . 183 .
[33.7] [0.7] [8.2]

154 11 . 72 . 137 . 184 .
[20.5] [0.6] [8.1]

15.5 12 . 75 . 133 . 182 .
[18.2] [0.7] [8.1]

Table 3.10 Transition temperature (°C) and enthalpy [k]/mol] values of compounds 15.1-15.5.

59



Chapter 3 Substituted resorcinol derivatives

190 I
b - " .
170
160 SmA
150
a0 o—77777777770*777***777777774*7777777———————4——77
§ 130 A -
& 120
~ 0l
100 - SmAP
901
80 o
704 — cr -
60 T : I I |
T ? 10 " ?

chain length n

Fig. 3.15 The phase behavior of substances 15.1-15.5

As you can see in Fig. 3.15 the clearing and melting points marginally deviate from a
value. The transition temperature of the phase transition SmAP-SmA slightly decreases
with increasing chain length what means that the SmA phase range becomes wider with
chain-lengthening, the change is not considerably, though. The compound 15.1 was

investigated in details, and will be introduced in the following.

Polarizing microscopy and electro-optical measurements

Both mesophases can be observed by polarizing microscopy. SmA phase ap-
pears with fan-shaped or homeotropic texture as usual. The SmAP phase shows up with
a subtle change in the fan-shaped texture: irregular fine stripes parallel to the smectic
layers appear (Fig. 3.16). The homeotropic texture, at the same time, turns into a
strongly fluctuating schlieren one. At further cooling the fluctuation in the schlieren
texture disappears, in the meantime it becomes more birefringent.

The SmA phase is not switchable. Applying electric field to the fan-shaped tex-
ture of SmAP phase the stripes disappear. Meanwhile, the birefringence has been

changing. At lower temperatures the switching becomes slower and happens within
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seconds. The current response proves the antiferroelectric nature of this phase. The po-

larization is unusually high in the SmAP phase: its value reaches 1000 nCcm™.

Fig. 3.16 Fan-shaped (a) and schlieren texture (b) of the SmAP phase

X-ray measurements
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Fig. 3.17 Temperature dependence of the layer spacing 4 and the tilt angle ® [17]

(6ap) g @lbue i

The X-ray diffraction pattern exhibits an outer diffuse scattering, the maxima of

which are clearly positioned on the equator, also in the phase below the SmA phase. No
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change in the patterns appears down to 45 °C, where the layer reflections become more
crescent-like and the outer diffuse scattering splits into a few peaks resulting from the
appearance of an in-plane order. It is clearly seen that these wide-angle reflections still
remain diffuse. The derived tilt angle obtained from the analysis of the diffuse outer

scattering as well as the layer spacing versus temperature is illustrated in Fig. 3.17.
NMR measurements

Since the molecule is substituted in position 4 on the central ring, the long axis
different from the symmetry axis of a non-substituted molecule. It could be proved from
the anisotropic shift of the CN carbon that the deviation is around 5 degrees. The order
parameter was derived from the shift anisotropy of the central ring protons and carbons.
The dependence of the order parameter is shown in Fig. 3.18. The bending angle o was

found to be around 142 degrees in the SmA, and 132 degrees in the SmAP phase.

0.84 4
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0.80

0.78 4 5
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. A U L T AL L |
80 100 120 140 160 180 200
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Fig. 3.18 The temperature dependence of the order parameter in compound 15.1 [17]

62



Chapter 3 Substituted resorcinol derivatives

3.3.4.2 4-Cyano-1,3-phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)
benzoates] (16)

These compounds exhibit high-temperature nematic and/or SmA and low-
temperature SmCP mesophases. The mesophase behavior was observed only by polariz-
ing microscopy. The grainy texture of the low-temperature phase gives a hint that it is a
SmCP and not only a SmC phase. Preliminary electro-optical studies have shown that

the low-temperature mesophase is switchable.

CN
O O
; i
T T
Nse N
H H
H2n+1ChO OCHon+1

Sign. n Cr SmCP SmA N I
16.1 8 . 93 . 99 . 102 . 129 .
[27.7] [2.9] # [0.8]
16.2 12 . 94 . 125 . 142 - .
[38.5] [3.0] [0.4]
# not observable on DSC

Table 3.11 Transition temperature (°C) and enthalpy [kJ/mol] values of compounds 16.1 and 16.2

Comparing the non-fluorinated* [65] and both series of fluorinated 4-
cyanoresorcinol derivatives (15.1-15.5, 16.1 and 16.2) the following conclusions can be
drawn:

e the clearing point decreases in substances 16.1 and 16.2, does not change con-
siderably in compounds 15.1-15.5,
o the difference between the melting points (m. p.) of the octyloxy and the dode-

cyloxy derivatives do not change more than 2°C in the case of the fluorinated
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materials (15.1-15.5, 16.1, 16.2), while the m. p. of the non-fluorinated dodecy-
loxy derivative is 32°C below the m. p. of the short-chain (n=8) homologue,

e cach compound exhibits SmA, 16.1 an additional nematic phase. It enhances the
chance to orient the low-temperature SmCP phase in weak magnetic field.

e cach compound exhibits switchable mesophase: in compounds 15.1-15.5 SmAP
phase appears, whilst the other substances exhibit SmCP phase,

e the switchable mesophase range is very wide (45-73°C) except for the com-
pounds 16.1 where it takes only 2°C and compound 16.2 where it is moderately
wide (31°C),

e all in all fluorination on the outer ring in position 2 (16.1 and 16.2) unfavorably
influences the phase behavior, while in position 3 (15.1-15.5) considerably
changes the structure of the switchable mesophase. It converts tilted SmCP into

orthogonal SmAP mesophase.

* The phase behavior of the 4-cyano-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates],
the non-fluorinated compounds [65]: n=8 Cr 97 SmCP 142 SmC 146 SmA 175 I and if n=12 Cr 65 SmCP
122 SmC 141 SmA 188 L.
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3.3.5 4-Chlororesorcinol derivatives

In this section you will read about compounds exhibiting SmCP (B,) mesophase.
There are few examples when this mesophase appears on cooling conventional smectic
mesophases (SmC or SmA) [64]. Here you can find the first instance of SmCP emerg-

ing from nematic phase.

3.3.5.1 4-Chloro-1,3-phenylene bis[4-(4-n-alkyloxy-3-fluoro-phenyliminomethyl)
benzoates] (17)

Phase behavior (DSC)

The short-chain homologue 17.1 exhibit SmCP, the long-chain homologue
(n=12) SmCP and an additional SmA high-temperature mesophase. It is a rare phe-
nomenon that the long-chain homologue exhibits an additional less-ordered high-
temperature mesophase. The melting point marginally decreases, the clearing point sub-
tly increases with chain-lengthening. The SmCP phase exists in wide range, while the
SmA phase has six-degree-temperature range. Electro-optical and XRD studies were

carried out on the substance 17.1. The results will be introduced in the following.

Sign. n Cr SmCP SmA I

17.1 8 . 90 . 133 - .
[14.1] [11.0]

17.2 12 . 82 . 133 . 139 .
[16.4] [3.6] [7.1]

Table 3.12 Transition temperatutre (°C) and enthalpy [k] /mol] values of compounds 17.1 and 17.2
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Texture observations and electro-optical measurements

On cooling the isotropic liquid, the SmCP phase appears with grainy fan-shaped
texture. Applying electric field stripes parallel to the smectic layers appear. In this phase
the field induced texture is independent of the polarity of the field. The switching po-
larization does not show any temperature dependence. Applying sufficiently high trian-

gular voltage antiferroelectric switching could be observed (Fig. 3.19).
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Fig. 3.19 Current response of compound 17.1

X-ray studies

The X-ray pattern without in-plane order is typical of SmCP phase: the layer
reflections are observed on the meridian of the pattern; the maxima of the broad outer
diffuse scattering are situated out of the equator indicating an inclination of the mole-
cules and the absence of the long-range positional order within the layers. From the y-

scan the tilt angle of about 19 degrees has been derived.
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3.3.5.2 4-Chloro-1,3-phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)
benzoates] (18)

Phase behavior
These compounds exhibit SmCP, the short-chain homologue (n=8) an additional

nematic phase. The melting point decreases, the clearing point increases with chain

lengthening. Compound 17.1 was investigated in details, and will be described in this

Cl
PO
Jér ) Q Q ﬁét
H2n+1CrO OCHon+1

section.

Sign. n Cr SmCP N I

18.1 8 . 71 . 99 . 103 .
[7.3] [8.9] [0.5]

18.2 12 . 64 . 112 - .
[12.0] [16.1]

Table 3.13 Transition temperature (°C) and enthalpy [k]/mol] values of compounds 18.1 and 18.2

Polarizing microscopy and electro-optical measurements

The high-temperature nematic phase in the compound 18.1 exists in a short tem-
perature interval of 4°C and shows characteristic schlieren or marble textures (Fig.
3.20). On cooling the schlieren texture transforms into a fine-grainy one. The compound
18.1 shows the electro-optical switching at high threshold field of about 100 V/um. The
switching polarization does not show any temperature dependence in the SmCP phase.

The polarization value in SmCP mesophase is around 250 nCem™.
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Fig. 3.20 Marble texture of the nematic phase in compound 18.1

X-ray investigations

X-ray measurements on non-oriented samples showed the layer reflections up to
the second order and broad diffuse scattering in the wide-angle region. The d-value is
about 35 A and temperature independent.

Experiments on oriented samples proved the existence of the SmCP phase as
well as the high-temperature nematic phase. The splitting of the outer diffuse maxima
indicates a tilted arrangement of the molecules in the smectic layers what is compatible
with the SmCP phase. The splitting does not show any temperature dependence. In case
of surface oriented samples the analysis of the wide-angle scattering shows a change of
the molecular orientation upon the N—>SmCP transition: the molecules lay parallel to
the surface in the nematic phase, while the smectic layers are perpendicular to it in the

smectic C phase. From the y -scan the tilt angle in SmCP phase is approximately 35

degrees, which is close to the value could be estimated from the layer spacing.

Comparison the non-fluorinated* [64] and both fluorinated 4-chlororesorcinol de-
rivatives (17.1, 17.2, 18.1 and 18.2) has the following outcome:
e the clearing point decreases by 30°C only in case of compounds 18.1 and 18.2,
fluorination in position 3 does not effect on the clearing point,

e fluorination significantly decreases the melting point: in 17.1 and 17.2 AT ~

30°C, in 18.1 and 18.2 AT ~ 40°C,
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e all substances exhibit SmCP mesophase, fluorination positively influences the
width of the mesophase range,

e in compound 17.2 a high-temperature SmA, in compound 18.1 a nematic
mesophase appears,

e altogether fluorination on the outer rings in any position positively influences
the phase behavior of 4-chlororesorcinol derivatives: the temperature range of
the switchable mesophase has become wider, and SmA-SmCP as well as N-

SmCP polymorphism occur.

* The non-fluorinated substances, 4-chloro-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzo-
ates] show the following mesophase behavior [64]: n=8 Cr 120 SmCP 133 I; n=12 Cr 115 SmCP 142 L.
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3.3.6 4,6-Dichlororesorcinol derivatives

In this section you will read about bent-core mesogens with unusually wide
bending angle between the wings. It results in rich polymorphism of mesophases more

typical of calamitic compounds.

3.3.6.1 4,6-Dichloro-1,3-phenylene bis[4-(4-n-alkyloxy-3-fluoro-phenylimino-
methyl)benzoates| (19)

Phase behavior

Cl Cl
O O
& &
SO B!
N%C C4N
H H

Hn+1ChO OCHon+1

Sign.| n | Cr SmCP SmC SmA N I

191 8 | « 127 ( 95) - . 129.8 « 1305 -
[49.0] - * *

192 9 | « 113 ( 100) - . 133 - .
[44.4] [0.5] [4.2]

193] 10 | « 108 ( 103) - . 137 - .
[50.5] [0.5] [5.1]

194 | 11 | = 107 ( 102) . 116 . 139 - .
[52.8] [0.3] - [5.7]

195 12 | « 103 C 100) . 125 . 139 - .
[57.1] [0.2] - [6.1]

* The calorimetric peaks of SmA-N and N-I transition could not been resolved. The sum of these transi-
tion enthalpies: AH (SmA-N) + AH (N-I) = 2.0 kJ/mol

“The transition is not observable on the DSC

Table 3.14 Transition temperatute (°C) and enthalpy values [k]/mol] of 19.1-19.5 provided by DSC meas-

urements

70



Chapter 3 Substituted resorcinol derivatives

These compounds exhibit “conventional” nematic and smectic as well as banana
mesophases. The latent heat of SmC-SmCP transition is very small and strongly de-
pends on the cooling rate. Such behavior implies the transition be of weakly first order.
Furthermore SmCP mesophase appears only on cooling. The melting point slightly de-

creases, whilst the clearing point marginally increases with increasing chain length.

Texture observations and electro-optical investigations

Upon cooling of the isotropic liquid, SmA phase appears either as black ho-

meotropic texture or as fan-shaped texture.

Fig. 3.22 Frozen schlieren texture of the SmCP phase at 95°C in compound 19.5
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In the SmC phase the fan-shaped texture becomes broken and characteristic pat-
tern caused by long-wave director fluctuations is visible. When the phase is formed by
homeotropic texture of the SmA phase, schlieren texture with very weak birefringence
appears what indicates that the tilt angle in the SmC phase might be quite small (Fig.
3.21).

During the transition from the SmC into the SmCP phase the fluctuation of the c
director (projection of the molecular long axis on the smectic layer) becomes less inten-
sive resulting in a “frozen” schlieren pattern of SmCP phase. Meanwhile the contrast of
the texture increases (Fig. 3.22). At the same time switching appears in respond to the
external electric field. The extinction brushes of the fan-shaped texture experience small
turns clock- and anticlockwise depending on the polarity of the external field. When the
external field goes off the switched state relaxes in the initial state. These findings stand
for antiferroelectric nature of the low-temperature mesophase and the anticlinic
SmCxP4 ground state. These compounds show a pronounced temperature dependence

of the spontaneous polarization in the SmCP phase (Fig. 3.23).
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Fig. 3.23 Temperature dependence of the spontaneous polarization in compound 19.5

NMR measurements

There is just a slight temperature dependence of the order parameter $=0.57-0.66
in the SmA and SmC phases, however, during the transition from the SmC into the

SmCP phase the orientational order parameter is essentially constant. The bending angle
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a has been estimated on the base of '’F-NMR measurements. The temperature depend-
ence of the bending angle is illustrated in Fig. 3.24. In the SmA phase the molecule is,
actually, stretched: the bending angle is close to 160 deg. There is just a slight decrease
of the angle « in the SmC phase and the bending angle decreases considerably in the
SmCP phase. This decrease is continuous and over a large temperature interval. In the
meantime, the minimum value of the bending angle is just around 145 deg, considerably
deviating from the temperature independent « of 120 — 115 deg of the other fluorinated

compounds 13.1, 21.1 and 21.2 with the I - SmCP polymorphism.
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Fig. 3.24 Temperature dependence of the bending angle in compound 19.5

X-ray measurements

All three mesophases (except for the nematic) show quasi-Bragg reflections
from a layer structure as well as a wide-angle diffuse scattering appearing from the lig-
uid-like order within the smectic layers. The layer spacing exhibit very weak tempera-
ture dependence for all compounds. In the SmA phase the d-values are smaller than the

molecular length (Table 3.15). The experimental data can be well fitted by linear func-
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tion giving the following dependence of the layer spacing on the length of the terminal
chain n: d= 36.08+1.12n (A). Normally, the layer spacing d is proportional to the two-
fold value of terminal chain length ». This implies that the molecules in the SmA phase

are intercalated.

Sign layer spacing molecular length length of the aliphatic chain
d(A) L (A) La(A)

19.1 44.8 52.0 11.2

19.2 46.1 52.6 12.6

19.3 47.9 58.0 14.1

194 48.3 60.8 15.4

19.5 493 62.8 16.8

Table 3.15 Layer spacing 4, molecular length L, and the length of the aliphatic chains L,in compounds 19.1-
19.5 in SmA phase

In the SmC phase the layer spacing slightly decreases by 0.5 —1 A depending on
the homologue. X-ray measurements performed on the oriented samples show that the
patterns of all three mesophases SmA, SmC and SmCP look very similar. The y-scan in
the SmC phase is just slightly broader than in the SmA phase, which means that the
molecular tilt should not exceed 2—4 degrees. In the SmCP phase the broadening is lar-
ger, however, no splitting is observed and the corresponding tilt angle is smaller that 5—

7 degrees in agreement with results of the electro-optical measurements.

Dielectric measurements

In both types of compounds, with SmA-SmCP and SmC-SmCP transitions one
relaxation process was observed in the paraelectric phases (SmA, SmC) and two relaxa-
tion processes were found in the antiferroelectric SmCP phase. The relaxation process
in the paraelectric phases can be attributed to the rotations about the long molecular

axis. The dielectric strength of this process shows a critical-like behavior in vicinity of
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the transition into the antiferroelectric phase. Such behavior can be explained with the
help of Landau-Ginsburg theory of paraelectric-ferroelectric transitions.

In the antiferroelectric phase there are two relaxation processes from 100 to 1
kHz and from 10 to 0.1 Hz. The dispersion curve of the high-frequency process in the
paraelectric phase seems to proceed as the high-frequency process of the antiferroelec-
tric phase. However, the two curves have discontinuity at the transition point. Therefore
the high frequency process in the antiferroelectric SmCP phase does not have to corre-
spond to the rotation about the long molecular axis. The low-frequency process corre-
sponds to the relaxation time equal to the switching time provided by electro-optical
measurements. Hence, one possible explanation is that these processes are attributed to

the ferro- and antiferroelectric modes of the polarization fluctuations [94, 98].

3.3.6.2 4,6-Dichloro-1,3-phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenylimino-

methyl)benzoates] (20)
Cl Cl
$OY:
C C
ST
H H
H2n+1CnO OCpH2n+1

Sign. n Cr SmC N I

20.1 8 . - (129 °) 141 .
[1.5] [6.4]

20.2 12 . 103 . (86 °) 116 .
[53.0] [2.3] [1.6]

Table 3.16 Transition temperatute (°C) and enthalpy values [k]/mol] of 20.1 and 20.2 provided by DSC

measurements

These compounds exhibit a monotropic nematic and the long chain homologue

an additional enantiotropic SmC mesophase. The mesophases are typical of rod-like
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molecules again what means that the molecules are conceivably stretched. As expected,

all transitions are observable on the DSC curves (Table 3.16).

The following comparison can be made between the non-fluorinated* [40] and
the fluorinated substances 19.1-19.5 and 20.1, 20.2:

e all compounds exhibit high-temperature mesophases in which the molecules
have stretched conformation (the bending angle is alike to rod-like molecules),

e the long-chain non-fluorinated compound exhibit a SmC, a SmC and a nematic
phase (with increasing temperature) [40],

e in compounds 19.1-19.5 an additional monotropic switchable low-temperature
SmCP mesophase emerges,

e in 20.1 the nematic phase becomes monotropic, and only the long-chain homo-
logue 20.2 exhibits SmC mesophase,

¢ in conclusion the fluorination in position of X favorably influences the polymor-

phism of 4,6-dichlororesorcinol bananas.

* The 4,6-dichloro-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates], the non-fluorinated

mesogens have the following phase behavior [40]: if n=8 Cr 126 N 148 I and if n=12 Cr 148 SmC 113
SmC 121 N 137 L.
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3.3.7 5-Fluororesorcinol derivatives

In this section you will read about bent-core mesogens exhibiting unique poly-
morphism of Bs mesophases [99]. Additionally, these compounds are the first mesog-

enic 5-substituted-resorcinol derivatives with non-perfluorinated terminal chain.

3.3.7.1 5-Fluoro-1,3-phenylene bis[4-(4-n-alkyloxy-3-fluoro-
phenyliminomethyl)benzoates] (21)

From the homologue serie (n=8-12) the compound 21.1 and 21.5 were thor-
oughly investigated. Since identification of the mesophases requires long electro-optical
and NMR studies, the mesophases exhibited by the compounds n=9-11 cannot be un-
ambiguously provided. Furthermore, the difference between SmCP (B;) and Bs
mesophases can be seen only on cooling in polarizing microscope, the XRD measure-
ments on powder sample were also made on cooling. Thus, the transition temperature
and enthalpy values obtained on cooling are given. The phase sequence except for the

octyloxy and dodecyloxy homologues is a preliminary.
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Fig. 3.25 The phase behavior of substances 21.1-21.5. The phase assignment is a preliminary for the sub-
stances 21.2-21.4. The Bsa subphases could not be distinguished by means of DSC.
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Polarizing microscopy and electro-optical investigations

On cooling the isotropic liquid the SmCP (B,) mesophase appears as a non-

specific grainy texture. A kind of schlieren texture could be obtained by shearing the
sample. At the transitions into the low-temperature phases the texture does not markedly
change. Nevertheless for a fast heating or cooling rate these phase transitions have also
been recognized by a minor change of the paramorphic textures.
Fan-shaped domains have been obtained using a sufficiently high electric field. At the
transition B, —Bsa the fan-shaped texture becomes more flat. A considerable change
has been observed at the transition into Bsg when a constriction of the texture has been
seen and the fans become broken, but there is no change in texture at the transition into
the solid state.

Above the threshold the initial bright birefringent ribbon texture of the B, phase
transforms into a smooth SmA-like fan-shaped texture. When the field is removed, the
texture switches back into the initial state. The textures of the switched state are inde-
pendent of the sign of the applied field what points to a racemic ground state. At the
transition from the B, into the Bss phase the threshold slightly increases from 0.6 V/um
until 1.3 V/um, however, the change of the textures on switching looks similar to the
case of the B, phase (Fig. 3.26).

In the Bsr phase the texture of the switched states does not relax or change any-
way when the external field is removed. The switching into another polarized state takes
place only when the field of opposite polarity (higher than the threshold field) is ap-
plied. In contrast to the B, and Bsa phases, the textures of the switched states are differ-
ent for opposite signs of the electric field, that means, dark domains became bright and
vice versa.

There is a remarkable difference between the appearance of the antiferroelectric
Bsa phase on cooling and heating. On heating from the Bsr phase, some homochiral
domains remain, where the texture is different for an opposite sign of the applied field.
In contrast, on cooling from B, the Bsa phase appears as a racemic one. In the B, phase
only a racemic ground state has been observed. The hysteresis curves of the Bs, and Bsg
phases are illustrated in Fig. 3.27. The value of spontaneous polarization slightly

changes between the mesophases.
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Fig 3.26 Optical textures of the Bsa phase in compound 21.5 at 125°C a) E=0 Vum™ b) E=0.6 Vum ¢)
E=1.6 Vum™!
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Fig. 3.27 Hysteresis curves of the Bsa (red) and the Bsr (blue) mesophases

X-ray investigations

Although the compounds under investigation possess quite a large number of
mesophases, only two kinds of X-ray patterns could be observed: one typical of the
SmC or B; and the other one typical of the Bs phases. The high temperature phase ex-
hibits a pattern without in-plane order, typical for SmCP: the layer reflections are ob-
served on the meridian of the pattern; the maxima of the broad outer diffuse scattering
are situated out of the equator indicating an inclination of the molecules and the absence
of the long-range positional order within the layers. There are two kinds of scattering
centers in the low-temperature phases: ordered in a rectangular two-dimensional lattice
(the molecules from different layers are not correlated) and disordered centers that give
a broad diffuse halo. Such behavior is characteristic for Bs phases. No discontinuous
change has been seen at the phase transition temperatures observed in the DSC below
the B, phase. The layer spacing d, obtained from the powder samples is nearly inde-

pendent of the temperature for the short-chain homologue 21.1, whereas in the long-
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chain homologue 21.5 a slight temperature dependence of the d-values has been ob-

served.
NMR studies

In these compounds there are fluoro-substituents on the central as well as on the
outer rings. Therefore order parameter and the bending angle a could be obtained from
PF-NMR measurements. The fluoro-substituent on the central ring provides a triplet
representing the dipole interaction between the fluorine and the neighboring protons, the
fluoro-substituents on the outer rings produce a doublet as a result of the dipole splitting

of these fluorines. The splitting of the triplet can be written as

AvngvCFS (3.1)
where Av) =-15.08 ppm is an interaction constant defined by the geometry of the cen-

tral ring.

The splitting of the fluorines on the outer rings can be written as
3 1
AvE =Aij(Ecosz(6)—5) (3.2)

where the splitting constant Ay’ =-28.0 ppm.

This tendency of splitting could be observed in all phases. Therefore it was assumed
that the angle ¢ (the angle between the molecular and the para axis of the molecule) in
low temperature phases has similar values to those in the high temperature phase. How-
ever, poor orientation in the Bs phases resulted in broadening of the peaks. The bending
angle a (o =180—2¢ ) was found to be around 116-118 deg. The order parameter S is
nearly temperature independent in the B, phase, and slightly decreases in the Bss phase

reaching its maximum of 0.9 in the Bsp phase (Fig. 3.28).
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Fig 3.28 Temperature dependence of the order parameter § and the angle ¢ in compound 21.5

3.3.7.2 5-Fluoro-1,3-phenylene bis[4-(4-n-alkyloxy-2-fluoro-phenyliminomethyl)
benzoates] (22)

F
0]
: al,
F /O/ ~o o~ \O\ F
Nse N
H H
Han+1CnO OCnHzn+1
Sign. n Cr SmCP I
221 8 . - 139 .
[39.3]
22.2 12 . 135 . 137 .
- [38.8]*

* summ of AH value of both transitions, the peaks could not be separated

Table 3.18 Transition temperature (°C) and enthalpy values [kJ /mol] of compounds 22.1 and 22.2
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3.3.7.3 5-Fluoro-1,3-phenylene bis[4-(4-n-alkyloxyphenyliminomethyl)benzoates]|
(23)

5-fluororesorcinol derivative bananas had not been prepared before the begin-
ning of this work. Therefore not only should the compounds 21 and 22 have been syn-

thesized but also the substances without fluoro-substituents on the outer rings.

Phase behavior (DSC)

These compounds exhibit enantiotropic SmCP (B;) mesophase. Chain lengthen-
ing decreases the melting and clearing points. Accordingly, the mesophase range be-
comes narrower with increasing chain length. Compound 23.1 was studied in detail and

will be described below.

Sign. n Cr SmCP I

23.1 8 . 158 . 179 .
[12.3] [23.8]

23.2 12 . 149 . 169 .
[15.6] [27.9]

Table 3.19 Transition tempetature (°C) and enthalpy values [k]/mol] of compounds 23.1 and 23.2

Texture observations and electro-optic measurements

The SmCP phase appears from the isotropic phase as a fine grainy texture (Fig.

3.24). When the cooling rate is slow (0.1 K/min) a fan-shaped texture can be observed.
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Application of an electric field leads to electro-optical switching. This process has a
threshold of about ~1.5 V/um. The switched state is independent of the polarity of the
external field. The switching polarization does not show any temperature dependence.

The polarization values are quite high (~ 640 nCem™).

Fig. 3.29 The grainy texture of SmCP phase in compound 23.2
X-ray investigation

X-ray measurements on non-oriented samples showed the layer reflections up to
the second order and broad diffuse scattering in the wide-angle region. The d-values are
temperature independent (¢=37.5 A). Experiments on oriented samples provided some
more information about the structure of the mesophases. The splitting of the outer dif-
fuse maxima indicates a tilted arrangement of the molecules in the smectic layers,
which is compatible with the SmCP phase. The splitting does not show any temperature

dependence.
NMR studies

The symmetry of the molecule defines the molecular axis perpendicular to the
C-F bond in the central ring. The *C-NMR spectra of the central ring provide us with

eight parameters: four shift anisotropies and four C-F dipolar couplings. These data are

enough to estimate both a transversal order parameter S and the longitudinal order pa-
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rameter D. However, poor resolution of the central ring carbons complicates experimen-
tal realization.

The splitting observed in '’F-NMR spectra is governed by the dipolar interac-
tions between the fluorine and the neighboring protons. The spectrum consists of a trip-
let of (overlapped) doublets. This additional splitting between the two peaks of a dou-
blet gives another way to estimate the transversal order parameter. The longitudinal

order parameter was found to be S= 0.875, the transversal order parameter D=0.006.

Comparing the fluorinated (21 and 22) and non-fluorinated (23) substances de-
scribed above the following can be outlined:

e substances 23.1 and 23.2 exhibit SmCP mesophase,

e fluorination on the outer rings in position 2 drastically reduces (22.2), even van-
ishes (22.1) the phase existence,

e fluorination on the outer rings in position 3 (21.1-21.5) has a completely differ-
ent influence: not only do SmCP phase exist, but low-temperature Bs
mesophases appear, too.

Furthermore 5-chloro-1,3-phenylene  bis[4-(4-n-octyloxyphenyliminomethyl)
benzoate] (24) was prepared. This compound is not liquid crystalline: it melts at 150°C
and freezes at 136°C.
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Chapter 4 m-Phenylenediamine derivatives (28, 29)

In this section you will read about bent-core substances substituted on the central
ring and/or with fluoro-substituents on the middle rings. The molecules are symmetric,
the benzene rings are connected with azomethine and carboxylic groups. The position
and the direction of the linking groups have been changed, though. As you will see it

leads to drastic consequences.
4.1 The synthetic work

m-Phenylenediamine derivatives with or without substituents on the central ring
with and without fluoro-substituent on the middle rings were synthesized.

The first step of the synthesis is demethylation of 2-fluoro-4-methoxybenzaldeh-
yde with borontribromide in dichloromethane. The product (25) [100] was esterified
with 4-n-octyloxy-benzoic acid. The synthesis of the fluorinated two-core mesogen 26

is illustrated in Fig. 4.1.

CH,Cl,

F F < >
BBI‘3/ CH2C12 C8H17O COOH
H3CO CHO HO CHO
DCC, DMAP
25

F
CgHwoOc\\
@)
26

Fig. 4.1 Synthesis of 4-n-octyloxybenzoic acid 3-fluoro-4-formylphenyl ester (26)

The 4-n-octyloxybenzoic acid 3-fluoro-4-formylphenyl ester (26) possesses liquid crys-
talline properties: Cr 41 SmA 50 I. The non-fluorinated two-core mesogen was avail-

able in the laboratory.
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The m-phenylenediamines are commercially available except of 2,4-diaminofluoro-
benzene. 2,4-Dinitrofluorobenzene was reduced using catalytic hydrogenation (Fig.
4.2). Since compound 27 is sensitive to air, light and heat the reduction was carried out
in methanol so that before the next synthesis step only Pd/C catalyst had to be removed
from the solution of 27. Thereby the product (27) was not exposed to the elevated tem-

perature necessary to concentrate its solution.
F F
/©i - /©i
O,N NO, ethylacetate H,N NH,

Fig. 4.2 Catalytic hydrogenation of 2,4-dinitrofluorobenzene (27)

The final step of the synthesis is condensation of the central core and the mesogenic

wing units (Fig. 4.3).

X
4
R NH; methanol
O CHO reflux
2 R
< e (3L
NH, ©

R4
X LoX
Fonssash
2
fosadi ot o\
CgH170 OCgH17

Sign. [ 28.17"7 282 283 284 285 29.1 29.2 293 294 295
R H CH H H H H CHy H H H
R* H H CH; NO,b, F H H CH; NO, F
X H H H H H F F F F F

Fig. 4.3 Synthesis of N,N’-bis[4-(4-n-octyloxybenzoyloxy)benzylidene]phenylene-1,3-diamines (28, 29)
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4.2 Characterization

The following substituents have been introduced on the central core: methyl
group in position 2 and 4, nitro-group and fluorine in position 4. All compounds were
prepared with and without fluoro-substituents on the middle rings (X=H or F). All sub-

stances have octyloxy terminal chains. Most of the substances exhibit B; mesophase.

Sign. X R Cr B, I
28.11%7 H H . 114 . 135 .

[20.8] [16.9]

28.2 H 2-CH; . 140 (s 128.5) .
[37.2] *

28.3 H 4-CH; . 104 (s 102) .
[38.9] [12.6]

28.4 H 4-NO, . 109 - .
[7.9]

28.5 H 4-F . 111 . 142 .
[14.1] [18.9]

29.1 F H . 88 . 116 .
[43.3] [16.1]

29.2 F 2-CH; . 145 - .
[87.5]

29.3 F 4-CH; . 93 . 95 .
[29.7] [5.9]

29.4 F 4-NO, . 126 - .
[5.6]

29.5 F 4-F . 95 . 117 .
[19.0] [16.7]

* The transition peaks of the melting and clearing points overlap

Table 4.1 Transition temperature (°C) and enthalpy values [k]/mol] of 28.1-28.5 and 29.1-29.5 provided by

DSC measurements
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The nitro-substituted compounds (28.4 and 29.4) do not have liquid crystalline
properties. The methyl-substituted non-fluorinated materials (28.2 and 28.3) have a
monotropic B; phase which recrystallizes very fast, while the non-substituted (28.1) and
4-fluoro-substituted (28.5) compounds exhibit moderately wide enantiotropic B;
mesophase.

Fluorination of 28.1 and 28.5 decreases the melting and clearing points as well
as the temperature range of the mesophase. The 4-methyl derivative fluorinated sub-
stance (29.3) exhibit a short-range enantiotropic B; mesophase. Fluorination produces a
negative effect on the 2-methyl-derivative (29.2): the compound has no liquid crystal-
line properties: it crystallizes at 132°C on cooling.

To sum up, this kind of directing and positioning of the connecting groups in
bent-core molecules does not seem to be very fruitful. Moreover, substitution of the
central ring does not bring about changes in the phase behavior. Therefore this study on
the influence of the fluorination on the middle rings is not really informative. However,
it is a modest contribution to the science of bent-core materials. Unfortunately, the sub-
stances are thermally instable, therefore proper characterization cannot be given about
these substances. For the same reason NMR investigations to obtain the bending angle
a could not be carried out on these materials. Because of the thermal instability of these
materials we have not prepared further compounds of this substance class. It might be
possible, though, that the long-chain homologues like other bent-core substances (see

e.g. compounds 14) exhibit SmCP phase.

90



Chapter 5 Isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines]

Chapter 5 Isophthalydene bis[4{4-subst.-phenyloxycarbonyl)
anilines] (30)

In this section symmetrical bananas with azomethine linking groups between the
central and the middle rings and carboxylic connections between the middle and outer
rings will be introduced. Since substituted isophthalaldehydes are not easily available,
we decided to investigate the influence of the terminal chain on the mesophase behav-
ior. As you will see, only compounds with alkyl- and alkyloxy terminal chains [2] show
mesomorphic behavior: most of them exhibit B4 and SmCP (B,) mesophases. Note that
in case of calamitic compounds terminal chain dependence of the mesophase behavior

found for bananas is atypical.
5.1 Synthetic work

Isophthalaldehyde derivatives with varied terminal chains were synthesized. 1,3-
Phenylene bis(4-methyliminobenzoic acid) (non-liquid crystal) was available in the

laboratory. It was reacted with the corresponding 4-substituted phenol providing the
isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines] (Fig. 5.1).

: COOH

DCC/DMAP
CH,Cl,

30
Fig. 5.1 Synthesis of isophthalydene bis[4-(4-substituted-phenyloxycarbonyl)anilines]
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5.2 Characterization

Phase behavior (DSC)

0 o)

Sign Y Cr B, SmCP I

30.1 OCsH), . 156 - - .
[53.0]

30.2 OC¢Hi3 . 156 - - .
[54.4]

30.3 OC7H;;5 . 132 . 154 (s 146) .
[33.3] [53.5] [14.5]

30.4 OCgHy7 . 126 . 148 . 152 .
[31.7] [13.4] [54.1]

w1” OCoH)9 . 132 . 145 . 149 .
[45.8] [37.2] [12.0]

30.5 OC oHy; . 131 . 148 . 153 .
[43.5] [39.4] [15.8]

30.6 OC,Hys . 136 . 145 . 154 .
[53.5] [38.1] [15.4]

30.7 CsHyy . 127 - (¢ 114) * .
[31.8]

30.8 C1,Has . 123 - (s 121) .
[35.1] [12.6]
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Sign Y Cr B4 SmCP I

30.9 COCeH 13 . 176 - - .
[89.9]

30.10 COC7His . 173 - - .
[74.7]

30.11 COCyH 9 . 167 - - .
[70.6]

30.12 CN . 243 - - .
[51.8]

30.13 C,H4CN . 189 - - .
[61.2]

30.14 | COOC¢H 3 . 158 - - .
[66.5]

30.15 | COOC¢Hz, . 151 - - .
[78.3]

* This transition could be observed only by polarizing microscopy

& This material was available in the laboratory [91]

Table 5.1 Transition temperature (°C) and enthalpy [k] /mol] values of compounds 30.1-30.15

Materials with several kinds of terminal chains were prepared, but compounds
with terminal alkanoyl- or alkyloxycarbonyl- or cyanoethyl- or cyano-substituents do
not display liquid crystalline properties. Substances with alkyl- and alkyloxy chains
exhibit mesophases. Liquid crystalline phase emerges only on cooling in the case of
materials with terminal alkyl chains independently of the chain length. Compounds with
alkyloxy chains exhibit enantiotropic SmCP (B;) and soft crystalline B4 mesophases.
The short-alkyloxy-chain homologues (30.1 and 30.2) do not show liquid crystalline
properties, the heptyloxy homologue (30.3) exhibits B4 and monotropic SmCP phases.
Compounds with octyloxy or longer chains (30.4-30.6) emerge with B and SmCP

phases on cooling and heating, too.
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The longer chain length the wider SmCP and the narrower B4 phase exist. The
transition temperatures (including the melting and clearing points) do not differ much

from each other and show no tendency on the part of chain lengthening.

160

~~ e
150 4 \\\/\,/ \/ B2
,/'/' \\
- S e
e — ) -
- .

—~ \
g') 140 monotropic I-B, B4

1907 w

chain length n

Fig. 5.2 The phase behavior of compounds 30.3-30.6 and W1

Polarizing microscopy

The transition between the crystalline and B4 phase could be well observed only
at the first heating of virgin crystals: the B4 phase remains crystalline-like, although,
birefringence disappears. The SmCP phase shows up with grainy fan-shaped texture.
The SmCP phase can be supercooled in most cases and the B4 phase appears at 10-15°C
below the transition temperature on heating. Owing to the supercooling isotropic SmCP
phase transition could be found in 30.3. The B, phase arises with pattern reminding of
annual rings (Fig. 5.3). Another characteristic is transparent blue color. On further cool-

ing very slow (several-week long) crystallization takes place.

94



Chapter 5 Isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines]

Fig. 5.3 Annual rings in B4 texture of W1 at 139°C
X-ray measurements

The measurements were made on compound WI1. In the B4 phase the
wide-angle reflections are strongly broadened comparing with those of the crystalline
state what may be indicative of a crystalline phase with strong lattice distortions [34].
However, dielectric measurements point to a low-frequency relaxation process in By
phase. In other words, B4 phase is certainly not a classical crystalline phase. In the
SmCP phase layer reflections up to the second order and broad diffuse scattering in the
wide-angle region have been observed. It implies liquid-like order in smectic layers.
The d-values are smaller than the molecular length L for a molecule with bending angle
120 degrees. It suggests that the molecules are tilted in the smectic layers by around 35

degrees.

Electro-optical investigations

The observations were made on compound W1. The SmCP phase appears from
the isotropic liquid with pattern consisting of batonnets with irregular stripes perpen-
dicular to the fans. Applying an electric field above the threshold, this pattern turns into
a SmA-like fan-shaped texture. The repolarization current response exhibits two peaks
per half period of the applied triangular voltage indicating an antiferroelectric (AFE)

ground state. The spontaneous polarization was found to be about 150 nCem™.
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As you can see, terminal chains strongly influence the phase behavior. The sub-
stances with electrondonating alkyl- and alkyloxy chains possess liquid crystalline
properties while compounds with electronwithdrawing alkanoyl, alkyloxycarbonyl,
cyano and propionitrile terminal groups do not. On the one hand, in the knowledge of
the facts about calamitic mesogens this tendency is very surprising. On the other hand,
these compounds represent extensive five-ring bent-shaped aromatic systems very dif-
ferent from rod-like mesogens whereby we cannot count on the same effect of terminal

moieties on the mesophase behavior.

96



Chapter 6 Conclusion

Chapter 6 Conclusion

6.1 The role of the linking groups

Several bent-shaped mesogens with varied linking groups have been synthe-
sized: azomethine and carboxylic groups join five benzene rings together. The com-
pounds differ in the position and the direction of the linking groups. Several examples
known from the literature [2, 27, 75] show that bent-core molecules made up from five
benzene rings joined only by carboxylic groups do not show such a rich variety of
mesophases as those connected by carboxylic and azomethine groups as in the first ba-
nana presented by Niori et al. [1]. In Fig. 6.1 you can see the general formula of some

symmetric five-ring bananas.

C8H17O OC8H17

Fig. 6.1 General formula of symmetric five-ring bent-core molecules with octyloxy terminal chains

Sign. | Y X X' Y |Cr B, B; B, B, I
L1 | N=CH | COO | 0OC | CH=N | - < 1397 . 1519 . 1739 - .
304 | OOC |N=CH |CH=N| COO | » 126 =« 148 - . 12 - .
2817 | COO | CH=N | N=CH | 00C | » 114 - - - < 135

Table 6.1 Phase behavior of five-ring bent-shaped isomers

As you can see compounds L1 and 29.4 exhibit switchable B, mesophase and
crystalline-like B4, while compound 28.1 shows up with columnar B; phase. As it has
already been mentioned in section 2.3, compounds only with carboxylic connections
exhibit B; phase. It is worthy noting that in ester-type molecules conjugation between

the benzene rings is not completed.
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Bedel et al. [53] suggest that formation of liquid crystalline phases by bent-core
compounds might be determined by the partial charges of the aromatic cores: if the do-
nor or acceptor nature of the four linking groups leads to an alternate sequence of posi-
tive and negative charges on the five benzene rings mesomorphic properties will
emerge. If you consider compound 30.4 and 28.1, the above-mentioned theory does not
seem to work. Very clear tendency of alternating partial charges can be displayed only
in the case of substance L1. The middle rings in compounds 30.4 and 28.1 are exposed
to electronic effects of opposite sign. There is another basic difference between com-
pounds L1 and 30.4, 28.1. Rotation around the single bond of ester linking group is pos-
sible in the central part of the molecule in the case of substance L1. It means there
might be numerous conformers influencing the bent of the molecules: in other words,
the bent is more flexible. The wings are completely different: extensive conjugation
through the azomethine groups is established. Additionally, the double bond of azome-
thine connection hinders free rotation. NMR studies have shown that the rings take part
in a kind of flip-flop motion: the benzene-ring planes are either parallel or perpendicular
to each other [40].

In the case of compound 30.4 and 28.1 the bent is more rigid, and the wings are
flexible. The central and the middle rings are conjugated, and the conjugation does not
expand over the whole wing. It is worthy noting that compounds 30.4 and 28.1 exhibit
only banana phases, whilst laterally substituted substances from the class of compound
L1 exhibit classical nematic and smectic phases, too. Unfortunately, comparison of the
substituent effect on these three substance classes could not be drawn. The m-
phenylenediamines are air- and heat sensitive, in other words to unstable to investigate
them. Lateral substitution of the isophthalaldehyde derivatives is a hard nut to crack.

Bent-core molecules embody a very complex chemical system. Calculations and
theoretical predictions about such systems cannot be made without limitations and sim-
plifications. Therefore more facts need to be collected and worked up to render more

exact calculations and complete our knowledge.
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6.2 The role of lateral fluoro-substituents

The commonest used lateral substituent is fluoro-substituent. It is the smallest
possible substituent, yet it has the highest electronegativity (EN= 4.0) among the
chemical elements. Therefore it brings about drastic change in the electron distribution
of the aromatic core: fluoro-substitution electronically impoverishes the ring as well as
the connecting group or the alkyloxy chain situated next to the substituted position [74].

Lateral fluoro-substitution brings about a lot of change in resorcinol derivative
bananas. Substitution on the outer rings in position 2 (X=H, Y=F) usually negatively
influences the mesophase behavior: switchable mesophase disappears (14), the
mesophase stability undermines. Introducing lateral substituent on the outer rings in
position 3 (X=F, Y=H) brings about favorable changes: wider scale of mesophases
could be observed (13, 21), new mesophases appeared (9, 13, 15). The banana
mesophase(s) appears in the case of non-fluorinated bent-shaped resorcinol derivative
(X=H, Y=H) always emerges in the fluoro-substituted compound if X=F. Moreover,
new mesophases and subphases show up. Fluorination usually brings about lower clear-
ing points: the most considerable changes could be observed in the case of 2-
methylresorcinol (R>=CH3) (14.1 and 14.2, 13.1-13.5), 2-nitroresorcinol (R*=NO,)
(11.1 and 11.2) and 4-chloro-resorcinol derivatives (18.1 and 18.2). If R*=Cl fluoro-
substitution independently of the position of the fluorine decreases the melting point
(18.1,18.2,17.1, and 17.2).

Fluorination of 5-fluororesorcinol derivatives (R’=F) results in drastic changes
independently of the position. If X=F (21.1-21.5) several Bs phases appear, if Y=F (22.1
and 22.2) only the long-chain homologue (22.2) exhibits SmCP phase over a strongly
reduced temperature interval comparing with the non-fluorinated compound.

Concerning the character of mesophases the following observations have been
made. Fluorination of 2-methylresorcinol (R*=CH3) similarly influences the mesophase
character. If X=F (13.1-13.5) several SmCP phases appear, if Y=F only the dodecyloxy
homologue (14.2) exhibits SmCP mesophase and there is no low-temperature Bs phase.
The mesophase character of substituted resorcinol derivative bent-shaped compounds

with octyloxy terminal chains can be seen in Table 6.2.
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Fig. 6.2 The general formula of resorcinol derivatives
central ring X=Y=H X=F, Y=H X=H, Y=F
resorcinol [1] B4, B3, 9.1 B4, By, 10.1 B,
B, SmCg
2-nitroresorcinol [30] B~ 11.1 By, B, 12.1 B,
2-methylresorcinol [55] Bs, B> 13.1 | Bs, B,", BY', 14.1 B,
B,

4-cyanoresorcinol [65] B,, 15.1 Cpa, SmA 16.1 B,, SmA, N

SmC,

SmA
4-chlororesorcinol [64] B, 17.1 B, 18.1 By, N
4,6-dichlororesor- [40] Smé, 19.1 | B,, SmA, N | 20.1 N
cinol SmC,

SmA
5-fluororesorcinol 23.1 B, 21.1 | Bsg, Bsa»», 22.1 -k

Bsa, Bsa~,
Bsa, B2

* The long chain homologue exhibits B, phase.

Table 6.2 Comparison of fluorinated and non-fluorinated substituted resorcinol derivatives with octyloxy

terminal chains. The phase sequence follows increasing temperature.

Fluorination of the m-phenylenediamine derivatives on the middle ring (29) does

not effect strongly on the phase behavior. The mesophase character does not change at
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all: the mesogens exhibit B; mesophase (in some cases only monotropic). In the case of
these compounds substitution on the central ring either does not influence the
mesophase character (28.1, 28.3, 28.5) or the substance is not liquid crystalline at all
(28.4). However, the compounds are thermally not stable what makes difficult to deter-

mine the phase behavior.

o
C12H25(0)

Fig. 6.3 Fluorinated biphenyl derivatives n=1, 2, m=1, 2, 3 [59]

Investigating the effect of lateral fluoro-substitution on the central unit of 3,4’-
disubstituted biphenyl derivative bent-shaped molecules Dantlgraber et al. found that
fluorination decreases the clearing point of the biphenyl derivatives [59]. Furthermore
they pointed out that the more fluoro-substituents on the biphenyl ring the narrower

mesophase range occur. Even loss of liquid crystalline character happens.

H2n+1 Cno OCnH2n+1

Fig. 6.4 General scheme of isophthalydene bis[4-(4-n-alkyloxybenzoyloxy)anilines] investigated by Bedel et
al. [74]

Bedel et al. studied the effect of lateral fluoro-substitution on 1,3-bis [4-(4-n-
alkyloxybenzoyloxy) phenyliminomethyl] benzene (Fig. 6.4) [74]. They found that the
position of the fluoro-substituent essentially influences the mesophase character. If the

outer rings are substituted in position 3 (X=F) the mesophase character changes. If Y=F
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the materials exhibit the same kind of mesophase as the non-fluorinated ones. The same
tendency was found for the resorcinol derivatives presented in this work. They prepared
the difluorinated compounds (X=Y=F) and showed that these substances display the
same mesophase as the compounds where X=F. They calculated the charge distribution
over the molecules, but it does not seem to have any connection with the phase charac-
ter. Conversely there is a significant difference between the charge distributions of the

molecules exhibiting the same mesophase.

M o} 0}
L

X [ ”/O\”

M
“o o © Yoy
H2n+1ChO OCpHan+1

Fig. 6.5 General scheme of 1,3-phenylene bis[4-(4-n-alkyloxybenzoyloxy)benzoate] [75]

0]

Another extensive study of fluoro substitution was made on ester-type (contain-
ing only ester connecting groups) bent-shaped mesogens (Fig. 6.5) [75]. These ester-
type bent mesogens do not have rich variety of mesophases: the short-chain homologue
(n=6) exhibit B, the long-chain homologue (n=14) SmCP (B;) mesophase. Fluoro-
substitution influenced adversely the mesophase behavior. Either the same kind of
mesophase appears as in the non-fluorinated substance and the mesophase stability un-
dermines (e.g. M=F, Y=F, M=Y=F) or the substance is not liquid crystal (e.g. L=F,
X=L=F, Y=L=F). Additionally in most of the cases increasing the number of fluoro-
substituents leads to the loss of liquid crystalline character (X=L=F, Y=L=F).

It 1s worthy noting that bent-shaped compounds with azomethine connecting
group could provide a more favorable phase behavior through fluoro-substitution than
ester-type bananas.

By and large, the influence of fluorination on bent-shaped compounds crucially
depends on the position and the number of the fluoro-substituents. In addition it is not
predictable how substitution of the central ring and lateral fluorination together affect
on the phase behavior. That is why investigation of the influence of lateral substitution

of bent-core molecules on liquid crystalline properties is of keen interest.
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All in all resorcinol derivatives introduced in this work show unique mesomor-
phic character, there is no other substance class of bananas with such varied mesophase
behavior. Fluorination on the outer rings of resorcinol bananas, further enrich the spec-
trum of banana mesophases: theoretically predicted mesophases have been discovered,
subphases of switchable mesophases have been found.

Regrettably, we could not investigate the effect of lateral substitution on m-
phenylenediamine derivatives (28, 29) because these materials are unstable. According
to the microscopic observations, some of the compounds (28.1, 28.2, 28.3, 28.5, 29.1,
29.3 and 29.5) exhibit B, phase.

Studying the influence of terminal chains on isophthalydene derivatives novel
observations could be made. If the terminal chains have electrondonating effect (30.1-
30.8 and W1) the substances are mesogenic: new B4-B, polymorphism occurs. At the
same time, compounds with electronwithdrawal terminal moieties are not liquid crystal-
line. In the meantime, Bedel et al. reported about mesogenic five-ring bent-shaped com-
pounds with electronwithdrawal alkyloxycarbonyl terminal chains [76]. However, those
bananas differ from our isophthalydene derivatives in the position and directing of the
linking groups, too. Broadly speaking, we ought to consider the bent molecules as a
whole; the effect of the building stones — connecting groups, terminal chains, etc. — can-

not be sharply distinguished.
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Chapter 7 Summary

Bent-shaped liquid crystals represent a challenging field of condensed matter.
Up to the discovery of the unique mesophase character of bent-shaped compounds only
chiral mesogens exhibited ferro- and antiferroelectric switchable mesophases suitable
for application. On the other hand, bent-core molecules, consisting of at least five, usu-
ally aromatic, rings, create a very complex system. Calculation and modeling of such
systems can be made with limitations and simplifications. Therefore to obtain reliable
predictions concerning structure-property relationship our factual knowledge need to be
broadened. Numerous bent-core substances were prepared to make a better understand-
ing on the connection between the structure and mesomorphic character of banana-
shaped molecules.

Symmetrical bent-core materials derived from resorcinol and substituted resor-
cinols fluorinated on the outer rings in different positions were synthesized. Fluoro-
substituents were introduced for two reasons: to investigate the influence of fluoro-
substitution on the mesophase behavior in “bananas”, and to make it possible to apply
PF-NMR technique for characterization of bent-core substances. Similarly, deuterated
banana compounds were synthesized to get more information about banana mesophases
with the help of “H-NMR.

Even the fluorinated 4-(4-n-alkyloxyphenyliminomethyl)benzoic acid intermedi-

ates (Fig. 7.1) have interesting liquid crystalline properties.

X Y
C COOH
av,
H2n+1ChO N

Fig. 7.1 General scheme of fluorinated 4-(4-n-alkyloxyphenyliminomethyl)benzoic acids (5, 6)

The compounds where X=F (5.1-5.5), by contrast to the non-fluorinated analogues [40],
exhibit two smectic mesophases: SmC and SmX. The latter is a new smectic mesophase

not found in other substances before.
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In the final step of the synthesis resorcinol derivatives fluorinated on the outer

rings (Fig. 7.2) have been obtained.

c C
2
X Nse R N X
H H

H2n+1Cno OCnH2n+1

Fig. 7.2 General formula of substituted 1,3-phenylene bis[4-(4-n-alkyloxy-2/3-fluoro-phenyliminomethyl)
benzoates| (9-24)

The liquid crystalline character of these compounds is mostly determined by the
substituent(s) on the central ring. For this reason the mesophase behavior of the sub-
stances will be marshaled regarding this fact.

Both kinds of fluorinated resorcinol derivative substances (R"=H) [89, 90] ex-
hibit switchable SmCP (B;) phase as the non-fluorinated compounds [1, 2]. If X=F (9.1-
9.5) additional low-temperature B4 and high-temperature SmCg phases appear.

The 2-nitroresorcinol derivatives (R>=NO,) independently of the position of the
fluoro-substituent (X=F: 11.1 and 11.2; Y=F: 12.1 and 12.2) exhibit B; phase as the
non-fluorinated substances [30]. Fluorination in position 2 on the outer rings decreases
the clearing point what eases the performance of physical investigations.

Fluorination radically effects on the phase behavior of 2-methylresorcinol de-
rivative bananas (R*=CHj). The octyloxy homologue of the non-fluorinated substance
[26] exhibit Bs and SmCP (B,) mesophases, the long-chain homologue (n=12) SmCP
(B») phase [2]. Fluorination in position 2 (Y=F) on the outer rings negatively affects the
mesophase character: the octyloxy homologue (14.1) appears with B; phase only on
cooling, the dodecyloxy homologue (14.2) exhibit SmCP (B,) phase. As poor the com-
pounds 14.1 and 14.2 are in phase transitions as rich polymorphism occurs if fluorine is
introduced in position 3 (X=F) on the outer rings (13.1-13.5). These compounds exhibit
a low-temperature Bs and polymorphic SmCP (B,, B,", B,"’, B,'""") mesophases. The

latter differ in d-values from each other.
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Both kinds of fluorinated 4-cyanoresorcinol derivative (R*=CN) exhibit a high-
temperature SmA (16.1 an additional nematic) and a low-temperature switchable smec-
tic phase. If the outer rings are fluorinated in position 2 (Y=F, 16.1 and 16.2), tilted
smectic i.e. SmCP (B,) phase emerges, while if X=F (15.1-15.5) orthogonal smectic i.e.
SmAP (Cpa) phase appears. These are the first substances proved to exhibit SmAP
mesophase.

The fluorinated 4-chlororesorcinol derivatives (R4=C1) (17.1, 17.2, 18.1 and
18.2) exhibit SmCP mesophase as well as the non-fluorinated ones [64]. Fluorination in
any position on the outer rings undermines the stability of SmCP phase. If X=F the do-
decyloxy homologue (17.2) exhibit high-temperature SmA, if Y=F the octyl-oxy homo-
logue (18.1) nematic mesophase. This is the first instance for a nematic SmCP phase
transition. Note that here the mesophase behavior of substances where Y=F (18) is more
unique than in case of the compounds where X=F (17).

The 4,6-dichlororesorcinol derivatives (R*=R°=Cl) fluorinated on the outer rings
in position 2 (Y=F, 20.1 and 20.2) exhibit only mesophases typical for calamitic com-
pounds: nematic and smectic C phases. This kind of mesophase character was found for
the non-fluorinated substances [40], too. At the same time if fluoro-substituent is intro-
duced in position 3 (X=F, 19.1-19.5) low-temperature SmCP (B,) phase arises on cool-
ing. However, the bending angle a between the wings of the molecules in this
mesophase is still much wider (145 degrees) than usually in SmCP phase (115-120 de-
grees) in the case of other compounds.

Also the first mesogenic S-substituted-resorcinol derivatives with alkyloxy ter-
minal chains have been introduced in this work. The 5-fluororesorcinol derivatives
(R’=F, 23.1 and 23.2) exhibit SmCP (B,) mesophase. The compounds fluorinated on the
outer rings in position 3 (X=F, 21.1-21.5) arise with additional polymorphic Bs phases:
one of them is ferroelectric (Bsg), the other is antiferroelectric (Bsar). Fluorination on
the outer rings in position 2 (Y=F) drastically decreases (n=12, 22.2) the mesophase
stability. Liquid crystalline properties even vanish in the case of the octyloxy homo-
logue (n=8, 22.1). Resorcinol derivatives sensitively respond to substitution in position
5: the 5-chloro-resorcinol derivative 24 (R>=Cl, X=Y=H) is not liquid crystalline. If R’

is different from H or F, in other words the substituent is more voluminous then H or F
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the compound is not liquid crystalline anymore in case of five-ring bent-shaped com-
pounds.

The structure of the central ring in resorcinol derivative bent-core substances de-
termines the mesophase character (Table 7.1). Fluorination on the outer rings brings
about changes as follows:

e the clearing points decrease or does not change remarkably ,
e new switchable mesophases appear if X=F: either subphases arise (R*=CHj,

R’=F) or SmCP phase emerges (R*=R°=Cl),

e except for 4-chloro-resorcinol derivatives (R*=ClI) fluorination on the outer rings
in position 2 (Y=F) unfavorably while in position 3 (X=F) favorably influences

the mesophase behavior.

Sign. R" mesophase a (deg) S
10.1 H SmCP 118-120 0.82
13.1d 2-CH; Bs, SmCP* 117 0.84-0.88
15.1 4-CN SmA 142 0.70-0.76
SmAP 132 0.76-0.84
171 4-Cl SmCP 131 0.77-0.83
19.5 4,6-Cl1,CI SmA ~180 0.57-0.60
SmC >175 0.60-0.66
SmCP 142-172 0.66
21.5 5-F Bs#, SmCP 116-118 0.85-0.90

* polymorphic SmCP phases
# polymorphic Bs phases

Table 7.1 Mesophases, bending angle and order parameter of selected fluorinated compounds

NMR studies elucidated that substituents in positions R% R*, R’ and R® have an effect
on the bending angle between the two wings of the bent-shaped molecules. NMR inves-
tigations highlighted an additional relation between the bending angle and the order

parameter in SmCP phase: the smaller the bending angle « the higher ordered the
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mesophase is. We should take into consideration that smaller bending angle means lar-
ger sterical moment what results in a stronger inhibition in the rotation about the long
molecular axis and this net effect produces a higher order in the phase.

Materials derived from m-phenylenediamine substituted on the central ring with
and without fluoro-substituent in position Q on the middle rings have been synthesized

(Fig. 7.3).

0]
I

Ce R? C
CeHi170 OCgH17

Fig. 7.3 General formula of N,N’-bis[4-(4-n-octyloxybenzoyloxy)benzylidene] phenylene-1,3-diamines (28,
29)

z
z
O

This combination of the connecting groups does not seem to be very promising. The
substances either exhibit B; mesophase or do not show mesophase behavior at all
(R*=NO,, 28.4 and 29.4). Unfortunately, these substances are instable and therefore not
suitable for further investigations.

Symmetrical bent-core substances derived from isophthalaldehyde (Fig. 7.4)

have been synthesized with varied terminal chains.

Fig. 7.4 General formula of isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines] (30)

Mesogenic character (SmCP and B4 phases) occurs only if the terminal chains have
electron donating effect (alkyl- and alkyloxy chains), whilst materials with electron
withdrawing terminal chains (alkanoyl- or alkyloxycarbonyl- or cyanoethyl- or cyano

terminal substituents) do not exhibit liquid crystalline mesophases.
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Among others, the following new compounds with especially interesting
mesophase behavior have been presented in this work:
e the first compounds (15.1-15.5) with SmAP phase,
e substances exhibit SmCg phase (9.1-9.5),
e the first mesogens have polymorphic SmCP phases (13.1-13.5),
e the first liquid crystalline materials display ferro- and polymorphic antiferroelec-
tric Bs phases (21.1-21.5),

e the first compound undergoes nematic SmCP transition (18.1).

To sum up introduction of fluoro-substituent on subst.-1,3-phenylene bis[4-(4-n-
alkyloxyphenyliminomethyl)benzoates] has been a remarkably successful project. Ac-
cordingly, bent-core substances substituted on the central as well as on the outer rings

have been maintaining interest.
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Zusammenfassung

Bananen-formige Fliissigkristalle stellen eine neue Herausforderung auf dem
Gebiet der kondensierten Materie dar. Einige der von gebogenen Molekiilen gebildeten
Mesophasen besitzen ferroelektrische Eigenschaften, ein Verhalten, welches bisher nur
an chiralen Verbindungen beobachtet wurde. Zusammenhédnge zwischen der chemi-
schen Struktur und den resultierenden physikalischen Eigenschaften sind von grundle-
gendem Interesse. Da die aus fiinf oder mehr aromatischen Ringen bestehenden, gebo-
genen Mesogene recht komplizierte Systeme darstellen, kdnnen Berechnung und Mo-
dellierung nur mit erheblichen Vereinfachungen durchgefiihrt werden. Um weiterrei-
chende Aussagen iiber die Beziehungen zwischen der Struktur und den fliissigkristalli-
nen Eigenschaften bananen-formiger Fliissigkristalle zu ermdglichen, ist die Synthese
und Untersuchung zahlreicher neuer Verbindungen unumginglich.

In der vorliegenden Arbeit wurden gebogene Mesogene synthetisiert, die sich im
wesentlichen von Resorcin bzw. substituierten Resorcinen ableiten und an den dufleren
Phenylringen in verschiedenen Positionen mit Fluor substituiert sind. Die Auswahl von
Fluoratomen als laterale Substituenten erfolgte aus zwei Griinden. Zum einen sollte de-
ren Einfluss auf das Mesophasenverhalten untersucht werden. Zum anderen ermoglicht
dieses Halogen eine Charakterisierung der Mesophasen durch die "’F-NMR Spektro-
skopie im kristallin-fliissigen Zustand. Mit der gleichen Zielstellung wurden auch deute-
rierte Verbindungen synthetisiert.

Bereits die als Zwischenprodukte hergestellten fluorierten 4-(4-n-Alkyloxyphenyl-

iminomethyl)benzoesduren (Fig. 7.1) weisen interessante kristallin-fliissige Eigenschaf-

X Y
C COOH
% < >
H2n+1CrO N

Fig. 7.1 Fluorierte 4-(4-n-Alkyloxyphenyliminomethyl)benzoesiuren

ten auf.
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Die Verbindungen (5.1-5.5) mit X= F besitzen zwei smektische Mesophasen: SmC und

SmX und unterscheiden sich damit deutlich von den nicht-fluorierten Substanzen [40].

Die SmX-Phase ist neu, konnte jedoch noch nicht umfassend charakterisiert werden.
Die Umsetzung dieser Benzoesduren mit entsprechend substituierten Resorcinen

fiihrte zu Verbindungen der folgenden allgemeinen Struktur:

H2n+1CnO OCnH2n+1

Fig. 7.2 Allgemeine Formel der  substituierten  1,3-Phenylen-bis[4-(4-n-alkyloxy-2/3-fluot-
phenyliminomethyl)benzoate] (9-24)

Die kristallin-fliissigen Eigenschaften werden wesentlich vom Substituentenmu-
ster am zentralen Ring bestimmt, weshalb nachfolgend das Mesophasenverhalten unter
diesem Aspekt zusammengefasst werden soll.

Ausgehend vom Resorcin (R"=H) [89, 90] zeigen beide Serien (X bzw. Y= F)
eine schaltbare SmCP (B;) Phase wie die nicht-fluorierten Substanzen [1, 2]. Befindet
sich jeweils ein Fluoratom in Position X=F (9.1-9.5), so treten zusitzlich eine Bs-Phase
bei tieferen Temperaturen sowie eine Hochtemperatur SmCg Phase auf. Die Eigen-
schaften und Phasenstruktur der letztgenannten Phase sind derzeit von besonderem In-
teresse.

Die 2-Nitroresorcinderivate (R* =NO,) zeigen unabhingig von der Position der
Fluoratome (X=F: 11.1 und 11.2; Y=F: 12.1 und 12.2) B; Phasen ebenso wie die ent-
sprechenden nicht-fluorierten Verbindungen [30]. Einfiihrung von Fluor in Position 2
der dulleren Ringe (Y=F) erniedrigt die Klartemperaturen, was die Durchfiihrung physi-
kalischer Messungen erleichtert.

Das Mesophasenverhalten der 2-Methylderivate (R>=CHj3) wird durch die Ein-
filhrung von Fluoratomen deutlich verdndert. Wéhrend fiir das unfluorierte Octyloxy-

Homologe erstmals eine Bs - SmCP (B;) Polymorphie beschrieben wurde [26], bewir-
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ken Fluorsubstituenten in Position 2 der dulleren Ringe (Y=F) ein Verschwinden der Bs
Phase. Fiir das Octyloxy-Homologe (14.1) konnte lediglich eine B; Phase beim Abkiih-
len beobachtet werden, die Dodecyloxy-Verbindung (14.2) zeigt eine SmCP (B;) Phase.
Falls jedoch Fluor in Position 3 (X=F) eingefiihrt wird (13.1-13.5), so treten bisher un-
bekannte, einzigartige Polymorphie-Varianten auf. Die Verbindungen zeigen eine Nied-
rigtemperatur Bs Phase und mehrere polymorphe SmCP (B,, B,"”, B,"’, B,"") Phasen.
Die Phasenstrukturen der verschiedenen B, Phasen sind im Detail unbekannt. Gefunden
wurde u.a., dass die Schichtdicke (d-Werte) unterschiedlich sind.

Beide Serien von fluorierten 4-Cyanoresorcinderivaten (R*=CN) weisen eine
Hochtemperatur SmA Phase (16.1 zusitzlich eine nematische) sowie eine schaltbare
smektische Tieftemperaturphase auf. Falls die dufleren Ringe in Position 2 (Y=H) fluo-
riert wurden (16.1 und 16.2), erscheint eine ,,geneigte SmCP Phase, wihrend im Falle
von X=F (15.1-15.5) eine orthogonal smektisch Phase beobachtet wurde. Letztgenannte
konnte als SmAP (Cpa) Phase zugeordnet werden, womit die Existenz dieser theore-
tisch vorhergesagten Phase erstmals bewiesen werden konnte.

Die fluorierten 4-Chlorresorcinderivate (R*=Cl) (17.1, 17.2, 18.1 and 18.2) zei-
gen SmCP Mesophasen in Analogie zu den fluorfreien Verbindungen [64]. Die Einfiih-
rung von Fluor in die dueren Ringe erhoht die Mesophasenstabilitit der SmCP Phase.
Falls X=F, so zeigt das Dodecyloxy-Homologe (17.2) zusétzlich ein Hochtemperatur
SmA Phase. Falls Y=F, so tritt beim Octyloxy-Derivate zusétzlich eine nematische Me-
sophase auf. Dies war das erste Beispiel fiir eine nematisch-SmCP Phasenumwandlung.
Damit besitzen ausnahmsweise die in Position 2 fluorierten Verbindungen interessante-
re Phasensequenzen als die in Position 3 fluorierten Substanzen.

Die 4,6-Dichlorresorcinderivate (R*=R°=Cl), fluoriert in Position 2 (Y=F) der
duBeren Ringe, zeigen ebenso wie die unfluorierten Verbindungen [40] ein fiir kalamiti-
sche Fliissigkristalle typisches Verhalten, d.h. nematische und smektische C Phasen.
Eine SmCP Phase wurde beim Unterkiihlen der Verbindungen mit X=F (19.1-19.5) be-
obachtet.

Mit den 5-Fluorresorcinderivaten 21-23 werden die ersten kristallin-fliissigen
Fiintkern-Mesogene vorgestellt, die lediglich Alkyloxygrupen in den terminalen Posi-
tionen haben und an der Spitze der gebogenen Molekiile substituiert sind.. Die Verbin-

dungen 23.1 and 23.2 (R’=F) besitzen keine Halogenatome an den duBeren Ringen und
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weisen eine SmCP Mesophase auf. Die Substanzen 21.1-21.5, fluoriert an den dulleren
Ringe in Position 3 (X=F), zeigen zusitzlich zur SmCP Phase weitere polymorphe Bs
Phasen. Davon ist eine ferroelektrisch (Bsg), die anderen sind antiferroelektrisch (Bsy).
Fluorierung in Position 2 (Y=F) verringert drastisch die Mesophasenstabilitit. Das Oc-
tyloxy-Homologe (n=8, 22.1) ist z.B. gar nicht fliissig-kristallin. Wie empfindlich gebo-
gene Fiinfkern-Mesogene auf Substituenten in Position R reagieren, wird durch die
Tatsache belegt, dass fiir das 5-Chlorresorcinderivat 24 (R’=Cl, X=Y=H) keine fliissig-
kristallinen Eigenschaften nachgewiesen werden konnten.

In den von uns untersuchten Resorcinderivaten wird das kristallin-fliissige Ver-
halten ganz wesentlich vom Substituentenmuster am zentralen Ring bestimmt, wie an
ausgewdhlten Beispielen in Tabelle 7.1 gezeigt wird. Eine Substitution der dufleren
Ringe mit Fluoratomen bewirkt die folgenden Anderungen:

e Die Klirtemperaturen werden meist erniedrigt, konnen aber auch nahezu un-

verandert bleiben.

e In den meisten Fillen flihrte die Substitution der 3-Position der dueren Rin-
ge mit Fluoratomen zu neuen Phasen bzw. interessanteren Phasensequenzen
als eine Substitution in 2-Position.

e Schaltbare B, bzw. Bs Subphasen konnen auftreten wenn R2=CH3 bzw. R°=F
und X =F ist

e Hingegen ist eine Fluorsubstitution der Position 2 der dufleren Ringe (Y=F)
nicht so attraktiv, abgesehen von den 4-Chlorresorcinderivaten (R*=Cl), wel-

che eine nematisch-B, Phasensequenz aufweisen kdnnen.

NMR Untersuchungen belegen, dass der Biegungswinkel zwischen den beiden Schen-
keln der bananen-formigen Molekiile durch Substituenten in den Positionen R, R* und
R® beeinflusst wird. Weiterhin gibt es einen interessanten Zusammenhang zwischen
dem Biegungswinkel und Ordnungsgrad, wie aus Tab. 7.1 zu ersehen ist. Je kleiner der
Biegungswinkel «, desto hoher ist der Ordnungsgrad in den smektischen Phasen.
Demnach kann man annehmen, dass bei Molekiilen mit kleinerem Biegungswinkel die
sterischen Effekte an Bedeutung gewinnen. Es wird eine Rotation um die Molekiil-

langsachse behindert und eine dichtere polare Packung begiinstigt.
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Sign. R" Mesophase a (deg) S
10.1 H SmCP 118-120 0.82
13.1d 2-CH; Bs, SmCP* 117 0.84-0.88
151 4-CN SmA 142 0.70-0.76
SmAP 132 0.76-0.84
171 4-Cl SmCP 131 0.77-0.83
19.5 4,6-CL,Cl SmA ~180 0.57-0.60
SmC >175 0.60-0.66
SmCP 142-172 0.66
21.5 5-F Bs”, SmCP 116-118 0.85-0.90

* polymorphe SmCP Phasen
# polymorphe Bs Phasen

Table 7.1 Mesophasen, Biegungswinkel und Ordnungsgrade ausgewihlter fluorierter Verbindungen

m-Phenylenediaminderivate, substituiert am zentralen Ring und mit bzw. ohne
Fluorsubstituent in Position Q der mittleren Ringe wurden ebenfalls hergestellt (Fig.
7.3).
R4
Q Q

H H
Ce _C
0 SN N 0

Ce R2 _C
Iy L
CgH170 OCgH17

Fig. 7.3 N,N’-bis[4-(4-n-Octyloxybenzoyloxy)benzylidene] phenylene-1,3-diamine (28, 29)

Diese Kombination der Verkniipfungsgruppen ist jedoch wenig Erfolg versprechend.
Die Substanzen, die entweder B; Phase zeigen oder nicht fliissigkristallin sind (R*=NO,,
28.4 and 29.4), sind auf Grund mangelnder Stabilitét fiir weitere Untersuchungen unge-

eignet.
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Zusammenfassung

Symmetrische Isophthalaldehydderivate 30 (Fig. 7.4) enthalten die gleichen
Verkniipfungsgruppen, jedoch in umgekehrter Richtung. Es wurde der Einfluss ver-

schiedener Fliigelgruppen untersucht.

Fig. 7.4 Isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)aniline] (30)

Die Verbindungen, in denen die Fliigelgruppen Elektronendonator-Eigenschaften auf-
weisen (Alkyl- und Alkyloxy-Ketten), sind fliissig-kristallin, wéhrend Substanzen mit
elektronenziehenden terminalen Substituenten (Alkanoyl- und Alkyloxycarbonyl-, Cya-

noethyl- bzw Cyan-Gruppen) nicht fliissig-kristallin sind.

Im Rahmen der vorliegenden Arbeit wurden erstmalig gefunden
e Verbindungen (15.1-15.5) mit einer SmAP Phase,
e Substanzen (9.1-9.5) mit einer SmCg Phase,
e Verbindungen mit polymorphen SmCP (B;) Phasen (13.1-13.5),
e Fliissigkristalle mit polymorphen Bs Phasen sowie einem Phaseniibergang zwi-
schen einer ferro- und einer antiferroelektrischen Bs Phase (21.1-21.5),

e cine Substanz mit einem SmCP-nematisch Ubergang (18.1).

Zusammenfassend kann festgestellt werden, dass sich die Einfiihrung von Fluoratomen
in die 4duBeren Phenylringe von substituierten  1,3-Phenylen-bis[4-(4-n-
alkyloxyphenyliminomethyl)benzoaten] als ein sehr erfolgreiches Konzept erwiesen
hat. Somit werden bananen-férmige Verbindungen, die sowohl am zentralen Ring als

auch an den dufleren Ringen substituiert sind, auch weiterhin von grof3em Interesse sein.
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The following substances were available in the laboratory:

4-cyanoresorcinol
4-n-alkyloxyphenols
4-n-alkylphenols
4-n-alkanoylphenols
4-n-octyloxybenzoic acid

4-hydroxybenzoic acid n-alkylester

3-(4-hydroxyphenyl)propionitrile
4-n-octyloxybenzoic acid 4-
formylphenylester

1,3-phenylene bis(4-methylimino-

benzoic acid)

The following substances were commercially available:

n-alkanols (Acros)

n-octylbromide (Lancaster)
4-hydroxybenzonitrile (Aldrich)
2-fluoro-4-nitrophenol (Acros)
3-fluoro-4-nitrophenol (Acros)
formylbenzoic acid (Merck)
triphenylphosphine (Acros)

diethyl azodicarboxylate (Lancaster)
silica gel 0.063- 0.200 mm (J. T. Baker)
potassium carbonate (Merck)
sodium hydroxide (Merck)
chloroform-d (Chemotrade)
dimethylsulfoxyde-ds (Chemotrade)
sodium sulfate (Merck)

Pd on activated carbon (Aldrich)
1-fluoro-3,5-dimethoxybenzene (Al-
drich)

1-chloro-3,5-dimethoxybenzene (Acros)

boron tribromide in 1M CH,Cl, solution
(Aldrich)

sodium chloride (Merck)

resorcinol (Aldrich)

2-nitroresorcinol (Aldrich)
2-methylresorcinol (Aldrich)
4-chlororesorcinol (Aldrich)
4,6-dichlororesorcinol (Aldrich)
N,N’-dicyclohexylcarbodiimide (Fluka)
4-dimethylaminopyridine (Ferak)
2-fluoro-4-methoxybenzaldehyde (Lan-
caster)

2,4-dinitro-fluorobenzene (Aldrich)
2,4-diaminotoluene (Lancaster)
2,6-diaminotoluene (Lancaster)
m-phenylenediamine (Reachim)
4-nitro-m-phenylenediamine (Lancas-

ter)

Physical measurements were performed on the instruments given in the following. The

microscopic observations were made using polarizing microscope Nikon Labophot-2A
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equipped with Linkam TP 92 heating stage. Photos were taken with the help of a Nikon
F-601 camera.

The calorimetric measurements were performed on a Perkin-Elmer Pyris 1 differential
scanning calorimeter.

The NMR spectra were taken on Varian VXR 400 and Varian Unity 500.

The mass spectra were taken on the instrument AMD 402 (Intectra GmbH).

The elemental analysis was made by the instrument CHNS-932 (Leco Co.).

Thin layer chromatography was made on aluminium sheets covered by silica gel 60 Fas4
(Merck).

You will find analytical data given for one instance of each serie below. The rest is

available in the working group of Professor Weissflog.

8.1 Substituted fluorinated 1,3-phenylene bis[4-(4-n-alkyloxy-
phenylimino-methyl)benzoates] (9-24)

8.1.1 4-n-Alkyloxy-2/3-fluoro-nitrobenzene (1, 2)

8.1.1.1 Mitsunobu etherification

32 mmol (5 g) 2/3-Fluoro-4-nitrophenol, 39 mmol n-alkanol and 39 mmol (9.8 g)
triphenylphosphine (PPhs) were dissolved in abs. tetrahydrofuran (THF). The reaction
mixture was cooled down to 0°C (ice-water bath) and 50.5 mmol (8.0 ml) diethyl azodi-
carboxylate (DEAD) diluted with 32 ml THF was dripped to it. After giving all DEAD
to the reaction mixture it was stirred at room temperature for about twenty four hours.
The solvent was evaporated, and diethylether was given to the crude product. White
precipitation (triphenylphosphine oxide, O=PPhs) forms after two days. It was filtered
out, the solvent was evaporated. The crude product was purified by column chromatog-

raphy: silica gel, eluent: ethylacetate:heptane=1:2.5. Yield: 61-70%.

8.1.1.2. Williamson etherification

32 mmol (5 g) 2/3-Fluoro-4-nitrophenol was dissolved in dry dimethylformamid (DMF)

or dry acetone. 34 mmol n-alkylbromide, pulverized potassium carbonate and catalytic
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amount potassium iodide were given to it. The reaction mixture was heated under reflux
for 40-50 hours. The cold reaction mixture was poured into water. It was extracted with
ether twice. The unified ether phases were extracted with 0.1 N sodium hydroxide
(NaOH) solution so many times that the inorganic layer is not yellow anymore. After-
ward, it was extracted with water and dried over sodium sulphate (Na,SO,4) overnight.
The crude product was purified by column chromatography (octyl and nonyloxy deriva-

tives) or recrystallized from ethanol. Yield: 53-90%.

Sign. | Name Melting point (°C) | Yield (g/%)’
1.1 | 3-fluoro-4-n-octyloxy-nitrobenzene yellow oil * 7.76/90
1.2 | 3-fluoro-4-n-nonyloxy-nitrobenzene yellow oil™ *

1.3 | 4-n-decyloxy-3-fluoro-nitrobenzene 254 5.80/61
1.4 | 3-fluoro-4-n-undecyloxy-nitrobenzene 26 5.68/57
1.5 | 4-n-dodecyloxy-3-fluoro-nitrobenzene 38 5.52/53

¥ The yields are given for the Williamson etherification.

* purified by chromatography (ethylacetate:heptane= 1:2.5, silica gel) R 0.50

" R;: 0.49 in ethylacetate:heptane= 1:2.5 on silica sheet

* According to the NMR spectra the crude product was pure, therefore the raw product was used in the

next step.

4-n-Dodecyloxy-3-fluoro-nitrobenzene (1.5)

'H-NMR (400 MHz, CDCl3) é(ppm) / J(Hz) 8.01 (dd-dd, 1H, *J= 8.9, *J= 2.7, *Jiyp=
1.6, Ar-H), 7.94 (dd, 1H, *J= 2.7, *Jur= 10.6, Ar-H), 6.99 (dd, 1H, *J= 8.9, *Ji.= 8.1,
Ar-H), 4.10 (t, 2H, *J= 6.5, OCH,), 1.81-1.88 (m, 2H, OCH,CH,), 1.20-1.56 (m, 18H,
(CH,)9CHs), 0.84-0.87 (m, 3H, CHs)

BC-NMR (100 MHz, CDCls) é(ppm) / J(Hz) 152.99 (d, °Je.r= 10.7), 151.30 (d, Jer=
251.6), 140.58 (d, "Jer= 7.7), 120.78 (d, PJcp= 3.7), 112.9 (d, "Jep= 2.2), 112.19 (d,
°Jor= 22.8), 69.96 (AIKCI), 31.91 (AIkC2), 29.63 (AIkC3), 29.62 (AIkC4), 29.55
(AIKC5), 29.50 (AIKC6), 29.33 (AIkC7), 29.26 (AIKCS), 28.90 (AIkC9), 25.81
(AIKC10), 22.68 (AIKC11), 14.08 (AIKC12)
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EIMS m/z (rel. int) 325 (20), 168 (40), 157 (9), 141 (14), 125 (7), 111 (21), 97 (24), 85
(41), 71 (56), 57 (100)
Elemental analysis: caled C 66.44; H 8.67; N 4.30 found C 66.5; H 8.5; N 4.3

4-n-Dodecyloxy-2-fluoro-nitrobenzene (2.5)

'H-NMR (400 MHz, CDCl3) é(ppm) / J(Hz) 8.02-8.08 (m, 1H, *J= 9.3, “/i.;=10.8, Ar-
H), 6.67-6.73 (m, 2H, *J= 9.3, *J=2.7, *Jyr= 0.8, *Jur= 13.0, Ar-H), 3.99-4.02 (m, 2H,
OCH,), 1.76-1.83 (m, 2H, OCH,CH>), 1.24-1.57 (m, 18H, (CH,)sCH3), 0.84-0.87 (m,
3H, CHs)

BC-NMR (100 MHz, CDCls) §(ppm) / J(Hz) 164.85 (d, °Jer= 11.0), 157.43 (d, Jcp=
264.8), 130.50 (d, °Jer= 5.9), 120.76 (d, "Jep= 1.5), 110.67 (d, "Jer= 2.9), 103.43 (d,
°Jer= 23.9), 69.42 (AIKC1), 31.90 (AIkC2), 29.63 (AIKC3), 29.61 (AlkC4), 29.55
(AIKC5), 29.50 (AIKC6), 29.33 (AIKC7), 29.25 (AIKC8), 28.83 (AIkC9), 25.84
(AIKC10), 22.67 (AIKC11), 14.07 (AIkC12)

EIMS m/z (rel. int) 325 (9), 309 (21), 168 (6), 157 (6), 141 (22), 127 (14), 111 (16), 97
(19), 85 (37), 71 (62), 57 (100)

Elemental analysis: calcd C 66.4; H 8.7; N 4.3 found C 66.7; H 8.5; N 4.2

Sign. | Name Melting point (°C) Yield (g/%)®
2.1 | 2-fluoro-4-n-octyloxy-nitrobenzene oil” 5.27/61
2.2 | 4-n-dodecyloxy-2-fluoro-nitrobenzene 26.5 5.52/70

¥ The yields are given for the Mitsunobu etherification.

* purified by column chromatography (ethylacetate:heptane= 1:1, silica gel) Rs 0.55
8.1.2 4-n-Alkyloxy-2/3-fluoro-anilines (3, 4)
The nitrobenzene (1, 2) was dissolved in ethylacetate, and 10 m/m% Pd/C (5%) was

given to it. After purging the solution with nitrogen, hydrogen was led into it. After two

or three hours the reaction is completed. The Pd/C was filtered out and the solvent was
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evaporated. The crude product was recrystallized from chloroform with heptane. Yield:

41-66%.
4-n-Dodecyloxy-3-fluoro-aniline (3.5)

'H-NMR (500 MHz, DMSO) é(ppm) / J(Hz) 6.79 (dd, 1H, *J= 8.7, *Jur= 9.6, Ar-H),
6.37 (dd, 1H, “J= 2.5, *Jip= 13.8, Ar-H), 6.26 (dd-dd, 1H, *J= 8.7, *J= 2.5, *Jur= 1.2,
Ar-H), 4.88 (s, 2H,NH,), 3.82 (t, 2H, *J= 6.5, OCH,), 1.60-1.63 (m, 2H, OCH,CH>),
1.23-1.37 (m, 18H, (CH,)oCHs), 0.83-0.86 (m, 3H, CH3).

Sign. | Name Melting point (°C) Yield (%)
3.1 3-fluoro-4-n-octyloxy-aniline 54 41
3.2 3-fluoro-4-n-nonyloxy-aniline 55 46
33 4-n-decyloxy-3-fluoro-aniline 57.5 66
34 3-fluoro-4-n-undecyloxy-aniline 58 60
3.5 4-n-dodecyloxy-3-fluoro-aniline 63 65

4-n-Dodecyloxy-2-fluoro-aniline (4.2)

"H-NMR (500 MHz, CDCls) é(ppm) / J(Hz) 6.78 (t, 1H, *J= 9.0, “Ji.;= 9.5, Ar-H), 6.61
(dd, 1H, *J= 2.5, *Ju= 12.5, Ar-H), 6.53 (dd, 1H, *J= 9.0, ‘J=2.5, Ar-H), 3.84 (t, 2H,
*J= 6.7, OCH,), 1.69-1.74 (m, 2H, OCH,CHy), 1.25-1.43 (m, 18H, (CH,)oCH3), 0.85-
0.88 (m, 3H, CH3)

EIMS m/z (rel. int) 295 (26), 127 (100)

Sign. | Name Melting point (°C) Yield (%)
4.1 2-fluoro-4-n-octyloxy-aniline oil *
4.2 4-n-dodecyloxy-2-fluoro-aniline 37.4 60
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8.1.3 4-(4-n-Alkyloxy-2/3-fluoro-phenyliminomethyl)benzoic acids (5,
6)

32 mmol (4.8 g) 4-Formylbenzoic acid was dissolved in hot ethanol and 32 mmol 4-n-
alkyloxy-2/3-fluoro-aniline (3, 4) was given to it. It was heated under reflux for four
hours. The product precipitates cooling down the reaction mixture. The precipitation
was filtered out and recrystallized from ethanol at least twice. Yield: 53-85%. Mesog-

enic behavior see in Table 3.1 and 3.2 in section 3.2.

4-(4-n-Dodecyloxy-3-fluoro-phenyliminomethyl) benzoic acid (5.5)

4.8 g Formylbenzoic acid, 9.4 g 4-n-dodecyloxy-3-fluoro-aniline (3.5). The product is
white powder. Yield: 7.25 g (53%).

Mesogenic behavior: Cr 114 SmX 169 SmC 146 1

'H-NMR (500 MHz, DMSO, 70°C) d(ppm) / J(Hz) 8.72 (s, 1H, CH=N), 8.05 (d, 2H,
3J= 8.1, Ar-H), 8.00 (d, 2H, *J= 8.1, Ar-H), 7.27 (dd, 1H, *Jis= 12.6, *J= 2.3, Ar-H),
7.18 (t, 1H, *J= 8.8, Ar-H), 7.14 (dd, 1H, *J= 8.8, “Jis= 1.6, Ar-H), 4.07 (t, 2H, *J=
6.4, OCH,), 1.71-1.76 (m, 2H, OCH,CH,), 1.25-1.45 (m, 18H, (CH,)9CH3), 0.84-0.86
(m, 3H, CHs)

EIMS m/z (rel. int) 427 (26), 259 (100)

Elemental analysis: caled C 73.0; H 8.0; N 3.3 found C 72.7; H 8.2; N 3.4

4-(4-n-Dodecyloxy-2-fluoro-phenyliminomethyl) benzoic acid (6.2)

4.2 g Formylbenzoic acid, 8.3 g 4-n-dodecyloxy-2-fluoro-aniline (4.2). The product is
white powder. Yield: 7.60 g (64%).

Mesogenic behavior: Cr 165 N 237 1

'H-NMR (500 MHz, DMSO, 50°C) é(ppm) / J(Hz) 8.76 (s, 1H, CH=N), 8.05 (d, 2H,
J= 8.4, Ar-H), 8.01 (d, 2H, *J= 8.4, Ar-H), 7.37 (t, 1H, *J=9.1, “Jir= 9.1, Ar-H), 6.89
(dd, 1H, *J=2.8, *Ji;= 12.8, Ar-H), 6.80 (dd, 1H, *J=9.1, *J/=2.8, Ar-H), 3.99 (t, 2H,
3J= 6.4, OCH,), 1.67-1.73 (m, 2H, OCH,CH,), 1.24-1.43 (m, 18H, (CH,)sCHj3), 0.83-
0.86 (m, 3H, CH3)
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EIMS m/z (rel. int) 427 (46), 371 (32), 259 (100)
Elemental analysis: caled C 73.0; H 8.0; N 3.3 found C 72.9; H 8.3; N 3.2

Sign. Yield (g/%)
5.1 10.10/85
5.2 9.37/76
5.3 8.95/70
5.4 7.01/53
5.5 7.25/59
6.1 7.49/63
6.2 7.60/64

8.1.4 5-Fluororesorcinol (7a) and 5-chlororesorcinol (7b)

9.6 mmol 1-Halogeno-3,5-dimethoxybenzene was dissolved in dry dichloromethane in a
three-neck flask and purged with nitrogen. 29 mmol (29 ml of 1M solution in DCM)
boron tribromide was added to the solution under nitrogen atmosphere at room tempera-
ture. It was stirred at room temperature in the closed flask for two days. The reaction
was quenched with water given drop wise to the reaction mixture stirred for an addi-
tional thirty minutes. The mixture was extracted with diethylether twice. The combined
organic layer was extracted with brine and water. It was dried over Na,SO, overnight.

The solvent was evaporated, and the crude product was recrystallized from toluene.
5-Fluororesorcinol (7a) [84, 85]

1.50 g 1-Fluoro-3,5-dimethoxybenzene, 29 ml 1M solution of BBr;. The product is
brown crystalline solid. Yield 1.8 g (87.5%). Rs: 0.13 (ethylacetate:heptane= 1:2.5).
Melting point: 145°C.

'H-NMR (400 MHz, DMSO) é(ppm) / J(Hz) 5.97 (dd, 2H, *Jur= 8.8, “J= 2.2, Ar-H),
6.04 (m, 1H, *J=2.2, °Ju7= 0.8, Ar-H), 9.61 (s, 2H, OH)
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5-Chlororesorcinol (7b)

1.65 g 1-Chloro-3,5-dimethoxybenzene, 29 ml 1M solution of BBrs;. The product is
brown crystalline solid. Yield 1.11 g (80%).

'H-NMR (400 MHz, DMSO) d(ppm) / J(Hz) 6.15 (t, 1H, *J= 2.2, Ar-H), 6.22 (d, 2H,
“J=2.2, Ar-H), 9.65 (s, 2H, OH)

8.1.5 Substituted 1,3-phenylene bis[4-(4-n-alkyloxy-2/3-fluorophenyl-

iminomethyl)benzoates] (9-22)

I mmol (Substituted) resorcinol (7, 8), 2 mmol 4-(4-n-alkyloxy-2/3-fluoro-
phenyliminomethyl)benzoic acid (5, 6), and 2.4 mmol (0.5 g) N,\N’-
dicyclohexylcarbodiimide (DCC) were dissolved in dry dichloromethane (DCM). Cata-
lytic amount of 4-dimethylaminopyridine (DMAP) was given to it. It was stirred at
room temperature for two days. The precipitation (N,N’-dicyclohexylurea, DCU) was
filtered out and the solvent was evaporated. The crude product was recrystallized from

dimethylformamid with ethanol, afterward, from toluene with methanol. Yield: 30-72%.

1,3-Phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate] (9.1)

0.13 g Resorcinol (8a), 0.85 g 4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoic acid
(5.1), 0.30 g DCC. The product is yellow powder. Yield 0.45 g (55%).

Mesogenic behavior: Cr 129 (B4 98) SmCP 164 SmCg 166 1

'H-NMR (400 MHz, CDCls) é(ppm) / J(Hz) 8.52 (s, 2H, CH=N), 8.27 (d, 4H, *J= 8.4,
Ar-H), 8.01 (d, 4H, *J= 8.4, Ar-H), 7.48 (dd, 1H, °J = 8.0, Ar-H), 7.22 (dd, 2H, *J= 8.0,
“J=22, Ar-H), 7.18 (d, 1H, “J= 2.2, Ar-H), 7.11 (dd, 2H, *Jue= 12.2, *J= 2.5, Ar-H),
7.05 (tt, 2H, *J= 8.8, *J= 2.5, *Jur= 0.8, Ar-H), 6.98 (t, 2H, *J= 8.8, *Jir= 8.8, Ar-H),
4.05 (t, 4H, *J= 6.6, OCH,), 1.79-1.86 (m, 4H, OCH,CH,), 1.24-1.51 (m, 20H,
(CH,)sCHj3), 0.86-0.90 (m, 6H, CH3)

EIMS m/z (rel. int) 816 (16), 354 (100), 213 (24)

Elemental analysis: caled C 73.5; H 6.7; N 3.4 found C 73.7; H 7.0; N 3.0
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1,3-Phenylene bis[4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoate] (10.1)

0.11 g Resorcinol (8a), 0.85 g 4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoic acid
(6.1), 0.5 g DCC. The product is yellow powder. Yield 0.42 g (52%).

Mesogenic behavior: Cr 127 SmCP 142 1

'H-NMR (400 MHz, CDCls) §(ppm) / J(Hz) 8.66 (s, 2H, CH=N), 8.27 (d, 4H, *J= 8.0,
Ar-H), 8.03 (d, 4H, *J= 8.0, Ar-H), 6.70-7.52 (m, 10H, Ar-H), 3.95 (t, 4H, *J= 6.5,
OCH,), 1.71-1.85 (m, 4H, OCH,CH,), 1.24-1.44 (m, 20H, (CH>)sCH3), 0.85-0.90 (m,
6H, CH3)

EIMS m/z (rel. int) 816 (8), 354 (100), 213 (10)

2-Nitro-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate] (11.1)

0.31 g 2-Nitroresorcinol (8b), 1.71 g 4-(3-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 0.30 g DCC. The product is yellow powder. Yield 0.40 g (46.5%).
Mesogenic behavior: Cr (142 By) 147 B; 169 1

"H-NMR (400 MHz, CDCl;) é(ppm) / J(Hz) 8.52 (s, 2H, CH=N), 8.22 (d, 4H, *J= 8.4,
Ar-H), 8.01 (d, 4H, *J= 8.4, Ar-H), 7.67 (d, 1H, *J = 8.3, Ar-H), 7.43 (d, 2H, *J= 8.3,
Ar-H), 7.11 (dd, 2H, *Jur= 12.1, *J= 2.4, Ar-H), 7.05 (tt, 2H, *J= 8.6, *J= 2.4, “Jiy=
1.2, Ar-H), 6.97 (t, 2H, *J= 8.6, “Ju.r= 8.8, Ar-H), 4.04 (t, 4H, *J= 6.6, OCH,), 1.78-
1.85 (m, 4H, OCH,CH>), 1.25-1.50 (m, 20H, (CH,)sCH3), 0.86-0.89 (m, 6H, CHs)
EIMS m/z (rel. int) 861 (0.7), 508 (12), 371 (25), 354 (43), 259 (100), 242 (31), 213
(19)

2-Nitro-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoate] (12.1)

0.19 g 2-Nitroresorcinol (8b), 0.85 g 4-(2-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (6.1), 0.30 g DCC. The product is yellow powder. Yield 0.26 g (30%).
Mesogenic behavior: Cr 81 B; 157 1

'H-NMR (500 MHz, CDCl3) d(ppm) / J(Hz) 8.66 (s, 2H, CH=N), 8.22 (d, 4H, *J= 8.4,
Ar-H), 8.03 (d, 4H, °J= 8.4, Ar-H), 6.70-7.43 (m, 9H, Ar-H), 3.95 (t, 4H, *J= 6.5,
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OCH,), 1.73-1.76 (m, 4H, OCH,CH,), 1.24-1.71 (m, 20H, (CH,)sCHs), 0.84-0.89 (m,
6H, CHs)

EIMS m/z (rel. int) 508 (8), 463 (12), 371 (49), 354 (62), 336 (28), 259 (100), 242 (12),
213 (11), 195 (11), 138 (12), 69 (13)

2-Methyl-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(13.1)

0.3 g 2-Methylresorcinol (8¢), 1.8 g 4-(3-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 1.2 g DCC. The product is yellow powder. Yield 0.41 g (50%).
Mesogenic behavior on cooling: Cr 103 B 112 Bs 136 B,”* 142 B,” 147 B, 153 1
'H-NMR (500 MHz, CDCl3) d(ppm) / J(Hz) 8.66 (s, 2H, CH=N), 8.30 (d, 4H, *J= 8.4,
Ar-H), 8.02 (d, 4H, *J= 8.4, Ar-H), 7.32 (d, 1H, *J = 8.1, Ar-H), 7.14 (d, 2H, *J= 8.1,
Ar-H), 7.11 (dd, 2H, *Jur= 12.2, *J= 2.5, Ar-H), 7.05 (tt, 2H, *J= 8.7, *J= 2.5, “Jip=
1.0, Ar-H), 6.98 (t, 2H, *J= 8.7, “Jir= 8.8, Ar-H), 4.05 (t, 4H, *J= 6.6, OCH,), 2.13 (s,
3H, Ar-CHj3), 1.79-1.86 (m, 4H, OCH,CH,), 1.24-1.51 (m, 20H, (CH,)sCH3), 0.86-0.90
(m, 6H, CH;)

EIMS m/z (rel. int) 830 (12), 354 (100), 242 (31), 213 (34), 69 (12)

2-Methyl-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(14.1)

0.15 g 2-Methylresorcinol (8¢), 0.85 g 4-(2-fluoro-4-n-octyloxyphenyliminomethyl)
benzoic acid (6.1), 0.30 g DCC. The product is yellow powder. Yield 0.32 g (39%).
Mesogenic behavior: Cr (131 B;) 1351

'H-NMR (500 MHz, CDCls) d(ppm) / J(Hz) 8.66 (s, 2H, CH=N), 8.30 (d, 4H, *J= 8.4,
Ar-H), 8.05 (d, 4H, *J= 8.4, Ar-H), 6.70-7.35 (m, 9H, Ar-H), 3.95 (t, 4H, *J= 6.5,
OCH,), 2.12 (s, 3H, Ar-CH3), 1.72-1.81 (m, 4H, OCH,CH,), 1.24-1.47 (m, 20H,
(CH»)sCH3), 0.86-0.89 (m, 6H, CHs)

EIMS m/z (rel. int) 830 (6), 354 (100), 242 (6), 213 (7), 69 (6)
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4-Cyano-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(15.1)

0.14 g 4-Cyanoresorcinol (8d), 1.71 g 4-(3-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 1.1 g DCC. The product is yellow powder. Yield 0.59 g (70%).
Mesogenic behavior: Cr 73 SmAP 145 SmA 180 I

'H-NMR (500 MHz, CDCl3) 8(ppm) / J(Hz) 8.53 (s, 2H, CH=N), 8.32 (d, 2H, *J= 8.4,
Ar-H), 8.25 (d, 2H, *J= 8.4, Ar-H), 8.03 (d, 2H, J= 8.4, Ar-H), 8.02 (d, 2H, *J= 8.4, Ar-
H), 7.79 (d, 1H, *J= 8.5, Ar-H), 7.56 (d, 1H, *J=2.2, Ar-H), 7.33 (dd, 1H, *J= 8.5, ‘J=
2.2, Ar-H), 7.11 (tt, 2H, *Jur= 12.2, *J=2.3, Ar-H), 7.05 (d, 2H, *J= 8.8, Ar-H), 6.98 (t,
2H, *J= 8.8, Ar-H), 4.04 (t, 4H, *J= 6.5, OCH,), 1.79-1.85 (m, 4H, OCH,CH,), 1.28-
1.50 (m, 20H, (CH,)sCHj3), 0.86-0.89 (m, 6H, CH3)

EIMS m/z (rel. int.): 841 (8), 592 (4), 488 (8), 354 (100), 259 (11), 242 (78), 213 (36),
127 (6), 69 (11)

4-Cyano-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(16.1)

0.14 g 4-Cyanoresorcinol (8d), 1.71 g 4-(2-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (6.1), 1.1 g DCC. The product is yellow powder. Yield 0.25g (30%).
Mesogenic behavior: Cr 93 SmCP 99 SmA 102 N 129 1

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.66 (s, 1H, CH=N), 8.65 (s, 1H, CH=N),
8.30 (d, 2H, *J= 8.2, Ar-H), 8.25 (d, 2H, *J= 8.2, Ar-H), 8.04 (m, 4H, Ar-H), 6.70-7.56
(m, 9H, *J= 8.9, “J=2.5, Ar-H), 3.94-3.96 (m, 4H, OCH,), 1.75-1.81 (m, 4H, OCH,CH,
) 1.25-1.47 (m, 20H, (CH»)sCH3), 0.85-0.88 (m, 6H, CH3)

EIMS m/z (rel. int.): 841 (14), 592 (6), 354 (100), 259 (7), 242 (22), 213 (13), 127 (9),
69 (11)
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4-Chloro-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(17.1)

0.33 g 4-Chlororesorcinol (8e), 1.71 g 4-(3-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 1.1 g DCC. The product is yellow powder. Yield 0.43 g (50%).
Mesogenic behavior: Cr 90 SmCP 133 1

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.53 (s, 1H, CH=N), 8.52 (s, 1H, CH=N),
8.30 (d, 4H, *J= 8.2, Ar-H), 8.25 (d, 4H, *J= 8.2, Ar-H), 7.54 (d, 1H, °J = 8.8, Ar-H),
732 (d, 1H, *J=2.5, Ar-H), 7.18 (dd, 1H, *J= 8.8, */=2.5, Ar-H), 7.04-7.13 (m, 4H, *J;..
= 12.1, °J= 8.8, “J= 2.1, Ar-H), 6.98 (t, 2H, *J= 8.8, *Ji.r= 8.6, Ar-H), 4.03-4.06 (m,
4H, OCH,), 1.24-1.86 (m, 24H, (CH,)sCH3), 0.86-0.90 (m, 6H, CH;)

EIMS m/z (rel. int) 354 (100), 242 (50), 213 (50)

4-Chloro-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(18.1)

0.18 g 4-Chlororesorcinol (8e), 0.85 g 4-(2-fluoro-4-n-octyloxyphenyliminomethyl)ben-
zoic acid (6.1), 0.30 g DCC. The product is yellow powder. Yield 0.30 g (35%).
Mesogenic behavior: Cr 71 SmCP 99 N 103 I

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.66 (s, 1H, CH=N), 8.65 (s, 1H, CH=N),
8.30 (d, 2H, *J= 8.2, Ar-H), 8.25 (d, 2H, *J= 8.2, Ar-H), 8.04 (m, 4H, Ar-H), 6.70-7.56
(m, 9H, *J= 8.9, ‘= 2.5, Ar-H), 3.94-3.96 (m, 4H, OCH,), 1.75-1.81 (m, 4H,
OCH,CH,), 1.25-1.47 (m, 20H, (CH»)sCH3), 0.85-0.88 (m, 6H, CH3)

EIMS m/z (rel. int) 354 (100), 242 (23), 213 (21)

4,6-Dichloro-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxyphenyliminomethyl)benzoate]
(19.1)

0.39 g 4-Chlororesorcinol (8f), 1.63 g 3-fluoro-4-(4-n-octyloxyphenyliminomethyl)ben-

zoic acid (5.1), 1.1 g DCC. The product is yellow powder. Yield 0.49 g (55%).
Mesogenic behavior: Cr 127 (SmCP 95) SmA 129.8 N 130.51
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'H-NMR (400 MHz, CDCls) é(ppm) / J(Hz) 8.53 (s, 2H, CH=N), 8.29 (d, 4H, *J= 8.5,
Ar-H), 8.02 (d, 4H, *J= 8.5, Ar-H), 7.65 (s, 1H, Ar-H), 7.41 (s, 1H, Ar-H), 7.11 (dd, 2H,
=122, *J=2.5, Ar-H), 7.05 (tt, 2H, *J= 8.5, *J= 2.5, *Jur= 1.3, Ar-H), 6.98 (t, 2H,
J= 8.5, “Jur= 8.7, Ar-H), 4.04 (t, 4H, °J= 6.5, OCH,), 1.78-1.85 (m, 4H,
OCH,CH,)1.25-1.50 (m, 20H, (CH,)sCHj3), 0.86-0.89 (m, 6H, CHs)

EIMS m/z (rel. int.): 884 (10), 354 (100), 242 (18), 216 (20)

Elemental analysis: caled C 67.8; H 5.9; N 3.2; Cl1 8.0 found C 67.9; H 5.9; N 3.0; Cl
9.8

4,6-Dichloro-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxy-phenyliminomethyl)benzoate]
(20.1)

0.20 g 4-Chlororesorcinol (8f), 0.85 g 2-fluoro-4-(4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 0.3 g DCC. The product is yellow powder. Yield 0.43 g (48%).
Mesogenic behavior: Cr (129 N) 141 1

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.53 (s, 2H, CH=N), 8.29 (d, 4H, *J= 8.5,
Ar-H), 8.02 (d, 4H, J= 8.5, Ar-H), 7.64 (s, 1H, Ar-H), 7.40 (s, 1H, Ar-H), 7.20-7.23
(m, 2H, Ar-H), 6.70-6.73 (m, 4H, Ar-H), 3.95 (t, 4H, *J= 6.5, OCHy,), 1.69-1.81 (m, 4H,
OCH,CH»)1.24-1.48 (m, 20H, (CH,)sCH3), 0.86-0.89 (m, 6H, CHs)

EIMS m/z (rel. int.): 884 (2), 354 (100), 242 (9), 213 (9)

5-Fluoro-1,3-phenylene bis[4-(3-fluoro-4-n-octyloxy-phenyliminomethyl)benzoate]
(21.1)

0.15 g 5-Fluororesorcinol (7a), 0.85 g 3-fluoro-4-(4-n-octyloxyphenyliminomethyl)ben-
zoic acid (5.1), 0.3 g DCC. The product is yellow powder. Yield 0.46 g (55%).
Mesogenic behavior on cooling: Cr 113 Bsg 131 Bsa»» 135.5 Bsa»» 137 Bsa» 138.9 Bsa:
139.8 B, 163.51

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.53 (s, 2H, CH=N), 8.25 (d, 4H, *J= 8.4,
Ar-H), 8.01 (d, 4H, *J= 8.4, Ar-H), 7.11 (dd, 2H, *Jy.r = 12.0, *J= 2.4, Ar-H), 7.04-7-07
(m, 5H, *J= 2.4, Ar-H), 6.9-7.00 (m, 4H, Ar-H), 4.05 (t, 4H, *J= 6.7, OCH,), 1.79-1.84
(m, 4H, OCH,CH>), 1.24-1.49 (m, 20H, (CH»)sCH3), 0.86-0.89 (m, 6H, CH3)

128



Chapter 8 Experimental part

EIMS m/z (rel. int.) 834 (22), 722 (4), 611 (1), 368 (2), 354 (100), 259 (2), 242 (46),
213 (34), 138 (2), 105 (1), 69 (11)

5-Fluoro-1,3-phenylene bis[4-(2-fluoro-4-n-octyloxy-phenyliminomethyl)benzoate]
(22.1)

0.44 g 5-Fluororesorcinol (7a), 1.42 g 2-fluoro-4-(4-n-octyloxyphenyliminomethyl)ben-
zoic acid (6.1), 1.0 g DCC. The product is yellow powder. Yield 0.54 g (65%). Melting
point: 139°C.

'H-NMR (400 MHz, CDCls) é(ppm) / J(Hz) 8.66 (s, 2H, CH=N), 8.25 (d, 4H, *J= 8.2,
Ar-H), 8.03 (d, 4H, *J= 8.2, Ar-H), 6.70-7.23 (m, 9H, Ar-H), 3.95 (t, 4H, *J= 6.5,
OCH,), 1.75-1.81 (m, 4H, OCH,CH,), 1.28-1.46 (m, 20H, (CH,)sCHj3), 0.85-0.87 (m,
6H, CH3)

EIMS m/z (rel. int.) 834 (11), 354 (100), 259 (11), 242 (46), 213 (10), 69 (13)

5-Fluoro-1,3-phenylene bis[4-(4-n-octyloxyphenyliminomethyl)benzoate] (23.1)

The compound was prepared as it is described in section 8.1.5. 0.15 g 5-fluoro-
resorcinol (7a), 0.78 g 4-(4-n-octyloxyphenyliminomethyl)benzoic acid, 0.54 g DCC.
The product is yellow powder. Yield 0.52 g (65%).

Mesogenic behavior: Cr 158 SmCP 179 1

'H-NMR (400 MHz, CDCl3) d(ppm) / J(Hz) 8.56 (s, 2H, CH=N), 8.25 (d, 4H, *J= 8.4,
Ar-H), 8.01 (d, 4H, *J= 8.4, Ar-H), 7.27 (d, 4H, *J= 8.9, Ar-H), 7.06 (d, 1H, *Jyr= 1.2,
Ar-H), 6.98 (dd, 2H, *Jyu= 9.0, *J= 2.1, Ar-H), 6.93 (d, 4H, *J=8.9, Ar-H), 3.97 (t, 4H,
3J= 6.5, OCH,), 1.75-1.82 (m, 4H, OCH,CH>), 1.26-1.49 (m, 20H, (CH,)sCH3), 0.85-
0.89 (m, 6H, CH3)

EIMS m/z (rel. int.) 798 (6), 463 (16), 336 (100), 224 (16), 195 (23), 69 (9)
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8.2 N,N’-bis[4-(4-n-Octyloxybenzoyloxy)benzylidene]phenylene-
1,3-diamines (28, 29)

8.2.1 2-Fluoro-4-hydroxy-benzaldehyde (25) [100]

19 mmol (3.0 g) 2-Fluoro-4-methoxy benzaldehyde was dissolved in dry dichloro-
methane in a three-neck flask and purged with nitrogen. 31 mmol (31 ml of 1M solution
in DCM) boron tribromide was added to the solution under nitrogen atmosphere at room
temperature. It was stirred at room temperature in the closed flask for six days. The re-
action was quenched with water given drop wise to the reaction mixture stirred for an
additional thirty minutes. Afterward, about 3 ml 31.8%-0s HCI solution was given to
the solution, and it was stirred for additional half an hour. The mixture was extracted
with diethylether twice. The combined organic layer was extracted with brine and wa-
ter. It was dried over Na,SO4 overnight. The solvent was evaporated, and the crude
product was recrystallized from acetic acid. The product is red powder. Yield: 1.73 g

(65%). Ry 0.10 (ethylacetate:heptane=1:2.5). Melting point: 173°C.

8.2.2 4-n-Octyloxybenzoic acid 3-fluoro-4-formylphenyl ester (26)

10 mmol (2.5 g) 4-n-Octyloxy-benzoic acid, 10 mmol (1.4 g) 2-fluoro-4-hydroxy ben-
zaldehyde (25) and 12 mmol (2.5 g) DCC were dissolved in dry dichloromethane. Cata-
lytic amount of DMAP was given to it. It was stirred for a day at room temperature. The
precipitation (N,N’-dicyclohexylurea, DCU) was filtered out and the solvent was evapo-
rated. The crude product was recrystallized from ethanol twice. The product is white
powder. Yield: 2.23 g (60%). Ry 0.50 (ethylacetate:heptane=1:2.5).

Mesogenic behavior: Cr 41 SmA 50 1

'H-NMR (400 MHz, CDCl3) é(ppm) / J(Hz) 10.315 (s, 1H, CH=0), 8.09 (dd, 2H, *J=
9.2, Ar-H), 7.93 (d, 1H, *J= 8.4, Ar-H), 7.12-7.16 (m, 1H, Ar-H), 7.10-7.11 (m, 1H, Ar-
H), 6.96 (m, 2H, *J= 9.2, Ar-H), 4.03 (t, 2H, *J= 6.6, OCH,), 3.65-3.75 (m, 2H,
OCH,CHb), 1.19-1.88 (m, 20H, (CH»)sCH3), 0.84-0.91 (m, 3H, CHs)
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8.2.3 4-Fluoro-m-phenylenediamine (27)

2,4-Dinitrofluorobenzene was dissolved in methanol, and 10 m/m% Pd/C (5%) was
given to it. After purging the solution with nitrogen, hydrogen was led into it. After two
or three hours the reaction is completed. The Pd/C was filtered out. Since the product
decomposes very fast, this solution was used up immediately to get 28.5 and 29.5. The

yield was considered 100% in order to obtain completely substituted product.

8.2.4 N,N’-bis[4-(4-n-octyloxybenzoyloxy)benzylidene]phenylene-
1,3-diamines (28, 29)

1.3 mmol Diamine and 2.6 mmol 4-n-octyloxybenzoic acid 4-formylphenyl ester or 4-n-
octyloxybenzoic acid 3-fluoro-4-formylphenyl ester was dissolved in hot methanol. It
was stirred for two days at room temperature. The precipitation was filtered out and
washed with methanol. The crude product was recrystallized from DMF with ethanol at

least twice. Yield: 25-80%.

N,N’-bis[4-(4-n-octyloxybenzoyloxy)benzylidene] 2-methylphenylene-1,3-diamine
(28.2)

0.16 g 2,6-Diamino-toluene, 0.92 g 4-n-octyloxybenzoic acid 4-formyl-phenyl ester.
The product is yellow powder. Yield: 0.68 g (66%).

Mesogenic behavior: Cr 140 (B; 127.5) 1

"H-NMR (500 MHz, CDCls) §(ppm) / J(Hz) 8.39 (s, 2H, CH=N), 8.14 (tt, 4H, *J= 8.9,
‘J=4.6, Ar-H), 7.99 (d, 4H, *J= 8.5, Ar-H), 7.32 (d, 4H, *J= 8.5, Ar-H), 7.21 (t, 1H, *J=
7.8, Ar-H), 6.97 (tt, 4H, *J= 8.9, Ar-H), 6.82 (d, 2H, *J= 7.8, Ar-H), 4.04 (t, 4H, *J= 6.5,
OCH,), 2.36 (s, 3H, Ar-CHj), 1.78-1.84 (m, 4H, OCH,CH,), 1.44-1.51 (m, 4H,
OCH,CH,CH>), 1.26-1.37 (m, 16H, (CH,)4CH3), 0.87-0.90 (m, 6H, CHj)

EIMS m/z (rel. int.) 354 (1), 233 (100), 121 (71), 93 (4)
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N,N’-bis[4-(4-n-octyloxybenzoyloxy)2-fluoro-benzylidene] 2-methylphenylene-1,3-
diamine (29.2)

0.10 g 2,6-Diamino-toluene, 0.60 g 4-n-octyloxybenzoic acid 4-formyl-phenyl ester
(26). The product is yellow powder. Yield: 0.49 g (70%). Melting point: 145°C.
'H-NMR (500 MHz, CDCls) d(ppm) / J(Hz) 8.67 (s, 2H, CH=N), 8.29 (t, 2H, *J= 8.5,
“Jur= 8.2, Ar-H), 8.12 (tt, 4H, *J= 8.9, Ar-H), 7.22 (d, 1H, *J= 8.0, Ar-H), 7.13 (dd, 2H,
3J=8.5, %J=2.3, Ar-H), 7.09 (dd, 2H, *Jip= 10.8, *J= 2.3, Ar-H), 6.97 (tt, 4H, *J= 8.9,
Ar-H), 6.85 (d, 2H, *J= 8.0, Ar-H), 4.04 (t, 4H, *J= 6.5, OCH,), 2.37 (s, 3H, Ar-CH3),
1.78-1.84 (m, 4H, OCH,CH,), 1.44-1.50 (m, 4H, OCH,CH,CH,), 1.26-1.37 (m, 16H,
(CH,)4CHj3), 0.87-0.90 (m, 6H, CHs)

EIMS m/z (rel. int.) 830 (3), 233 (100), 121 (75), 93 (3)

8.3 Isophthalydene bis[4-(4-subst.-phenyloxycarbonyl)anilines]
(30)

10 mmol (3.72 g) 1,3-Phenylene bis(4-methyliminobenzoic acid), 22 mmol of the corre-
sponding 4-substituted phenol and 26 mmol (5.27 g) DCC was dissolved in dry di-
chloromethane. Catalytic amount of DMAP was given to it. It was stirred at RT for five
to seven days. The precipitation (N,N’-dicyclohexylurea, DCU) was filtered out and the
solvent was evaporated. The crude product was recrystallized from toluene at least three

times. Yield: 30-40%.

Isophthalydene bis [4-(4-octyloxy-phenyloxycarbonyl)aniline] (30.4)

3.72 g 1,3-Phenylene bis(4-methyliminobenzoic acid), 5.5 g 4-n-octyloxybenzoic acid,
5.27 g DCC. The product is yellow powder. Yield: 3.12 g (40%).

Mesogenic behavior: Cr 126 B4 148 SmCP 152 1

"H-NMR (400 MHz, CDCls) d(ppm) / J(Hz) 8.54 (s, 2H, CH=N), 8.47 (s, 1H, Ar-H),
8.23 (dd, 4H, °J= 8.5, Ar-H), 8.09 (d, 4H, °J= 8.5, Ar-H), 7.63 (t, 1H, *J= 7.8, Ar-H),
7.28 (dd, 4H, *J= 8.5, Ar-H), 7.11 (tt, 4H, *J= 9.0, Ar-H), 6.92 (tt, 4H, >J=9.0, Ar-H),
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3.95 (t, 4H, *J= 6.6, OCH,), 1.74-1.81 (m, 4H, OCH,CH,), 1.23-1.49 (m, 20H,
(CH,)sCHs), 0.86-0.89 (m, 6H, CHj)
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Symbols and abbreviations

Symbols and abbreviations

a - bending angle between the wings
of a bent-shaped mesogen

[ - angle between the symmetry axis

and the molecular long axis of a bent-
shaped mesogen

y - viscosity

0 — chemical shift

£ - angle between the long molecular
axis and one of the wings of a bent-
shaped mesogen

¢ - dielectric permittivity

0 - tilt angle

A - wavelength

v - splitting

o - dielectric conductivity

7, - switching time

@ - torsion angle

AH — transition enthalpy

AFE — antiferroelectric

Alk - alkyl

Ar-H — aromatic hydrogen

B;— B7 — designation of banana
mesophases suggested in the workshop
Banana-Shaped Liquid Crystals:
“Chirality by Achiral Molecules” held
in Berlin in December 1997

B« — banana mesophases different from
already defined ones

calcd - calculated

Cg, Cp, — possible designation for B,
mesophase

Cs — mesophase with C; symmetry and
one polarization vector

Col; — columnar rectangular mesophase
C, — heat capacity

Cp — mesophase with C,, symmetry and
one polarization vector

Cr — crystalline

d — doublet

d — layer thickness

D — transversal order parameter

DCC - N, N’-dicyclohexylcarbodiimide
DCM - dichloromethane

DCU — N, N’-dicyclohexylurea

dd — double doublet

DEAD - diethyl azodicarboxylate

deg — degree

DMAP - 4-dimethylaminopyridine
DMF - dimethylformamide

DSC - differential scanning calorimetry
E — electric field

E 4 — activation energy

EIMS — electron impact mass
spectroscopy

EN - electronegativity

E, — threshold field

f - frequency

FE - ferroelectric

I — isotropic
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Symbols and abbreviations

I - current

IUPAC — international union of pure
and applied chemistry

J — coupling constant

i - coupling constant of ipso coupling
3J — coupling constant of ortho coupling
%J - coupling constant of meta coupling
>J - coupling constant of para coupling
K — elastic constant

k — layer normal vector

m — multiplet

m/z — mass/charge

MF — molecular fixed frame

N - nematic

n — vector along the long molecular axis
of the molecule

NMR - nuclear magnetic resonance

p — polarization vector

PAS — principle axis system

P, — switching polarization

q - quartet

rel. int. — relative intensity

Ry— migration ratio of the substance and
the solvent on thin layer

S — longitudinal order parameter

s — singlet

Sign. - signature

SmA — smectic A phase

SmAP - mesophase with C,, symmetry
and one polarization vector

SmC — smectic C phase

SmCAP4 — antiferroelectric SmCP
phase in which the interface
arrangement of the molecules is
anticlinic

SmC4Pr - ferroelectric SmCP phase in
which the interface arrangement of the
molecules is anticlinic

SmCg - mesophase with C; symmetry
and one polarization vector

SmCP — designation for B, phase
SmCgP4 - antiferroelectric SmCP phase
in which the interface arrangement of
the molecules is synclinic

SmCsPr - ferroelectric SmCP phase in
which the interface arrangement of the
molecules is synclinic

SmX — smectic X phase: different from
the already defined smectic phases

T - temperature

t — triplet

t - time

THF — tetrahydrofuran

Uy — threshold voltage

Wxy — matrix elements of the
interaction tensor

XRD — X-ray diffraction
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