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PREFACE

Liquid crystalline materials are omnipresent in daily life. A broad spectrum of
powerful applications of these exotic materials has created new avenues in academic
and industrial research. Some of the common applications include display devices,
temperature and pressure sensors, light valves and biosensors. Yet, there is consid-
erable current interest in the design and development of novel liquid crystalline
compounds with various functional properties. In addition, there is a significant
interest in the characterization of these compounds at atomistic-level resolution using
a variety of modern experimental, theoretical and computational approaches, which
would aid the easy creation of high quality functional molecules. The mesogenic
properties of liquid crystalline molecules are fascinating to spectroscopists and have
been well utilized in the development of a variety of physical techniques including
Nuclear Magnetic Resonance spectroscopy. Needless to mention that the increasing
number of research teams, reports and meetings related to this interdisciplinary field
is an indication of the wealth and remaining challenges of this rapidly growing field.

This book does not intend to cover the whole field of thermotropic liquid
crystalline (TLC) materials as it is extremely difficult to cover within a single book.
Instead it presents a collection of Chapters written by experts on various exciting
topics in the field. Properties of recently developed TLCs (such as banana-type,
thiophene-based, and columnar TLCs), phase biaxiality, and novel polymeric TLCs
are discussed in detail. Solid-state NMR studies to obtain atomistic-level structural
and geometrical information of TLCs are presented. Synthesis of liquid crystalline
conjugated polymers, fast switching of nematic materials by an electric field, and
photoconducting discotic systems are also presented.

It is my considerable pleasure to offer my thanks to all the authors for their
wonderful contributions and the publishers for the help in developing the book. I
thank my family for their help in bringing out this book. I also would like to thank
my colleague and friend, Dr. Narasimhaswamy (Central Leather Research Institute,
Chennai, India), who introduced me to this exciting field of research that has lead
to the development of this book.

I sincerely hope researchers in both academia and industries will find the book
to be useful for their research.

Ann Arbor, Ayyalusamy Ramamoorthy
Michigan, USA The University of Michigan
October 17, 2006



CHAPTER 1

MESOPHASE BEHAVIOUR AT THE BORDERLINE
BETWEEN CALAMITIC AND “BANANA-SHAPED”
MESOGENS

GERHARD PELZL AND WOLFGANG WEISSFLOG!'

Institut fiir Physikalische Chemie, Martin-Luther-Universitit Halle-Wittenberg,
Miihipforte 1, 06108 Halle (Saale), Germany
VE-mail: wolfgang.weissflog @chemie.uni-halle.de

1. INTRODUCTION

Organic compounds with pronounced shape anisotropy (rod-like or disc-like) are
able to form thermotropic mesophases. Rod-like (calamitic) mesogens can exhibit
nematic as well as different smectic phases characterized by a layered structure.
Disc-shape mesogens preferably form columnar phases of different type charac-
terized by a 2D superstructure. In rare cases they can also form nematic phases.
Nematic phases may be characterized as the simplest liquid crystalline phase which
is distinguished from the isotropic liquid only by the long-range orientational order.
It is possible to describe the spontaneous parallel orientation of the molecules in
nematic mesophases only by the anisotropy of repulsive forces coupled with the
isotropic part of the dispersion interaction ,E] It does not exclude that in depen-
dence on the molecular structure — especially for the formation of smectic layer
structures or columnar structures — other intermolecular interactions can play an
important role (e.g. polar forces, charge-transfer complexes, hydrogen bonds). But
in addition, the interaction between chemically incompatible moieties [E] as well as
special steric interactions can clearly influence the structural features of mesophases.
Special steric interactions may occur, if the molecular shape strongly deviates from
the classical rod-like (or disc-like) shape. Elongated molecules with bulky branches
at the ends of the molecules, the so-called polycatenar compounds are well-known
examples. These compounds are able to form not only nematic or smectic phases
but also mesophases with 2D superstructure (columnar phases) or 3D superstructure
(cubic, tetragonal, rhombohedral phases) ,E]. Another impressive example of

1

A. Ramamoorthy (ed.), Thermotropic Liquid Crystals, 1-53
© 2007 Springer.



2 Pelzl and Weissflog

a special steric interaction is molecules with a pronounced bent shape which are
the topic of this chapter. Such substances were already synthesized by Vorldnder
et al. 1932 ﬂa] and later by Akutagawa et al. [ﬁ], but it were Niori et al. [E] who
discovered the polar properties of smectic phases formed by bent molecules. It was
shown that due their bent shape the molecules can preferably be packed in bent
direction giving rise to a long-range correlation of the lateral dipole moments, that
means to a macroscopic polarization in the smectic layers.

In the following the most important mesophases formed by bent molecules shall
be briefly characterized. In the SmAP phase (P means polar) the molecules are
arranged perpendicular to the layers like in SmA phases but they possess a polar
packing (in bent direction) within the layer plane. Depending on the direction of
the polar axes in adjacent layers the SmAP phase can behave ferroelectric (polar
axes parallel) or antiferroelectric (polar axes antiparallel) which is indicated by the
subscripts F or A (SmAP;, SmAP,).

In most cases the polar packed bent molecules are tilted with respect to the layer
normal. In analogy to the SmAP phase this phase is designated as SmCP which
can either be ferroelectric (SmCPy) or antiferroelectric (SmCP,). But in addition,
in the case of SmCP phases we have also to distinguish — with respect to the tilt
direction — between synclinic or anticlinic interlayer correlation which is indicated
in the phase symbol by the subscripts S or A after C. That means, four structural
types of the SmCP phase are possible — SmC4P,, SmC,P,, SmCPr, SmC,Py —
which are schematically presented in Figure [[-1] [d]. Another aspect is of funda-
mental interest. The combination of director tilt and polar order leads to the chirality
of smectic layers although the constituent molecules are achiral [|§, E] As shown
in Figure [[=I] two equivalent layer structures with antiparallel polar axes exist for
a given tilt direction but these structures are mirror images from each other. In
Figure [[=]] the opposite chirality is depicted by red or blue molecule symbols.
In the so-called “racemic” states (SmCyP,, SmC,P;) the chirality alternates from
layer to layer. In the “homochiral” states (SmC,P,, SmC¢Pg) the layer chirality

b1, z I%, d / % b, FE
synclinic, AFE ‘y//{ff H\%\ ;

SmC,P, {WW E @ W/{-] SmC.P,
anticlinic, AFE “\#\A\ %} N M szncllmc. FE

Figure 1-1. The molecular arrangement considering tilt and polarity in adjacent layers of bent-core
molecules. The smectic layers are perpendicular to the drawing plane. The different molecule symbols
(x), (e) correspond to opposite bent direction perpendicular to the drawing plane, i.e. to opposite
polar axes. Red and blue molecule symbols indicate layers of different chirality. The arrows indicate
the field-induced transition of the antiferroelectric into the ferroelectric state (AFE = antiferroelectric;
FE = ferroelectric)
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is uniform within a macroscopic domain. In order to escape from the macroscopic
polarization, SmAP as well as SmCP phases have mostly an antiferroelectric ground
state (alternating polarization in adjacent layers) which can be switched into corre-
sponding ferroelectric states (indicated by arrows in Figure [[=1). This switching
(also the switching between the opposite ferroelectric states) usually takes place by
the collective rotation of the molecules around the tilt cone like in SmC* phase of
calamitic compounds. It can be seen from Figure [[=] that during the switching the
chirality of the layers (red and blue, resp.) does not change.

Another way to avoid bulk polarization in layered structures of bent molecules is
to break the layers into 2D modulated structures which can be regarded as columnar
structures where the layer fragments represent the columns. In many cases the
columnar phases of bent molecules have a rectangular cell (formerly this Col, phase
was also designed as B,), but there are also examples of an oblique lattice (Col,)

. It seems that the columns consisting of layer fragments are polar ones
but the macroscopic polarization is avoided by an antiparallel alignment of the
polar axes.

It should be mentioned that further phases are formed by bent-core mesogens,
which, however, have no relation to the subject of this chapter. Concerning the
structure of the B;, B, B, B4 and B, phases, we refer therefore to three reviews
on banana-shaped liquid crystals [Iﬂ, ﬁ, E]

The assignment of the mesophases is based on different experimental techniques.
Phase transitions are usually detected by calorimetry but also by polarizing optical
microscopy. Textural features obtained by polarizing microscopy give first hints
about the mesophase type. The most important method for the structural character-
ization is X-ray diffraction measurements. If possible these measurements should
be performed on oriented samples. The polar properties are investigated by current
response measurements, mostly using the triangular wave voltage method [@]
Information about the molecular dynamics can be obtained by dielectric measure-
ments M] NMR spectroscopy allows the determination of the orientational
order parameter by 'H splitting or '*C anisotropic shift measurements. Using the
experimental order parameter the conformation of the bent molecules in the liquid
crystalline state may be estimated by 3C NMR [22-23], F NMR [2d] or 2H NMR

—Iﬁ]. The knowledge of the conformation (especially of the bending angle) is
important to understand basic relationships between molecular structure and the
mesophase behaviour.

Since the discovery of the polar properties in smectic phases of bent-core
mesogens in 1996 [E] chemists have synthesized a large variety of banana-shaped
compounds with quite different structure. In most cases the chemical structure
corresponds to the molecular design sketched in Figure

The molecules consist of at least five rings connected by the linking groups
X, Y. The two legs are attached to the central part, which introduces the bending
angle in the whole molecule. Mostly the bending angle of about 120° results
from the 1,3-phenylene disubstitution, as shown in Figure The central phenyl
ring can be replaced by naphthalene or by six- or five-membered heterocyclic
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substitution by small groups
(pusilion. volume, number)

linking groups X, Y lateral substituents
(polarity, direction, (at different positions of the

flexibility) /@\ middle and terminal phenyl rings).
/©/ central part \©\ R

R (bending angle)
terminal chains
(length, connecting groups

polarity, microsegregation)

number of rings
{five-, six-, seven-ring compounds).

Figure 1-2. Molecular design of bent-core mesogens

rings (e.g. pyridine, oxazole, oxadiazole). But also a short odd-numbered spacer
consisting of one (-O-; -S-; -CH,-; -CO-) or three single units (e.g. -CH,00C-)
can be used to introduce the bending angle. The terminal rings are substituted by
long hydrocarbon chains in most cases. Aliphatic chains containing perfluorinated
moieties or siloxane containing fragments increase the effect of microsegregation
in the resulting mesophases. Polar as well as non-polar groups can be attached at
the different lateral positions of the phenyl rings which is a successful way to create
new phases and phase sequences in banana-shaped liquid crystals. It will be shown
that the influence of lateral substituents is of great importance with respect to the
subject of this chapter. More detailed information about the relationship between
the chemical structure of bent-core mesogens and their mesophase behaviour has
been summarized in some reviews [E ﬁ |ﬂ E @]

In principle the molecular design to prepare banana-shaped liquid crystals
sketched in Figure works, but until now some essential questions could not
be answered in a satisfying way. An important question is, for example: What are
the structural preconditions of bent-core molecules to form definite phases with
polar structure or polar structural fragments (“banana phases”). There are bent
molecules which form only the classical mesophases of calamitic mesogens, that
means nematic or smectic phases. On the other hand, there are bent-core compounds
which are able to form nematic and/or smectic phases as well as “banana phases”.
This indicates that there is a more continuous borderline between bent-core and
calamitic mesogens.

In order to get more insight into this borderline we present at first representative
examples where “banana phases” as well as nematic and/or conventional smectic
phases are observed at the same compound in quite different polymorphism variants.
In cases where information about the detailed conformation of the molecules in
the mesophases and its change with temperature are available, we will discuss
the molecular origin of such complex phase behaviour. Furthermore, in a brief
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section we will show that also in binary systems between bent-core and suitable
calamitic mixing components and in dimers consisting of a calamitic and a bent-core
mesogenic unit phase sequences with “banana phases” and nematic and smectic
phases can be realized. An important part is devoted to structural features of nematic
or smectic phases of bent compounds which can be manifested in unusual properties,
for example unusual electro-optical behaviour.

2. VARIANTS OF POLYMORPHISM WITH SmCP,,
CONVENTIONAL SMECTIC (SmA, SmC) AND NEMATIC
PHASES

2.1 Dimorphism SmA-SmCP, in Bent-core Mesogens
with Perfluorinated Terminal Chains

The first examples of bent-core mesogens which form a polar SmCP, phase as well
as a SmA phase were reported in 2000 ﬂﬂ] These five-ring compounds possess a
CH,;OO0C-substituent in 5-position of the central core and perfluorinated terminal
chains (Table I=1)).

The high-temperature smectic phase exhibits a homeotropic or a fan-shaped
texture which is typical for a SmA phase. In contrast, the low-temperature phase
forms a schlieren or a grainy texture, respectively, and shows a polar electro-optical
response since the texture of the switched state depends on the polarity of the
applied field. Current response measurements give evidence for an antiferroelectric
ground state which can be switched into corresponding ferroelectric states. On the
base of these experimental findings the low-temperature phase could be identified

Table I-1. Transition temperatures (° C) and enthalpy changes (kJ mol™'; in square brackets below the
temperatures) of the compounds 1a-1b
COOCH;
N Z
0 o
Fon4+1C,CH20 OCH,CFony g
No n Cr SmCP, SmA I
la 9 . 160 . 165 . 250 .
[20.6] [6.7] [1.8]

1b 11 . 175 . 182 . 265 .

[19.0] [8.8] [1.9]

Cr: crystalline; SmCP,: antiferroelectric polar smectic C phase; SmA: smectic A phase; I: isotropic
liquid; The numbers between the phase symbols designate the phase transition temperatures in ° C, the
numbers below which are the transition enthalpies in kJ mol~" (in square brackets).
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I L=57nm |

y /A
1 /f///}

SmA SmCP,,

Figure 1-3. a) Molecular model of compound 1a; b) Structure model of the SmA and SmCP, phase of
compounds 1 (copyright (2000) from Liq. Cryst. by L. Kovalenko et al., ref. 31. Reprinted by permission
of Tayler & Francis, LLC.http://www.taylerandfrancis.com/)

as an antiferroelectric SmCP phase. It was found that the layer spacing d (47 A for
compound 1a) is clearly smaller than the molecular length L (57 A for compound
1a), but surprisingly d is nearly the same in the SmA and the tilted SmCP, phase.
It is known from NMR measurements and X-ray studies on the SmA phase of
analogous three-ring compounds that the difference between L and d is in the order
of magnitude of the length of a terminal chain (similar to compounds 1a or 1b).
Therefore it can be assumed that in the SmA phase the perfluorinated chains are
more or less interdigitated (Figure [[=3). At the transition into the SmCP, phase
the interdigitation disappears and the molecules are tilted now. That means, both
smectic phases possess a different packing of the molecules in the layers. This clear
structural change is also indicated by the relatively high transition enthalpies (see

Table [[=1).

2.2 Polymorphism SmA-SmCP,, SmA-SmC-SmCP,
and N-SmA-SmC-SmCP, in Cyano-substituted Bent-core
Compounds

Five-ring bent-core compounds derived from 4-cyanoresorcinol represent the second
substance class where phase sequences with SmCP, phases and non-polar phases
(N, SmA, SmC) have been observed [@]

It is seen from Table that the dodecyl compound 2a exhibits a dimorphism
SmA-SmCP, like compounds 1a and 1b. The other compounds show trimorphism
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Table 1-2. Transition temperatures (° C) and enthalpy changes [kJmol~'] of the compounds 2a-2f

Neaauerl

R R

No R Cr SmCP, SmC SmA N I

2a  Cj,H,s « 80 . 124 . 164 - .
[13.2] [1.3] [6.8]

2b  C Hy « 90 . 128 . 142 . 166 - .
[19.5] [1.8] -] [7.6]

2¢  C4¢H;;0 o 122 . 103 . 133 . 156 e 165 .
[32.3] [0.2] [1.8] [0.6] [0.9]

2d CgH,;0 e 97 . 142 . 146 . 175 - .
[37.4] [1.9] [2.1] [4.8]

2e CyoH,,0 o 62 . 134 . 138.5 . 180 - .
[45.9] [3.5] [2.7] [5.8]

2f Cj,H,sO + 65 . 122 . 141 . 188 - .
(14.7] [4.8] (-] [7:2]

Cr: crystalline phase; I: isotropic phase; SmA, SmC: smectic A or smectic C phase, respectively; N
nematic phase; Parentheses indicate monotropic transitions.

SmA-SmC-SmCP,, or tetramorphism N-SmA-SmC-SmCP, (compound 2¢). For the
homologues 2c-2e the phase transition SmA-SmC is of first order, the corresponding
transition enthalpies vary between 1.8 and 2.7 kJmol . The different smectic phases
could be identified by polarizing microscopy, by electro-optical measurements and
by X-ray investigations on oriented samples. The tilt angle of the SmC and SmCP,,
phase is found to be relatively low and does not exceed 15°. Figure [[=4] shows
the temperature dependence of the orientational order parameter S for the nematic,
SmA, SmC, and SmCP, phases of compounds 2¢ determined by '*C-NMR [@]
The bending angle — the opening angle between the two wings of the molecules — has
been determined in the liquid-crystalline phases of compounds 2b and 2¢ by NMR
studies. In the non-polar SmA and SmC phases the molecules possess a bent shape
with a bending angle of about 140° which decreases to 135° in the SmCP, phase
[Iﬁ]. It can be assumed that in the SmA phase the bent molecules can freely rotate
around their long-axes giving rise to the uniaxial structure. In the SmC phase the
molecules are weakly tilted (215°) but according to dielectric measurements B]
ferroelectric clusters in the short-range order region exist. At a definite temperature
the bending angle obviously reaches a critical value where the rotational barrier
becomes strong and the polar packing with a long-range correlation of the lateral
dipoles is favoured.
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08} :_._'_-.ll].. "
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Figure 1-4. Temperature dependence of the orientational order parameter S in the nematic, SmA, SmC,
and SmCP, phase of compound 2¢

Table 1-3. Transition temperatures (° C) of the compounds 3a-3d

B
A N _N A
H H
H2n+1CnO OCnH2n+1
No. n A B Cr SmCP, SmC SmA I
3B o F H N . 129 . 133 . 182 .
383 12 a H . 87 . 112 - . 168 o
3¢ 133 8 CH; H « 110 C 76 . 97) . 117
334 3 H CH; =+ 90 (e 79 - .« 107 .

In contrast to the compounds of series 1 the structural differences between the
polar and non-polar smectic phases are less pronounced which is also indicated
by the relatively low transition enthalpy SmA-SmCP, or SmA-mCP,. The main
reason for the transition from the polar into the non-polar phases seems to be the
clear decrease of the bending angle with decreasing temperature.

Starting from the parent series 2, the attachment of lateral substituents (F, Cl,
CH,) at the outer rings can result in similar phase sequences, see for example
compounds 3a-3d in Table [3

23 Five-ring 4,6-Dichlororesorcinol Derivatives with Fluorine
or Chlorine Substituents at the Outer Rings

Also the following homologous bent five-ring compounds derived from 4,6-
dichlororesorcinol show a similar mesophase behaviour which is summarized in

Table [ [22, Bd].
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Table 1-4. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 4a-4f

Ha441 GO

No. n Cr SmCP SmC SmA N I

4a 3 . 179 - - - (= (160)
[75.9] [1.3]

4b 8 . 127 C (95) - . 130 . 1305 -
[49.0] -] - -

4c 9 . 113 C (100) - . 133 - .
[44.4] [0.5] [4.2]

4d 10 . 108 C (103) - . 137 - .
[50.5] [0.5] [5.1]

4e 11 . 107 ( (102) . 116 . 139 - .
[52.8] (03] [-I° [5.7]

4f 12 . 103 ( (100) . 125 . 139 - .

[57.1] [0.2] -1 [6.1]

) The calorimetric peaks of SmA-N and N-iso transition could not be resolved. The sum of these
transition enthalpies: AH (SmA-N) +AH (N-iso) = 2.0kJmol .
b) The transition is not observable by DSC.

Three distinct variants of polymorphism occur in dependence on the length
of the terminal chains: N-SmA-SmCP, for compound 4b, SmA-SmCP, for
compounds 4c¢ and 4d and SmA-SmC-SmCP, for compounds 4e-4f whereas
the homologue with the shortest terminal chains 4a forms a monotropic nematic
phase, only. It follows from X-ray patterns of oriented samples and from electro-
optical measurements that the tilt of the molecules in the SmC and SmCP,
phase is not larger than 8°. Similar to the homologues of series 2 the layer
spacing d is nearly the same in all smectic phases and clearly smaller than the
molecular length L. Considering the very low tilt angle the results of X-ray
measurements can be interpreted by a partial interdigitation of the terminal
chains not only in the SmA phase but also in the tilted smectic phases SmC
and SmCP. Electro-optical investigations give evidence for an antiferroelectric
ground state of the SmCP phase; the switching polarization shows a strong
temperature dependence which is unusual for SmCP, phases (Figure [[53). On
the other hand, the dielectric strength strongly increases on approaching the
phase transition SmC — SmCP,, (Figure [=6h) or SmA — SmCP, (Figure [=6b)
which is characteristic for a transition from a paraelectric state (SmA, SmC)
to a polar (ferro- or antiferroelectric) state. As shown in Figure [=7 also in
these compounds the bending angle (o = 180 — 2¢; see formula in Table [I=4)
decreases with decreasing temperature, e.g. it is 162° in the SmA phase and 155° to
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Figure 1-5. Temperature dependence of the switching polarization Pg in the SmCP, phase of compound
4f (reprinted with permission from ref. 22, copyright, 2004, The PCCP Owner Societies)
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with permission from ref. 22, copyright, 2004, The PCCP Owner Societies)
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Figure 1-7. Temperature dependence of the bending angle a in the smectic phases of compound 4f
(reprinted with permission from ref. 22, copyright, 2004, The PCCP Owner Societies)

149° in the SmCP, phase. That means, similar to the 4-cyanosubstituted compounds
of series 2 and 3 the direct transition from a non-polar (SmA, SmC) into a polar
smectic phase (SmCP,) is related to the continuous decrease of the bending angle.

The only structural difference between series 4 and the next series 5 are the
lateral substituents at the outer rings: here fluorine atoms are replaced by chlorine
atoms, see Table [3 [37].

Table I-5. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 5a-5g

o O

H2n+1CnO OCpHan4

No n Cr SmCP, SmC SmA N I

5a 5 . 128 - - - (¢« 114) .
[29.7] [0.8]

5b 6 . 114 - - - (¢« 113) .
[39.6] [0.7]

Sc 7 . 115 - (e 68) - o 111 .
[25.9] [1.0] [0.9]

5d 8 . 117 ( 71 . 91 . 104 « 109) .
[65.9] [0.5] - [0.2] [1.3]

Se 9 . 101 . 75 . 105 . 112 - .
[35.0] [0.5] - (3:2]

5t 10 . 103 (e 74) . 112 . 118 - .
[35.1] [0.4] - [4.7]

5g 12 . 106 (e 73) . 121 . 122 - .
[35.8] [0.4] - (5.1]

2This transition is not indicated by a calorimetric signal.
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Figure 1-8. The possible mechanism of polar switching in the SmCP phases; a) Switching by collective
rotation of the molecules around the tilt cone; b) Switching by collective rotation of the molecules
around their long axes. Mechanism b) is accompanied by an inversion of layer chirality

Depending on the length of the terminal chains the homologues form a nematic
phase, nonpolar smectic phases (SmA, SmC) and the polar smectic phase SmCP,.
It follows from X-ray measurements that the layer spacing d of the SmA phase
is clearly smaller than the molecular length and it decreases only slightly on
cooling into the tilted smectic phases which have a tilt angle not higher than
15°. Since the difference L —d is in the order of magnitude of the length of
the corresponding terminal aliphatic chain an intercalated structure of the smectic
phases — as also found for the members of series 2 and 4 can be assumed. A signif-
icant difference to series 4 is the switching behaviour. The switching mechanism
of the SmCP, phase clearly depends on the temperature. At lower temperatures
the switching takes place in the usual way by rotation of the director around
the tilt cone. At higher temperatures the switching is based on the collective
rotation of the molecules around the long axes which corresponds to the field-
induced inversion of the layer chirality (Figure [[=8). Until now, such switching
mechanism has been reported for SmCP, phases of a few bent-core compounds,
only[[3, B&-a).

24 Polymorphism of the Non-polar SmC and/or the Nematic Phase
with Several SmCP Phases

The homologues of the next series have a quite similar structure compared
with series 2, only the outer linking groups are ester groups instead azomethine
groups [@]:

The common feature is that also in this series non-polar phases (N, SmC)
as well as polar phases (SmCP,) can occur at the same substance (Table [[=6]).
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Table I-6. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 6a-6g

o

H041C10 OCpHont1
No n Cr Col SmCP) SmCP, SmCP, SmC N I
6a 6 « 105 - - - - - e 140 o
[44.6] [0.8]
6b 7 ¢ 96 (o 6%) - - - - « 132 .
[37.7] [4.8] [0.7]
6c 8 * 99 - - - - - e 132 .
[52.0] [0.8]
6d 9 - 92 - - - - - e 128 o
[47.7] [0.7]
6e 10 « 99 - - (66 . - . 128 .
[66.1] [2.2] [2.0] [1.1]
6f 12 - 103 - (¢ 68 . 75 . 94) e 109 e 129
[65.7] [0.4] [0.5] [0.2] [0.5] [1.3]
6g 16 + 103 - - 74 .79 . 99) . 1335 - .
[65.7] [0.4] [0.4] [-]* [6.3]

# This transition could not be detected by calorimetry.

But there are some significant differences. With exception of the hexadecyloxy
compound all homologues listed in Table [[=6] exhibit a nematic phase but a
SmA phase does not occur. The decyloxy homologue 6e forms two antiferro-
electric SmCP, phases whereas for the longer chained homologues the non-polar
SmC and three SmCP, phases could be distinguished by calorimetry although the
transition enthalpies are very low. On the other side, also the textural changes
are very small and X-ray investigations showed no significant differences between
the SmCP, phases. The phase sequences of the homologues 6e, 6f and 6g were
only observed in this series. Similar to the series 2 the terminal chains of the
smectic phases are partially intercalated, but in contrast to series 2 the tilt angle
of the smectic phases is clearly enhanced (between 30...35°). Another remarkable
difference is the switching mechanism of the SmCP, phases. The field-induced
transition from the antiferroelectric ground state into the switched ferroelectric
states preferably takes place through a collective rotation of the molecules around
their long axes. Such switching mechanism is accompanied by an inversion of
the layer chirality by reversal of the field polarity (see series 5). It should be
noted that also the nematic phase shows some unexpected properties which are
obviously related to the bent shape of the molecules and which will be discussed in

section
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2.5 Liquid Crystal Tetramorphism with a SmA Phase and a Reentrant
SmCP, Phase

In long-chained members of a new series of five-ring bent-core compounds which
contain a chlorine substituent in 4-position of the central phenyl ring and only
ester linking groups between the rings, an unusual polymorphism variant occurs:
SmA-SmCP,—Col,,~SmC,P,, see Table [=7 [43].

This phase sequence is elucidated by X-ray diffraction measurements and detailed
electro-optical investigations. The SmCgP, phases are structurally identical and
differ only in the mechanism of polar switching. The switching of the high-
temperature SmCgP, phase is based on the collective rotation of the molecules
around their long axes whereas the switching of the reentrant SmC¢P, phase takes
place though the rotation of molecular long axes around the tilt cone. The Col P,
phase can be transformed to the SmCPp phase by the application of an electric
field. The non-polar SmA phase shows a reversible field-induced transition into the
SmC,Pr. phase in a limited temperature range which will be discussed in section[Z2]

It is remarkable to notice that the short chain homologues 7a and 7b exhibit only
a SmCP, phase, that means, lengthening the terminal chains (compounds 7c-e) can
induce a conventional smectic A phase in this series. That is in contrast to the
relationships reported on banana-shaped liquid crystals up to now.

It should be noted that also in analogous compounds, however with 4,6-dichloro
substitution, phase sequences with “banana phases” and nematic and conventional
smectic phases occur, e.g. SmMCP,~SmA-N(n = 8); SmCP,~SmC-SmA (n = 12)
and SmCP,—SmC (n = 16) [u4].

Table 1-7. Transition temperatures (° C) and enthalpy changes [kJmol~'] of the compounds 7a-7e

1
e
(6] (6]
(0] (0]
ISR UL
OCpHop41

H2p+1C0

No n Cr SmCsP, Col,, P, SmCgP, SmA I

7a 8 + 1130 . 145.0 - - - .
[20.7] [16.0]

7b 12« 1100 . 147.0 - - - .
[50.0] [18.2]

7e 14« 1050 . 134.07 . 138.0 . 139.5 . 1440 -
[60.3] -] [08] (2:2] 8.8]

7d 16 + 108.0 . 130.0% . 135.0 . 138.5 . 1455 -
[74.9] [-] [1.5] [2.7] [8.6]

7e 18 « 107.0 . 123.0% . 128.0 . 134.0 . 1425 -

[71.9] [ [1.4] [3.1] [8.7]

? The enthalpy for this transition could not be determined.
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2.6 Benzoyl Derivatives of Secondary Cyclic Amines

There are non-linear compounds where the bend of the molecule is not achieved by
1,3-substitution of the central aromatic ring. Weissflog et al. presented a new class
of bent compounds in which the central fragment consists of a benzoyl derivative
of a secondary cyclic amine. In this case a carbonyl group links the phenyl ring
of one leg with the nitrogen of the piperidine or piperazine ring which is part of
the second leg m, @] There are some longer-chained five-ring compounds which
form SmCP, (in one case a Col, phase), only. But the majority of the studied
six-ring compounds 8 exhibit polymorphism variants with SmCP, or SmAP, as
well as conventional smectic phases.

OCnH2n+1

Compounds 8 X, X”: -N=CH-; -CH=N-
Y,Y" -COO-; -O0C-
A =H, F, Br, CN, CH3
B =H, CH3

Because the clearing temperatures of the six-ring compounds are rather high,
structural investigations and physical measurements are very difficult or impossible,
e.g. in some cases SmCP, and SmAP, phases could not be distinguished since X-
ray studies on oriented samples could not be performed. Depending on the linking
groups, on lateral substituents and on the length of the terminal chains following
phase sequences with decreasing temperature can occur: SmA-SmAP, /SmCP,;
SmA-SmAP, /SmCP,-SmA’, SmA-SmA”-SmCP,; SmC-SmCP,-SmCP,’. The
structural differences between SmA and SmA’ or SmA” resp., or between SmCP, -
and SmCP,’ are not yet clear [@]

3. POLYMORPHISM WITH POLAR BIAXIAL SmA PHASES

3.1 SmAP, Phases Formed by Terminal Non-polar Bent-core
Mesogens

The existence of a polar SmA phase formed by bent-core mesogens has been
predicted by Brand et al. M] For the octyloxy derivative of the following series
the SmAP, phase was experimentally proved for the first time m]
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Table I1-8. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 9a-9e

o 0y

Hopt1Cy 0 OCpHop41

No n Cr SmAP, SmA I

95 48] 8 . 73 . 145 . 180.1 .
[74.6] [1.2] [16.7]

9p 149] 9 . 78 . 143 . 180 .
[30.8] [0.4] [8.1]

9¢ 149] 10 . 81 . 140 . 183 .
[33.7] [0.7] [8.2]

94 149 11 . 72 . 137 . 184 .
[20.5] [0.6] [8.1]

9¢ 149] 12 . 75 . 133 . 182 .
[18.2] [0.7] [8.1]

As seen from Table [[=8] the SmAP,, phase occurs on cooling the SmA phase. If
the SmA phase exhibits a fan-shaped texture this texture does not markedly change
at the transition to the SmAP, phase (Figure [[=0b). Only some irregular stripes
parallel to the smectic layers appear on further cooling.

However, if the SmAP, phase is formed from the homeotropically oriented
SmA phase it adopts a strongly fluctuating schlieren texture indicating the biaxial
nature of this phase, as shown in Figure [=9h. The orthogonal alignment of the
molecules could be clearly proved by X-ray measurements on an oriented sample.
The polar SmA phase shows a current response characteristic for an antiferro-
electric ground state. The switching polarization was found to be between 800 and
1000nCem > [4g, lad].

If the lateral fluorine substituents at the outer rings in the compounds 9 are
exchanged by chlorine or bromine also SmAP, phases occur in the phase sequence
SmA-SmAP,-SmCP,, see compounds 10 in Table [=9] ﬂﬁ]

It was found by X-ray diffraction measurements that the layer spacing is nearly
the same in all smectic phases. Furthermore the tilt angle of the SmCP, does not
exceed 10°. The strong temperature dependence of the spontaneous polarization is
unusual (Figure [=10).

In comparison to series 9 and 10, the lateral substituents at the outer rings are
missing in the following compounds 11 and the azomethine linking groups are
replaced by ester groups, see Table [I-] [@ Also in these compounds a SmAP,,
phase occurs in the sequence SmA— SmAP . The switching polarization (640 and
320nCem ™2 for compounds 11a and 11b, respectively) is clearly lower than that
of the series 9.
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Figure 1-9. a) Schlieren texture of the SmAP, phase of compound 9a; b) Fan-shaped texture of the
SmAP, phase of compound 9a

Table 1-9. Transition temperatures (° C) of the compounds 10a-10c

CN
Yo
(6] (6]
A N\ /N A
H

H
Hon41ChO OCpHpp41
No n A Cr SmCP, SmAP, SmA I
10a 6 Cl . 92 . 80 . 120 . 142 .
10b 8 Cl . 91 . 105 . 117 . 156 .
10c 8 Br . 89 . 90 . 96 . 146 .
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Figure 1-10. Temperature dependence of the switching polarization Py in the SmAP, and SmCP,
phase of compound 10b (reprinted with permission from ref. 35, copyright, 2005, The Royal Society of
Chemistry)

Table 1-10. Transition temperatures (°C) and enthalpy changes [kJmol '] of the compounds 11a and

11b
CN
) /@ )
(0] O
(0] (6]
Hjp41ChO OCyHpny1
No n Cr SmAP, SmA I
11a 8 . 113 . 144 . 187 o
[32.4] [1.2] [8.4]
11b 12 . 106 . 112 . 185 o
[16.7] [0.9] [9.8]

3.2 SmAP, Phases with a Partial Bilayer Structure (SmA,P,) Formed
by Terminal Polar Bent-core Mesogens

Recently Shreenivasa Murthy et al. [@] have been reported non-symmetric bent-
core compounds which contain a nitro group at one end of the molecule

e
T

Compounds 12

Hanii CnO
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The long-chain members of the series 12 (n = 14, 16, 18) form two SmA phases
the layer spacing of which is significantly larger than the molecular length. This
evidently implies a partial bilayer structure of the smectic layers which is also
observed in terminal polar calamitic compounds. In contrast to the high-temperature
smectic phase (SmA,) the low-temperature smectic phase is biaxial and shows an
antiferroelectric switching; it can be designated as SmA P, .

The same phase sequence SmA;-SmA P, was found in structurally similar bent-
core compounds 13 [51]. In Figure [[=11] the relationship between the length of
the terminal chain and the occurrence of this phase sequence is shown for the
series 13-1.

o T

Compounds 13 13-1 A,B=H
13-I1 A=F;B=H(n=6...18)
13-l A=H;B=F(n=6..18)

OCpHop41

These compounds were synthesized already in 2002 but the polar properties of
the low-temperature phase were discovered later [E] In the terminal polar six-ring
bent-core compounds 14 also nematic phases occur.

CnhHont1

Depending on the length of the terminal chains and the pattern of lateral substi-
tution apart from the dimorphism SmA -SmA P, new phase sequences N-SmA P,
and N-SmA,;-SmA P, could be detected ﬁj
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Figure 1-11. Transition temperatures of series 13-I in dependence on the length of the terminal
hydrocarbon chains (reprinted with permission from ref. 52, copyright, 2004, The Royal Society of
Chemistry)

4. DIRECT TRANSITIONS FROM THE NEMATIC TO POLAR
SMECTIC OR COLUMNAR PHASES

4.1 Direct Transition from the Nematic Phase into the SmCP, Phase

There are a few bent-core compounds where the polar SmCP, phase (or another
“banana phase”) is directly transformed into a nematic phase. It is plausible that
such transitions are not so frequently observed than transitions to non-polar smectic
phases since the structural differences are more pronounced. The first examples
of a dimorphism SmCP,-N were reported in 2001 by Weissflog et al. [@] and
Amaranatha Reddy et al. E] The bent compound described in ref. [@] is derived
from 4-chlororesorcinol and possesses fluorine substituents at the outer rings.

STy
SO0

15 Cr 71 SmCP, 99N 103 I

H;,Cg0 OCgHy7

The only special feature of the nematic phase is the occurrence of cybotactic
smectic groups in which the molecules are tilted by 35°.

In ref. Eﬁ] three homologous bent-core compounds 16 derived from 2,7-
dihydroxynaphthalene are presented which also show the direct transition
SmCP,—N, see Table [=11}
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Table I-11. Transition temperatures (° C) and enthalpy changes [kImol '] of the compounds 16a —16¢

Yool
SSAaaas ol
O F F (6]

H»p4+1CLO OCyHop+1

No n Cr SmCP N I

16a 12 . 119.5 ( 116) . 127 .
[75.5] [13.2] [0.49]

16b 13 . 117.5 . 120 . 125 .
[59.3] [13.9] [0.43]

16¢ 14 . 107 . 123 . 124 .
[58.6] [14.1] [0.34]

It is understandable that the transition enthalpies SmCP,—N are clearly higher
than those of transitions between the SmCP, and non-polar smectic phases.

Recently the same dimorphism has also been detected in an asymmetric bent-core
compound where the bend of the molecules is not achieved by 1,3-substitution of a
central aromatic ring but by a carbonyl group which is linked to one of the nitrogen
atoms of a central piperazine ring ﬁ, @], as shown in Tables and [E131

Table 1-12. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 17a-17¢

Hop1CrO H
z
N
OCyHpp

No n Cr SmCP, SmA N I
17a 6 . 187 - (e 178) . 201 .

[28.3] [0.2] [0.2]
17b 8 . 177 . 198 - . 201 .

[30.6] [0.5] [0.6]
17¢ 12 . 164 . 215 - - .

[47.4] [0.5]
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Table 1-13. Transition temperatures (°C) and enthalpy changes [kImol~'] of the compounds 18a-18f

/@)‘\ N :
H2n+1CnO OJ\O\ i
O)K©\
0oC

nHont1
No n Cr SmCP, Col Nx N I
18a 4 201 - - =+ 193) e 212 .
[34.4] [-] [0.5]
18b 5 - 187 - - (¢« 172) e 192 .
[46.7] [0.35] [0.4]
18¢ 6 - 176 - (e 157 . 169) « 188 .
[41.5] [5.2] [0.3] [0.5]
18d 7 - 169 . - - - 186 .
[23.2] [0.4]
18¢ 8 - 177 . 180 - - 1805 .
[15.4] [12.8]°
18t 9 . 167 . - - - 185 .
[15.4] [15.2]

? The Nx phase crystallizes immediately after its formation.
® This value corresponds to the sum of the SmCP,—N and N-I transitions.

As demonstrated for the three homologues 17a-17¢, the phase type changes from
non-polar conventional phases to the polar “banana phase” SmCP, with increasing
chain length. Only the octyloxy derivative 17b exhibits the dimorphism N-SmCP

]. On cooling the isotropic liquid of compound 17¢ the SmCP, phase forms a
non-birefringent texture which exhibits randomly distributed domains of opposite
handedness. Such texture could also be induced above the clearing temperature
applying a sufficiently high electric field (see section [ZI)) [@]

The homologues 18 with a chain length larger than octyloxy form a SmCP, phase,
only. For homologues with shorter terminal chains (butyloxy to hexyloxy) two
different nematic phases could be detected which will be discussed in section
For the homologue with a middle length of the terminal chains (compound 18e) the
phase sequence SmCP,—N could be detected where the nematic phase exists in a
small existence range, see Table [=13] [@]

A transition between a polar SmCP-like phase and a nematic phase is also
observed in the following derivative of 4-chlororesorcinol 19b (Table [[=14)) [E]

The tilt angle of the SmCP phase of compound 19b is rather high (45°). It
follows from '3C NMR measurements that the bending angle of the molecules
in the nematic as well as in the smectic phase is about 140°. In the fan-shaped
texture of the smectic phase domains of opposite handedness spontaneously arise
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Table 1-14. Transition temperatures (° C) and enthalpy changes [kJmol~'] of the compounds 19a-19b

cl
0 o O)K©\O
: e

H2p41Cn0 OCyHont1
No n Cr SmCP N 1
19381 12 . 98 (X 80 . 95) .
[38.7] [9.1] [0.7]
19123 16 . 99 (e 88 . 92) .
[34.8] [3.5] [1.2]

on cooling the nematic phase. The tilted smectic phase shows no noticeable polar
electro-optical response above 80° C. But below 80° C the fan-shaped texture can
be transformed into an optically isotropic state by application of a sufficiently high
electric field. This optically isotropic texture displays randomly distributed domains
of opposite handedness. The most remarkable finding is that the chiral domains
can be reversibly switched into a state of opposite handedness depending on the
field polarity. This switching is bistable and accompanied by a ferroelectric current
response (switching polarization: 100nCcm™?) [59)].

Also the short-chained homologues of series 19 (nonyloxy to dodecyloxy) show
an interesting transition between a nematic phase and a “banana phase”, see for
example the dodecyloxy homologue 19a , @] The highly viscous “banana
phase”, designated by the code letter X, is optically isotropic and spontaneously
forms domains of opposite handedness. By application of a high electric field
(40 Vum™") a ferroelectric switching could be proved (Pg A~ 500 nC cm™?) [@] On
the base of X-ray diffraction measurements and electro-optical studies a structure
model is proposed according to which the isotropic phase consists of weakly inter-
connected orthoconic racemic smectic granules with random directions [@]

It should be noted that the nematic phase of these compounds shows some unusual
properties which are obviously related to the bent shape of the molecules. On the
one side it spontaneously forms large domains of opposite handedness; on the
other side, the application of an electric field leads to unusual textures which have
never been observed in nematic liquids formed by calamitic molecules. A detailed
description of this behaviour will be given in section

Gesekus et al. [@] reported a compound 20 which possesses a sugar moiety as
a chiral bent core. This compound forms a cholesteric (N*) phase and in addition
a smectic phase which shows an antiferroelectric switching with a relatively low
switching polarization (30...37nCcm™2). It is not yet clear if this switchable
smectic phase is a “banana-phase” or a chiral SmC* phase.
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4.2 Direct Transition from the Nematic Phase into the SmA P, Phase

There are only few examples exhibiting a direct transition from the polar SmAP
phase to the nematic phase. Such compounds are homologues of the series 14,
presented in connection with polar biaxial smectic A phases (section 32). It is
remarkable that in all three series 14-I, 14-II, and 14-III the compounds with
terminal octyl- and/or nonyl-chains show this direct transition from the SmA P,
phase into the nematic phase (Table [Z13) [52].

4.3 Variants of Polymorphism with Columnar and Nematic Phases
or Conventional Smectic Phases

Already in 1999 a homologous series of five-ring bent-core mesogens was presented
where the short-chained members form only a nematic phase whereas the longer
homologues show the phase sequence Col,—N, Col —SmC-N, and Col ,—-SmC,

Table 1-15. Transition temperatures (° C) and enthalpy changes [kJ mol~!] of selected derivatives of the
compounds 14

CnHapt
No n A B Cr SmA P, N I
14-1-8 8 H H . 170.0 (= 151.5) . 195.0 .
[50.2] - [045]
14-1-9 9 H H . 160.0 (¢ 158.0) . 189.8 .
[39.2] [0.48] [0.44]
14-11-9 9 F H . 160.0 (= 152.5) . 183 .
[52.3] [0.5] [0.4]
14-111-9 9 H F . 154.0 (¢ 149.0 . 183.1 .
[35.9] [0.23] [0.35]

? The enthalpy could not be determined as the sample crystallizes immediately.
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Table I1-16. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 21a-21g

Cl Cl
I Jij[ I
(6] (0]
N N /N
H H

R R

No R Coly, SmC N I

21a C¢H;30 127 . - . 165 .
[46.2] [1.8]

21b C;H;50 115 . - . 153 .
[35.9] [1.3]

21c CgH;,0 126 . - . 148 .
[45.7] [0.9]

21d CyH,yO 106 ( 88) - . 143 .
[13.9] [1.6] [0.5]

21e C,oH,,0 111 (¢ 97) - . 140 .
[43.8] -] [1.5]

21f C,Hys0 111 . 113 . 121 . 137 .
[47.2] [-] [0.9] [1.9]

21g Ci4Hy 94 . 100 . 117 - .
[33.5] [-] [6.1]

respectively, see Table [Z16] Mﬂ] The Col, phase, in the original paper assigned

as undulated SmC phase, was identified on the base of X-ray measurements on
oriented samples. By re-investigation it was found that the Col phase shows a
polar switching which points to an antiferroelectric ground state. The polarization
of the tetradecyl derivative 21g adopts a value of 450nCcm ™ at 60° C. Interest-
ingly, a temperature dependence of the switching mechanism could be detected.
At higher temperature the polar switching takes place by the collective rotation of
the molecules around their long axes, whereas at lower temperatures (<60° C) the

switching is based on the director rotation around the tilt cone (see Figure [[=8]).

In the same year, a bent-shaped seven-ring compound 22 which exhibits the

dimorphism B,-N (B, means Col,) was reported by Shen et al. [@]

o]
o
o
Hj9CyO

(0}

22 Cr 149 Col; 197 N 217 1

o}
O)KQ\ 0
L
OCoHj9
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In 2000 Amaranatha Reddy et al. [@] presented three series of bent-core
compounds with a central naphthalene ring. The homologues show different phase
sequences depending on the lateral substituents and the length of the terminal
chains. It is seen from Table [[=17] that seven compounds exhibit the dimor-
phism Col,—N. For two homologues the sequence Col-B,—N was observed for
the first time. The B, phase is an intercalated SmC phase formed by bent
molecules [IE]

Figure shows the transition temperatures of the full homologous series
including the compounds 23a and 23b. Such curves of the B,~I (that means Col —I)
and SmCP,-I transition temperatures not overlapping to each other have been
relatively often found for bent-core mesogens.

In 2004 the Bangalore group ﬂa] presented three further structurally similar
series 24-I to 24-1II with a central naphthalene ring, however cinnamate fragments

Table 1-17. Transition temperatures (° C) and enthalpy changes [kJ mol~'] of the compounds 23a-i

e, led
i I
0 0 0 0
o) B B OJD\
A
R E A E R
No R A B E Cr Col, B, N I
232 C,H; H F H =+ 1885 (= 1375 - . 1700) .
[49.7] [-]? [0.13]
23b  C,H, H F H =+ 1710 (= 1550) - o 1745
[52.7] [10.7] [0.20]
23c CH,, F H H =+ 155 (+ 1455 - . 150.5)
[44.9] [-] [0.26]
23d CHO H H H -« 1975 . 2000 - . 2130 .
[39.3] [14.1] [0.5]
22e C,H,0O H F H -+ 1620 e 1760 . 1915 e« 2045 .
[29.9] [0.5] [9.6] [0.52]
2f CHO H F H -+ 1420 1920 - 1965 - 1975 .
[40.3] [0.2] [12.6] [0.32]
23g CH,0O F H H =« 1820 (P 1565) - . 1690 e
[51.4] [10.8] [0.23]
2h CH;0 F H H =« 1560 < 1590 - . 1630 .
[42.9] [10.8] [0.28]
2i CHO H H F « 1820 (- 1695) - . 1940 .
[47.0] [11.0] [0.41]

? The enthalpy could not be determined.
b A second Col phase is listed for compounds 23g and 23h [la]
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Figure 1-12. Transition temperatures in dependence on the length of the terminal alkyloxy chains
of the full series including the compounds 23a and 23b (copyright (2000) from Liq. Cryst. by R.
Amaranatha Reddy et al., ref. 61. Reprinted by permission of Tayler & Francis, LLC.http://www.
taylerandfrancis.com/)

in the legs. The members of these series show different phase sequences depending

on the lateral substitution and the length of the terminal chains.

(0]
(6] O
E
A
OCyHopy1

Hpp41ChO

2L
O (6]
E| (6] B

A

Compounds 24-I to 24-111

series 24-1 E=H; A=H;B=F

series 24-11 E=CH3;A=H;B=F

series 24-II E=CH3; A=F;B=H

COlr—B6_N
Col-N
Colob—N
Col,-N
SmCPA-N
Col-N
SmCP A'N

It should be noted that in a further bent-core naphthalene series (compounds 25)
with different wings at each side the sequence Col,—N was found for the short-chain
members (n=2...8) and SmCP,-N for the long-chain members (n =9, 10), as
shown in Figure [=13] [led].
Recently, a dimorphism Col —N has been reported by Niori et al. [E] for a
six-ring bent-core mesogen 26 with a lateral methoxy group at the central core.
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Figure 1-13. Transition temperatures of series 25 in dependence on the chain length (copyright (2004)
from Liq. Cryst. by H.N. Shreenivasa Murthy et al., ref. 64. Reprinted by permission of Tayler &
Francis, LLC.http://www.taylerandfrancis.com/)

008
O F (6]

Hy5C120

OCHH2n+1

26 1201 N 162 Col; 56 Cr

An interesting mesophase behaviour has also been observed in a series of
4-bromoresorcinol derivatives 27 [@] As usual, the homologues with longer
terminal chains form the polar SmCP, phase and the short-chain members form a
columnar phase with a hexagonal lattice. At higher temperatures (i.e. above the Col,
phase) an additional mesophase has been found which shows a fan-shaped texture
typical for an SmA or SmC phase but in the X-ray pattern sharp layer reflections
do not occur. Therefore this phase was assigned as a nematic phase (designated as
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Ny) which is reminiscent of the Ny phase of some members of series 18 described
in section BT [49].

WO
PV CARAACUS

27 n=4,5 Coly-Ny
n=6..8 SmX
n>8§ SmCP 5

Hop41ChO OCHapy1

There are also cases in which the Col, banana phase occurs together with
conventional smectic phases. One example is the five-ring mesogen 28 with
—CH=CH- linking groups between the outer rings and bearing lateral substituents,
this compound shows a dimorphism Col ~SmC [lL3]].

(0] O
H (0] (6] H
OsN AN CHj3 ~ NO,
I 0
H25C 120 OCHas

28 Cr 142 Col, 150 SmC 151 I

A very interesting mesophase behaviour is reported for an asymmetric six-ring
bent-core compound 29 in which a chiral group is appended to one of the terminal
positions [@]

0
0
0 /©/ 0 0
0
H 0 0 ‘
H13C66)§30 O

29 Cr 1145 ColgpPs” 119.0 SmC," 141.0 SmC ™ 147.3 SmX 148.0 I

OC2Hps

The low-temperature phase could be identified as an antiferroelectric oblique
columnar phase. Within the layer fragments of the columnar phase the molecules
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are tilted by 22°. Above the temperature range of the columnar phase a ferrielectric
SmC,” and a ferroelectric SmC* phase appear. The high-temperature phase is
probably a SmC,* phase. The spontaneous polarization in the smectic phases is
rather low: 25nCcm 2 in the SmC* phase and 40nCcm™? in the SmC,” phase. At
the transition into the Col,P,* phase the polarization value increases drastically to
about 250nCcm 2. The authors explain the special phase sequence by an increase
of the rotational barrier of the aromatic parts with decreasing temperature. In order
to escape from bulk polarization the organization of the layer fragments in the
columnar phase is antiferroelectric. In contrast, in the conventional chiral smectic
C phases (SmC.*, SmC*) the macroscopic polarization can be compensated by
a helical structure. It is interesting to note that the racemate of the compound
possesses an analogous phase sequence. The only difference is that the smectic
phases show no polar switching [[67].

S. BENT-CORE AND CALAMITIC MESOGENS - MIXED
WITH EACH OTHER OR COVALENTLY LINKED
TO EACH OTHER

5.1 Transitions Between “Banana Phases” and Nematic
and/or Conventional Smectic Phases in Binary Mixtures

It is shown in this chapter that depending on structural features bent-core compounds
cannot only form typical “banana phases” (SmCP, SmAP, Col) but also nematic or
conventional smectic phases. Soon after the discovery of such compounds in 2000
[Iﬂ, @] the question arose if such polymorphism variants can also be realized in
binary systems where one mixing component is a bent-core compound and the other
one is a calamitic compound. The first preliminary studies in this direction were
not so successful. In some cases the phase region of the “banana phase” was clearly
separated by isotropic regions from the regions of the nematic or smectic phases.
In most cases the heterogeneous regions between the incompatible phases were
strongly broadened so that complete transitions between these phases could not be
observed. But in the intermediate time it could be shown that by suitable selection of
the mixing components it is indeed possible to realize such polymorphism variants.
This will be illustrated on the base of three representative binary systems where the
bent-core compound 30 (mixing component A) forms a SmCP, phase at relatively
low temperatures I8

1
S s
(6] (6]
N _N
H H
HyoC 4 Ci4H9

30 (Mixing component A) Cr 76 SmCP, 130 1
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In the first binary system A/B [@] the calamitic compound 31 is a thiadiazole
derivative [@] designated as mixing compound B which forms a SmC phase in a
wide temperature range.

N-N
I\
S
Hy5Cps OCyH g

31 (Mixing component B) Cr 78 SmC 172 1

It is seen from the isobaric phase diagram in Figure [[-14] that at middle
concentrations an intermediate nematic and SmA phase appear. Depending
on the concentration different phase sequences can be observed: SmCP,-
SmC (78-80 mole% A); SmCP,-SmC-SmA (68-78 mole% A); SmCP,—
SmC-SmA-N (45-65 mole% A). The mesophases have been distinguished by
their characteristic textures (Figure [[=13), by X-ray and by the electro-optical
behaviour [@]

172

150

130

T/°C

100

76 78

1

A >0 B
x /mole%
Figure 1-14. Isobaric composition — temperature phase diagram for the binary system with components

A and B (copyright (2002) from Liq. Cryst. by M.W. Schréder et al., ref. 69. Reprinted by permission
of Tayler & Francis, LLC.http://www.taylerandfrancis.com/)
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Figure 1-15. Textures of the mesophases formed in the binary mixture with 54 mole% A; a) nematic
phase (119°C); b) SmA phase (115°C); ¢) SmC phase (85°C); d) SmCP, phase (79° C) (copyright
(2002) from Liq. Cryst. by M.W. Schrider et al., ref. 69. Reprinted by permission of Tayler & Francis,
LLC.http://www.taylerandfrancis.com/)

In the second binary system A/C the calamitic compound 32 (mixing component
C) M] is also a thiadiazole derivative which forms a nematic phase in a wide
temperature range:

N—N
I\
S
H5C,0 C4Hg

32 (Mixing component C) Cr 95 N 205 I

The isobaric phase diagram A/C is shown in Figure In mixtures between
41 and 65 mole% A there is a direct transition from the SmCP, phase into the
nematic phase (texture see Figure [[-I7h). At concentrations <40 mole% A the
SmCP, phase disappears and instead of this a columnar phase appears (texture see
Figure [[-T7b) which has a rectangular 2D cell where the molecules are tilted by
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Figure 1-16. Isobaric composition — temperature phase diagram for the binary mixture system with
components A and C

~30° within the layer fragments of the columnar structure. Up to 12 mole% A a
phase transition Col, to N can be observed m]

In the third example A/D the mixing component of the bent-core mesogen A is
trinitrofluorenone 33 which does not form a mesophase.

NO

oA X o,
(0]

33 (Mixing component D) Cr 175 1

It is seen from the phase diagram (Figure [[-18) that between 40 and 85 mole%
A a SmA phase is induced which is obviously the result of electron-donor-acceptor
interactions. On cooling the SmA phase between 85 and 75 mole% A the transition
into the SmCP, phase occurs. At lower concentrations another transition takes
place where the fan-shaped texture of the SmA phase remains unchanged while the
homeotropic texture adopts a schlieren texture which indicates a biaxial structure.
X-ray studies on oriented samples give evidence that not only in the SmA but also
in the low-temperature phase the molecules are arranged perpendicular to the layer
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Figure 1-17. Mixture A/C containing 29 mole% component A a) Texture of the nematic phase b) texture
of the Col, phase

175
|
150F .
135
130 "
g SmA
= 114
100F 97 A
SmCPR,
SMAR,
76
66
57
E;O D
A x /mole%

Figure 1-18. Tsobaric composition — temperature phase diagram for the binary mixture A and D (reprinted
with permission from ref. 73, copyright, 2002, The Royal Society of Chemistry)
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planes. Since the biaxial low-temperature phase shows an antiferroelectric current
response it can be assigned as SmAP, phase. In a limited concentration range
(70.5-72 mole% A) the phase sequence SmA-SmAP,~SmCP, could be detected
before this sequence was found for pure compounds (textures see Figure 1-19) [E]

In a binary system E/F of a bent-core compound 34 (mixing component E)
with a calamitic compound 35 (mixing component F) three additional mesophases
are induced in the mixed phase region. For compositions between 15 and 63
mole% of the calamitic compound the columnar B, phase, for mixtures between
63 and 87 mole% of component F the intercalated B, phase is observed. In the
concentration range between 87 and 95.5 mole% compound F a new biaxial SmA,
phase appears which is the low-temperature phase with respect to the uniaxial SmA
phase. According to X-ray studies both SmA phases possess a bilayer structure and
were designated as SmA, and SmA,,, respectively ,E].

1, QL
(0] (0] (0] (0]
° T
CHj3 CHj; O

34 (Mixing component E) Cr 114 SmCP, 126.5 1

CioH
HysC1p 12825

O
>_©7OC1]H23
Ol

35 (Mixing component F) Cr 98.5 SmA 109.5 N 125 1

5.2 Further Binary Systems with Bent-core Mixing Components

Concerning mixing of bent-core compounds with calamitic mesogens or non-
mesogenic compounds there are several other interesting aspects.

Gorecka et al. [@] showed that it is possible to transform a ferroelectric SmC*
phase to an antiferroelectric SmC, * phase by doping the SmC* phase with a bent-
core compound. If the tilt angle of the SmC* phase is ~45° the addition of a
bent-core dopand leads to the formation of a SmC,* phase in which the tilt angle
of 45° is maintained. Such a SmC,* phase is optically isotropic when the layers
are perpendicular to the substrates. Application of an electric field leads to the
transition into the birefringent bright ferroelectric state [ﬁ]
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Figure 1-19. Textures of the smectic phases for a sample with 71.5 mole% Aj; a) fan-shaped texture and
homeotropic tecture of the SmA phase (115° C); b) fan-shaped texture and fluctuating schlieren texture
of the SmAP, phase (96° C); c) fan-shaped and schlieren texture of the SmCP, phase (75° C) (reprinted
with permission from ref. 73, copyright, 2002, The Royal Society of Chemistry)
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In this context it should be noted that by addition of an achiral bent-core mesogen
to a calamitic cholesteric compound the twisting power of the cholesteric phase can
be significantly enhanced [@]

An interesting doping effect is reported for the B, phase. This is a solid-like
“banana phase” which spontaneously exhibits domains of opposite handedness.
By addition of an achiral compound (4-n-pentyl-4'-cyanobiphenyl) the B, phase
is stabilized up to ~95wt% of the calamitic compound. Surprisingly, the size of
the chiral domains is significantly enhanced which was interpreted as an intrinsic
property of the B, phase when it arises directly on cooling the isotropic liquid [@]

Other studies have shown that the polar properties of a SmCP, host phase can
be maintained and tuned by the addition of non-polar solvents like xylene @]
or hexadecane [Iﬁl] For example, by mixing up to 30 wt% (77 mole%) of xylene
the “banana phase” B, of a bent-core compound remains stable. The role of the
non-polar solvent is to soften the polar structure by keeping the bent molecules
further apart. This leads to a decrease of the clearing temperature and enables polar
switching at room temperature [@]

In the binary system A/G of the bent-core compound 30 (mixing component
A) and an amphiphilic glycolipid (dodecyl-B-D-glucopyranoside) 36 (mixing
component G) the SmCP, phase remains stable up to 60 wt% glycolipid.

HO
HO &\8\, 0
HO ~CyoH2s
OH

36 (Mixing component G) Cr 80 SmA 142 1

Interestingly, the spontaneous polarization is unaffected even when it is diluted
up to 60% lipid. On the other hand, at higher concentrations of the lipid G a SmA
phase exists. It shows at lower temperature a linear electro-optical switching (up
to 98% lipid) which is not observable in the SmA phase of the pure lipid. This
switching is reminiscent of the electroclinic switching of chiral SmA* phases [@]

53 Dimers Consisting of a Bent-core and a Calamitic Mesogenic Unit

A comparison between binary systems discussed before and corresponding twins
containing a covalent connection between the both mesogenic moieties is of topical
interest. There are two papers about dimers consisting of a bent-core and a calamitic
mesogenic unit [@, ]. For the compounds 37, listed in Table different
columnar phases are proved. The existence of columnar phases is related to the
bent-core unit, because this phase type was never observed for dimers built up from
two simple calamitic mesogenic units.

It follows from Table [[=18] that the compounds 37a and 37b exhibit the dimor-
phism Col-N. The nematic phases of these compounds possess an unusual behavior
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Table 1-18. Transition temperatures of the compounds 37a-c

NS S S
T

>—< >+OC H
. E ) q o ane
x0 M OO

No X m p q n Cr Col N I
37a - 11 1 1 8 . 142.5 of 154.5 . 158.0 .
37b - 6 0 1 6 - 148.5  (*° 125.5 . 1455)
37¢ C=0 6 1 0 6 . 149.0 ( 141.5) - .
a)COI()b

Y Col,

on applying an electric field, which is clearly different from that known for nematic
phases formed by calamitic compounds. For example, a field-induced formation
of focal-conic textures was observed. Such behavior is only reported for nematic
phases of some bent-core compounds, and will be discussed more in detail in
section [&11 [[&4].

It should be mentioned that the mesophases of a dimer consisting of a five-ring
bent-core moiety connected with 4-cyanobiphenyl show also properties of interest:
the nematic as well as the SmA phase were described to be biaxial phases [@]

6. UNUSUAL PROPERTIES OF CONVENTIONAL NEMATIC
AND SMECTIC PHASES FORMED BY BENT-CORE
MESOGENS

6.1 Nematic Phases of Bent-core Compounds

It was shown in earlier sections that the short-chained homologues of a series of
bent-core compounds can form a nematic phase while the longer-chained members
exhibit “banana phases” or “banana phases” as well as nematic and/or non-polar
smectic phases, for example series 4, 5, 6, 18. It was found that the nematic phase of
bent-core compounds (but also the SmA or SmC phases) show unusual properties
which are obviously related to the bent shape of the molecules.

In some cases (for example in several compounds of the series 18 [@] and 19
and analogous bromosubstituted compounds [37]) the nematic phase spontaneously
forms domains of opposite handedness which can be distinguished by rotating one
polarizer clockwise or anticlockwise from the crossed position (Figure [[=20). These
domains are not fixed and can be modified by mechanical stress or by change of
the temperature [@, @, E]

Later on Niori et al. [@] found a similar behaviour in the nematic phase of the
following bent-core compound 38 bearing four chloro atoms in lateral positions.
A pitch of the chiral domains in the order of ~13.6 um was reported.
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The formation of regions of opposite handedness is obviously the result of bend-
twist deformations which are promoted by the bent shape of the molecules [@]
The occurence of spontaneous twisted regions in the nematic phase is also seen in
computer simulations of bent molecules [[87].

By the way, the short-chained members of series 18 [@] form a nematic
low-temperature phase (designated as Ny, see Table [-13) which exhibits the
characteristic textures of a SmA phase but an X-ray pattern identical with that
of the nematic high-temperature phase. On the base of structural and dielectric
measurements a structure model of the Ny phase was proposed where the bent

Figure 1-20. Chiral domains in the texture of the nematic phase of 4-bromo-1,3-phenylene bis[4-(4-
n-nonyloxybenzoyloxy)benzoate [E] observed by rotating one polarizer by 10° a) clockwise and b)
anti-clockwise from the crossed polarizer position indicating domains of opposite handedness (copyright
(2004) from Liq. Cryst. by W. Weissflog et al., ref. 57. Reprinted by permission of Tayler & Francis,
LLC.http://www.taylerandfrancis.com/)
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Figure 1-21. Models for the N (a), Nk (b) and Col (c) phases of compounds 18 (reprinted with permission
from ref. 45, copyright, 2003, The Royal Society of Chemistry)

molecules are packed in bundles of non-defined length. Between the bundles only
short range order exists and in adjacent bundles the bent-direction is antiparallel to
avoid bulk polarization (Figure [[=21]). On cooling the lateral distances between the
bundles are fixed and the Ny passes over into the 2D structure of a Col, phase, i.e.
the Ny phase can be regarded as a precursor of the Col, phase.

Recently it was shown that the nematic phase of the following 2,5-diphenyl-1,3,4-
oxadiazole derivatives 39 (Table [[19) is a biaxial one which is unambigiously
proved by polarizing microscopy, conoscopy and ’H NMR [@ later also by X-ray
investigations and ab-initio calculations which explicitly include the bent molecular
shape @] By the way, also the biaxial nematic phase formed by the oxadiazole
39a spontaneously forms domains of opposite handedness [@]

There are experimental hints that also in the asymmetric 1,3,4-oxadiazole based
liquid crystals 40 containing a naphthalene unit and bearing different substituents
in position R the nematic phase probably exhibits a biaxial nature [@]

N"I}\
1\
o
H2n+1CnO

40 R=CHj;, OCHj

Table I-19. Transition temperatures (° C) and enthalpy changes [kJ mol™'] of the compounds 39a-39b

N—N
o) /A o
o
(0] (6]
R R
SmY SmX SmC N, * I
39a  C,H,; . 148 . 166 .+ 173 - . 222 .

39 C,,H)O . 104 . 148 . 184 . 193 . 204 .

N,* : biaxial nematic phase.
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The nematic phases of compounds 19 [@, E] as well as of compounds 6
| show an unusual electro-optical response. If a d.c. or a low-frequency a.c.
field is applied to a planar oriented nematic phase initially a domain pattern with
equidistant stripes parallel to the original director direction arises (Figure [Z22h-b).
With increasing voltage the long wave nematic director fluctuations become

Figure 1-22. Field-induced textures of the nematic phase of compound 6c¢ (Table 6); sample thickness:
6um, temperature 121°C) a) 4V; b) 6V; ¢) 10V; d) 17V; e) 26V; f) 32V (copyright (2005)
from Liq. Cryst. by L. Kovalenko et al., ref. 42. Reprinted by permission of Tayler & Francis,
LLC.http://www.taylerandfrancis.com/)
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weaker and a myeline texture with fine equidistant stripes appears (Figure [[-22k—
d) which is transformed into a fan-like textur with further increasing voltage
(Figure [=22k-f) This field-induced fan-like texture is reminiscent of a smectic
or cholesteric phase. If the electric field is removed the texture of the planar
oriented nematic phase reappears. Until now the mechanisms of this effect is not
yet clear.

It is interesting to notice that for bent-core mesogens the existence of a nematic
phase with polar order is not forbidden from the theoretical point of view [@, @]
The occurence of a spontaneous polarization in a nematic phase formed by an 1,2,4-
oxadiazol derivative was reported by Torgova et al., but until now an unambigious
proof is missing @]

The bent shape of the molecules obviously influences the dynamic properties
of the molecules in the mesophases. For example, in the nematic phase of the
following 4-chlororesorcinol derivative 41 @] the dielectric fluctuation was studied
by dynamic light scattering.

\ (0] OJ\/\Q

41 Cr 106 (SmC 70) N 124 1

H»5C1,0 OCHys

Polarization selection of the scattering cross-section reveals separate modes
attributed to uniaxial director fluctuations and lower temperature fluctuations of
the biaxial order parameter. The viscosity to elasticity ratio for the director mode
was found to be anomalous large compared to nematic phases formed by calamitic
molecules [@]

6.2 Non-polar SmA and SmC Phases Formed by Bent-core Compounds

For compounds with SmCP,-SmA or SmCP,—SmC-SmA polymorphism also
the non-polar phases (SmA, SmC) can show some peculiar structural features.
As shown for members of the series 4 [E] the dielectric permittivity strongly
increases on approaching the transition SmA to SmCP, or SmC to SmCP,,
respectively (see Figure [[=6)). The same result was reported for compounds of the
series 2 [33]. This finding is a clear indication for a positive dipole correlation,
that means, for the existence of polar clusters in the short-range order region
already in the non-polar smectic phase which significantly grow with decreasing
temperature.
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In the case of the symmetric 1,3,4-oxadiazole bent-compound 42 which forms a

SmC and SmA phase, the SmA, phase was found to be biaxial which is mainly the
consequence of the special molecular shape [@]

N-N
I\
/O/o 0] O\Q\
o 0 OCeH13

42 Cr 220 SmC 235 SmAy 295 1

H3Cc0

It seems that the bent shape of the molecules can change the mechanism of
the Freedericksz transition in SmC phases. There are experimental hints that the
dielectric reorientation in the SmC phase of compound 5f (Table [[53) can also
take place by collective rotation of molecules around the long axes driven by the
coupling of the field with the effective dielectric anisotropy &,—¢, IR

7. FIELD-INDUCED TRANSITIONS FROM A NON-POLAR PHASE
TO A POLAR PHASE

7.1 Field-induced Enhancement of the Transition Temperature
SmCP ,—isotropic

There are some bent-core compounds with SmCP, phases in which immediately
above the clearing temperature the isotropic phase can be transformed into the
SmCP, phase by application of a sufficiently high electric field. This interesting
effect is most pronounced for the following bent-core compound 43 which possesses
a fluorine substituent in 5-position of the central phenyl ring.

F
0 /@\ 0
0 /©)J\o O)K@\ o
o et
HysC120

43 Cr 117 (SmCPp 111) I

OC2Hss

This compound forms a monotropic SmCP, phase with a tilt angle of ~45°
and a switching polarization of 870nCcm™? @] Above the clearing temperature
(111° C) an electric field generates nuclei of the SmCP}. phase within the isotropic
liquid which coalesce to a grainy texture upon further increase of the field strength.
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Figure 1-23. The temperature difference AT =T — T, as function of the threshold voltage where
the SmCPy phase is nucleated within the isotropic liquid (7 = the actual temperature; 7,; = clearing
temperature (compound 43) (reprinted with permission from ref. 97, copyright, 2003, Wiley-VCH)

When the field is switched off the isotropic phase immediately reappears. The
threshold voltage at which the smectic phase nucleates increases with increasing
AT =T —T, where T is the clearing temperature. With other words, AT increases
with increasing voltage (Figure [223). It is seen that for a field of 43V um™' the
clearing temperature can be enhanced by 9 K with respect to the clearing temperature
of the field-free situation.

In the mean time the same effect was observed for several other bent-core
compounds derived from different classes of substances. The enhancement of the
clearing temperature varies between 2.5 and 5K. For example, the transition temper-
ature SmCP — I of the six-ring N-benzoylpiperazine derivative 17¢ (Table [Z12)
could be increased up to 5K (40Vpm™') [@] For the laterally substituted
azomethine compound 44 AT = 3K (30 Vum~') was measured [@] In the case
of compounds 17¢ [@] and 44 [IE] the field-induced SmCPy phase is weakly
birefringent and exhibits domains of opposite handedness.

CH;

) ) QO 0

H»5C1,0 OCy;Hys

44 Cr 83 SmCPp 105 1

Up to now there are no systematic investigations concerning the relationship
between the chemical structure and the increase of the existence range of the polar
phase by applying an electric field. Comparing the data listed in Table it
seems that the directions of the carboxylic groups and related to these the resulting
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Table 1-20. Increase of the SmCP—isotropic transition temperatures on applying an electric field in
dependence on the chemical structure of five-ring compounds containing only carboxylic connecting
groups

A
0 0
0 0

/©/ ) Y\©\
H2n+1CnO OCnH2n+1
No n X Y A AT=T-T,
45 139 10-16 Coo 00C H 40K (40Vpm)
46 1281 12 COo0 Co0 H 25K (40 Vpm~")
47 141) 12 00C COo0 H 15K (35Vpm™')
431201 12 Coo 00C F 9.0K (43Vpm™)
48 1441 16 0ocC Coo F 25K (35Vum™")

dipole moment are of importance. The inversion of one or two of the carboxylic
linking groups (see compounds 45, 46 and 47) results in a partial compensation of
the dipole moments and therefore in lower AT values. The same tendency can be
observed for the 5-fluorosubstituted derivatives, compare compounds 43 and 48.
Figure shows the nucleation of the SmCPg phase for compound 48 2K above
the clearing temperature.

On the base of the general thermodynamic equilibrium condition a simple formula
for the enhancement of the clearing temperature in dependence on the applied
field E can be derived [@] For temperatures near T, approximately the following

Figure 1-24. Nucleation of the SmCPg phase of compound 48 2K above the transition temperature
SmCP, - isotropic (applied field 25V /wm) (reprinted with permission from ref. 44, copyright, 2006,
The Royal Society)
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equation is valid for the difference between the free energy per unit mass Ag of the
liquid-crystalline state and the isotropic liquid state:

_ —Ahg

E—E)> PJ(E-E
Ag— AT+80 (82_81) ( 0) + S( 0)

T, p p

Ahg: specific transition enthalpy
&,-¢,: difference of the dielectric permittivity of the SmCP, and the isotropic
liquid phase
E: field strength
E,: threshold field strength
Pg:  spontaneous polarization
p: density
AT =T —T, (T, = clearing temperature)
From the equilibrium condition Ag = 0 follows:

AT=T-T,= 30(32_31)(E_Eo)2+Ps(E—Eo)}-

Tcl {
Ahsp
Using the experimental values of compound 43 (7,;: 384K; Ahg:23.5Jg™"; Pg:
870nCcem ™2, p~ 1gem—; &, — g, A~ 25) an enhancement of &7 K can be estimated
in good agreement with the experimental value.

7.2 Field — induced Enhancement of the Transition Temperature
SmCP, - SmA

As shown in section the long-chained members of the series 7 exhibit liquid
crystalline tetramorphism SmA-SmCgP,—Col ,~SmCP, (Table[I=7). The nonpolar
SmA phase shows an interesting electro-optical behaviour. Above the transition
temperature SmCqP,—SmA (i.e. in the existence region of the SmA phase) the
fan-shaped texture of the SmA phase transforms into another texture by application
of an electric field. The texture of the switched state corresponds to the texture of
the field-induced SmCgPy state. If the field is switched off the fan-shaped texture
of the SmA phase reappears. Since the polar current response above the transition
temperature SmCP,—SmA is identical with that obtained below this temperature,
the switching above this temperature can be related to a field-induced transition
from the nonpolar SmA phase to the polar SmC¢P; phase. For an electric field
of 35V um~! an enhancement of the transition temperature by about 2K could be

detected [@]

7.3 Field-induced Enhancement of the Transition Temperature
Crystalline-isotropic

The third example of bent-core compounds which show a field-induced transition of
a non-polar into a polar phase are long-chained members of the following series 49:
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Table 1-21. Transition temperatures (° C) and enthalpy changes [kJmol~'] of the compounds 49a-49¢

0 OQO 0
Qoop* *@TOQ

Hyp+1CL0 OCyHop+1
No n Crl CrlI 1
49a 14 . 139 . 162 .
[22.0] [46.4]
49b 16 . 135 . 165 .
[19.0] [58.0]
49c 18 . 134 . 157 .
[25.7] [57.2]

These compounds do not form a mesophase see Table [[=21] [@] The high-
temperature solid modification Cr II shows an unexpected behaviour. By the appli-
cation of a sufficiently high electric field (=15 V um™") the birefringence (colour)
of the texture is clearly changed while the texture of the switched state depends on
the polarity of the field. During this switching one current peak could be recorded
per half period of a triangular voltage. At first sight this indicates a ferroelectric
ground state. The switching polarization was found to be between 600-700nC
cm~?2 for the three homologues studied. Since the switching is not really bistable
(as expected for ferroelectrics) an antiferroelectric ground state can be assumed.
The crystalline nature of this switchable phase is clearly proved by X-ray studies
on partially oriented samples; also the high transition enthalpies are an indication
for a solid phase. The mechanism of the switching is far from being understood.
But it is known that in some crystalline modifications of organic solids formed by
elongated molecules collective motions of molecules or parts of molecules are, in
principle, possible [L0d{10J].

With regard to the topic of this section it is remarkable that also the transition
temperature of this switchable solid modification into the isotropic liquid can be
enhanced by at least 2K by an electric field of 25V um~. Above the melting
temperature nuclei of this unusual solid modification can be induced within the
isotropic liquid which grow and coalesce to a beautiful optical texture with further
increasing field. Also in this case the field-induced solid phase disappears when the
field is removed.

The common feature of all these field-induced effects (sections [ZIHZ3)) is that
a non-polar phase (isotropic; SmA) could be transformed to a polar phase which
is the low-temperature phase with respect to the non-polar one. This means an
enhancement of the transition temperature of the polar to the non-polar phase.
The plausible assumption to explain this behaviour is that already in the non-polar
phase polar clusters exist in the short-range order region. These polar clusters are
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obviously aligned by the external field giving rise to a phase with macroscopic
polarization. This assumption is supported by results of dielectric measurements
which were performed above the clearing temperature of an SmCP, phase. It was
found that the dielectric permittivity shows a significant increase on approaching
the phase transition from the isotropic to the SmCP, phase which points to a
pronounced positive dipole correlation already in the isotropic liquid . Also
for compounds showing a polymorphism SmA-SmCP, a strong increase of the
dielectric permittivity has been observed already in the SmA phase on approaching
the transition SmA — SmCP, [2d, 3.

8. DISCUSSION

The experimental results presented in this chapter demonstrate that the occurrence
of “banana-phases” on the one side and the occurrence of nematic or conventional
smectic phases on the other hand mainly depends on the size and conformation of
the bent core but also on the structure and the length of the terminal chains. The
size of the bent core is determined by the number of rings; the conformation is
characterized by the bending angle and also by the average torsion angles between
the rings. Not only the conformation of the bent core, also the polarity and the
distribution of the electronic density (actually also the flexibility of the molecules)
are mainly determined by the structure and direction of the linking groups as well
as the number, volume, position and the dipole moment of lateral substituents. In
this respect it should be taken into account that the lateral substituents are also able
to influence the packing of the bent molecules. The role of the structure and length
of the terminal chains should not be underestimated because they strongly influence
the segregation of the aromatic bent core and the aliphatic parts which is important
for the organization of smectic layer structures or columnar structures.

The importance of the bending angle can be illustrated by a simple example, by
the comparison of a bent-core reference compound without substituents at the central
core with corresponding 4-chloro- as well as 4,6-dichloro-substituted compounds,
see Table

Longer chained members of the series 50-I and 50-II form a SmCP phase
only, but for the monochloro-substituted compounds the clearing temperatures are
clearly reduced [E] In contrast, the 4,6-dichlororesorcinol derivatives with shorter
chains form only a nematic phase whereas the longer chained homologues show the
interesting phase sequence Col,—N, Col,,—SmC-N, or Col_,—SmC [24]. The Col
phase is really a “banana-phase” which possesses an antiferroelectric structure and
shows a polar switching.

It follows from NMR investigations that the bending angle clearly increases in
the sequence 50-I, 50-II, 21. It is 120° in the series 50-I ['ﬁ], ~140° in series
50-IT [23] and ~160° in series 21 [Iﬂ] It is interesting to note that also in the
solid state of compound 21-8 a bending angle of 155° could be measured by X-ray
structure analysis Hﬂ] These results are a clear indication that lateral substituents
in the position A and B change the bending angle. It can be assumed that the
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Table 1-22. Influence of chlorine atoms attached to the positions A and/or B on the bending angle
OA:[:j:Bo
(0) (e}
RO OR

Compounds 50-I A=H; B=H [25]
50-11 A=H; B=c1 [23]
21 (Table 16) A=Cl; pB=cC] [24]
No RO A B Clearing temperature Bending angle
50-1-8 CgH,,0 H H SmCP-I1 174°C ~ 120°
50-11-8 CgH,;,0 H Cl SmCP-I 133°C ~ 140°
21-8 CgH,,0 Cl Cl N-I 148°C ~ 160°

repulsion between the polar substituents and the adjacent electronegatively charged
ester groups leads to a torque exercised on the wing of the bent molecule and in
this way to an increase of the bending angle. This relationship is schematically
shown in Figure m], it is plausible that the effect is stronger in the case of
the dichloro-substituted compounds.

In addition, another effect of the bulky substituents must be taken into account.
Such substituents can influence the lateral interaction of the bent molecules which
makes the packing softer and enables a partial interdigitation of the terminal chains
as experimentally proved. This weakening of the lateral interaction can also explain

Chlorine - substituted core

Figure 1-25. Charge distribution in an energy-minimized conformation of dichloro-substituted and non-
substituted bent-core mesogens (reprinted with permission from ref. 22, copyright, 2004, The PCCP
Owner Societies)



50 Pelzl and Weissflog

the clear depression of the clearing temperature of the octyloxy compounds 50-1I-8
and 21-8 (T, =~ 140°C) in comparison to the non-substituted compound 50-I-8
(T, ~ 170° C) (Table I=22)).

The importance of the bending angle on the mesophase behaviour of bent-core
mesogens was also theoretically investigated by Monte Carlo simulations of a
minimal excluded volume model of the bent molecules which were described by
hard spherocylinder dimers. In this theoretical analysis two geometric parameters
(the length-to-breath-ratio, the bending angle) and a thermodynamic parameter
(reduced density) are taken into account. The obtained phase diagram as function
of the density and the bending angle predicts that the nematic phase becomes
thermodynamically unstable for a bending angle <135°. Furthermore, a transition
from the non-polar SmA into the polar SmAP, phase is predicted for an opening
angle near 167° [@] Considering the roughness of the used molecular model that
is a satisfying qualitative interpretation of the experimental results.

Of course, a sufficiently high bending angle is not the only important parameter
which promotes the formation of nematic or conventional smectic phases. In the
case of series 2 (Table [[22)) derived from 4-cyanoresorcinol the bending angle is
in the same order of magnitude (*2140°) as for corresponding 4-chlororesorcinol
derivatives 50-11 [@] But whereas the members of series 50-II exhibit SmCP,,
phases only, the analogous cyano compounds 2 form in addition nematic, SmA and
SmC phases depending on the chain length.

The bending angle can also be influenced by the chemical structure of the central
ring. Mieczkovski et al. reported a very interesting case where the insertion of
a heteroatom into the position Z of the central aromatic ring of compounds 51
drastically changes the phase behaviour [Iﬁ]

OCH, 7 CH,O
“CC
OCnH2n+1

Compounds 51 X =NO,,J,Cl; Y=NO,,J,Cl
Z=CH,N

T

Hop41ChO

If Z = CH, i.e. if the central core is a phenyl ring, only the non-polar SmA phase
occurs independently of the substituents X or Y. If Z =N, i.e. if the central core
contains a pyridine ring typical “banana phases” (Col,, B,) have been observed.
The authors assume that the pyridyl ring makes the angle between the legs of the
molecule smaller than phenyl rings. This assumption is suggested by molecular
simulations which showed that exchanging the phenyl by a pyridyl ring leads to a
decreased bending angle by about 7-10°. In contrast to all the compounds discussed
before, in the derivatives 51 both legs are linked by connecting groups having three
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single units to the central ring, therefore the conformation and flexibility of the
molecules is clearly changed.

It is remarkable that a minor change of the molecular structure, e.g. the reversed
direction of linking groups, can drastically change the mesophase behaviour. For
example, the Bordeaux group reported isomeric homologous series which are only
distinguished by the direction of the carboxylic groups at the central core. The
members of series 52 form nematic and SmC phases [@]

"SQ"OY@IOCL;L@

Compounds 52 n = 8..10: N
n = 11..13: N, SmC

Hopy1ChO OCpHzpy

If the direction of the ester group is reversed (see compounds 53) typical “banana
phases” occur: SmCP,, Col, (B,), and By [@]

Compounds 53 n=6,7: Col,, Bg
n=8..10:  Col;
n=11..16: SmCPp

Hjp41ChO OCyHany1

By the way, if in the molecules of series 52 a fluorine atom is attached in the neigh-
bourhood of the alkyloxy chain of both terminal rings polymorphism variants with
a SmC and three additional polar tilted smectic phases are obtained m] This is a
convincing example that substituents at the outer rings can also promote the formation
of polar “banana phases” although the average intermolecular distance is increased.

There are examples which show that also the size of the bent core (the number
of rings) can play a role. The most six- and seven-ring compounds exhibit ,.banana-
phases* comparable to the five-ring mesogens. There are examples, however, where
,banana-phases® are reported for the five-fing compounds whereas related six-
ring derivatives show phases typical for calamitic molecules. In some cases a
combination of both phase types exist which is the topic of this chapter.

Murthy et al. ] reported derivatives of the 3-hydroxybenzoic acid, only
different in the number of rings. All members of the homologous series 54 (hexyloxy
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to octadecyloxy in both terminal positions) forms SmCP and/or Col phases, exclu-
sively. Increasing the number of rings by one results in compounds 55 having an
SmA-SmC-SmX polymorphism.

H2n+1Cn

Compounds 54 e.g.(p=1;n=16m=16) Cr 114 SmCgPp 138 1
Compounds 55 e.g. (p=2;n=16m=12) Cr 141 SmX 183 SmC 197 SmA 200 I

Another example is known from benzoyl derivatives of heterocyclic amines,
already presented in sections and LTl Many of the six-ring compounds 8,
17 and 18 exhibit variants of polymorphism with conventional smectic as well
as ,,banana-phases®. In contrast, for all comparable five-ring compounds derived
from piperazine or 4-hydroxypiperidine, only columnar or SmCP, phases were
found [44l].

The interpretation of this relationship is not so clear, however, the high clearing
temperatures and therefore a higher flexibility of the six-ring molecules should be
taken into account.

Concerning the length of terminal chains the phase behaviour of many homol-
ogous series of bent-core mesogens responds to the following general rules: Short-
chain members can exhibit calamitic phases (N, SmA, SmC) sometimes also an
intercalated SmC phase (Bg). Increasing the number of methylene groups in the
hydrocarbon chains columnar phases occur. For the longer-chained homologues
SmCP, phases are found in most cases. As usual, not all of the mentioned phases
have to exist in such a phase sequence. The occurrence of the nematic phase
for short-chained members can be attributed to the fact that in these cases the
microsegregation of the aliphatic part is less pronounced.

There are first hints, however, that the lengthening of the terminal chains can also
promote the conventional SmA phases although the shorter homologues exhibit a
SmCP phase, only. One example is related to the compounds 7 (Table [[=7)).

The interesting tetramorphism SmCyP,—Col-SmC4P,—SmA was proved for the
longer homologues (n: 14, 16, 18). In contrast, the octyloxy and the dodecyloxy
homologues (compounds 7a, 7b) exhibit a SmCP, phase only, whereas the SmA
phase is missing [43].

A similar relationship is reported for five-ring bent-core mesogens derived from
4-chlororesorcinol with lateral halogen substituents at the terminal rings [Iﬁ] Itis
seen from Figure that for the octyloxy derivatives the attachment of halogene
atoms at position A of the outer rings (A =F, CI, Br) results only in SmCP phases.
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Figure 1-26. The formation of non-polar smectic phases with growing length of the terminal chains in
presence of lateral halogen atoms (A = H, F, Cl, Br) (reprinted with permission from ref. 35, copyright,
2005, The Royal Society of Chemistry)

In dependence on the volume of the lateral substituents the clearing temperatures are
lowered more or less. Starting from the dodecyloxy homologues, with increasing
volume of the halogene atoms at the outer rings SmA and SmC phases exist
additionally to the polar SmCP, phase. That means, the longer chained compounds
are able to form conventional smectic phases although the shorter homologues
exhibit only banana phases. It can be assumed that also in this case lateral groups
enhance the intermolecular distance and therefore disturb the sensitive polar inter-
action between the bent-core molecules, especially, if the bending angle is clearly
higher than 120°, that means at the borderline between calamitic and bent-core
mesogens.

The investigation of high-molecular compounds containing bent-core mesogens
is also of interest in relation to this chapter, because SmA phases but also ,,banana-
phases® have been reported for these materials. The formation of polar phases in
such constraint systems depends on the chemical structure and length of the spacer
as well as on the position at which the bent-core moiety is connected with the
spacer group. The terminal connection of two bent-core mesogens, for example,
results in dimeric compounds exhibiting ,,banana-phases* [I@, m] The linking
of two bent-core units using the 4-position of the central phenyl ring by means
of short spacer yields dimers exhibiting conventional SmA phases only, because a
polar packing is impossible for steric reasons [EI]
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For dendrimers the situation is more complicated. A polar smectic phase was
reported by Tschierske et al. m] for branched molecules containing four bent-core
units. Increasing the numbers of generation of the dendrimer, however, results in
compounds which show only a non-polar phase [@, m]

For side-group polymers, the phase behaviour depends in addition on the number
of bent-core units at the polymer backbone, which influences the flexibility or
rigidity of the polymer and therefore the degree of freedom to form a polar packing.
If in corresponding polysiloxanes each silicon atom is substituted with a bent-core
moiety, a polar phase is missing [@] In the case of strongly diluted polymers,
however, the formation of a SmCP; phase could be observed [M] It can be
expected that by variation of this concept compounds should result which exhibit
phase sequences with polar smectic and conventional smectic phases.

Although banana-shaped mesogens have been investigated for only about 10 years
a lot of new findings have been obtained in this relatively short time which shows
new fundamental aspects of the molecular self-organization in liquid crystals. As
shown in this chapter that concerns for example new aspects of structure-property-
relationships, polar structures and chiral structures formed by achiral molecules,
field-induced switching of chirality or field-induced transition from non-polar to
polar phases. It is of topical interest that also “conventional phases” (isotropic-
liquid, nematic, smectic A, smectic C, and crystalline phases) formed by bent-core
mesogens can exhibit exciting properties, which are clearly related to the non-linear
shape of the molecules. Also in near future one can expect new surprising results,
possibly concrete forms of practical application.
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CHAPTER 2

PHYSICAL PROPERTIES OF BANANA LIQUID
CRYSTALS

ANTAL JAKLI, CHRIS BAILEY AND JOHN HARDEN

Chemical Physics Interdisciplinary Program and Liquid Crystal Institute, Kent State University, Kent,
OH, 44242, USA

1. INTRODUCTION

Exactly a decade ago it was realized that not only rod-shape (calamitic) or discotic
molecules can form liquid crystals, but bent-core (bow-like or banana-shape)
molecules do, too ﬂ]] Although the first synthesis of bent-shaped liquid crystals has
been reported more than sixty years ago by Vorlidnder [E], they have not attracted
much interest until the synthetic work of Matsunaga et al. B] in the early 1990s.
The discovery of the mesogenic properties of bent-core molecules has opened up
a major new and exciting dimension in the science of thermotropic liquid crystals
(LCS). Seminal findings — having broad implications for the general field of soft
condensed matter — include the observation of ferroelectricity and spontaneous
breaking of chiral symmetry in smectic phases composed of molecules that are not
intrinsically chiral [4]. Typical bent-core molecules and their structure — property
relations are discussed in detail in the previous chapter written by Weissflog.

In this chapter we will only review the first ten years of experimental physical
results on bent core materials. We consider the molecules as bent rods and their
packing and macroscopic phase behavior will be described based on the cartoons
we present in Figure to Figure

1.1 Structural Cartoons

Considering their packing we assume that they tend to fill the space as effectively
as possible. This steric requirement together with the bent-shape of the molecules
immediately implies two important features.
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Figure 2-1. Sketch of hypothetical nematic phase of bent-core molecules

(i) When translating a molecule in the “sea” of the neighbor molecules it is experi-
encing a periodic potential determined by the length / of the molecules. This
means a translational symmetry breaking along the long axis of the molecules
(the average direction of the hypothetical lines connecting to the ends of the
molecules) and results in temporary periodic (smectic-type) clusters. In this
case the nematic order is allowed only in a length scale that is much larger
than that of the clusters as illustrated in Figure 2-1]

(ii) The tendency for layering combined with the close packing requirement results
in a polar order along the kink direction. Provided that the molecules have a
dipole moment along the kink direction (if the molecules are symmetric, the
other components of the molecular dipoles average out anyway), this molecular
dipole will not average out in a length scale of uniform domains. This means
that the macroscopic electric polarization (volume density of the molecular

dipoles) will not be zero in each uniform domain. This polarization P is a direct
result of molecular packing, and as such is different by nature from that of the
SmC* materials, where that molecular chirality and director tilt can result in
polar order as shown first by R.B. Meyer [E]
Due to their shape bent-core molecules now can be characterized by 3 orthogonal
unit vectors, n, m, and p: n is the unit vector along the long axis, m is normal to
the molecular plane, and p is along the kink direction, which therefore is parallel
to the layer polarization P.

Figure shows the situation when 7 is parallel to the smectic layer normal k.
This is similar to the SmA phase of calamitic liquid crystals, except that now the
layers are polar. This difference is designated by adding the letter P (for polar)
to SmA. In this case one can have two distinct situations, the layer polarization
P can be either parallel or antiparallel in the subsequent layers corresponding
to ferroelectric (SmAPg) or antiferroelectric (SmAP,) subphases. Here and later
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Figure 2-2. Schematic structures of the ferroelectric SmAP and antiferroelectric SmAP, phases

throughout the paper we will denote the same directions by the subscript S for
synchronous and the alternating directions by subscript A.
The situations when the molecular planes are tilted with respect to the layer

normal, i.e., when m is not perpendicular to k, are shown in the upper row of

Figure =31 In the plane determined by the polarization P and the layer normal k
(polar plane) this tilt is illustrated by a bar stuck to the end of the molecules which
is closer to the observer. Depending on whether the tilt directions are parallel or
antiparallel we can speak about synclinic and anticlinic situations. As mentioned
above we will label them by the subscript S and A, respectively. Combining these
different situations with the ferroelectric and antiferroelectric packing possibilities
we have 4 different subphases: SmCqPy, SmC,P,, SmCiP, and SmC,Pg. Such
a notation with some variations was introduced by Link et al. [B] and is widely
used in the literature. Note that the SmCP layers have only a two-fold symmetry
axis around p (C2 symmetry), i.e. they have the same symmetry as of chiral SmC*
materials [E]

In principle, we can also envision that only the director n is tilted with respect

to the layer normal k. Successive smectic layers can be either ferroelectric (with
the same direction of polar order) or antiferroelectric (with opposite directions).
Likewise, successive layers can be either synclinic (with the same direction of
molecular tilt) or anticlinic (with opposite tilt directions).Those situations are illus-
trated in the bottom row of Figure 23] To distinguish from the tilt of the molecular
plane (which is denoted by the symbol C to express “clinic”), the tilt of the long
axis will be called “leaning” and will be labeled with L. Just as in the SmCP cases
we can have four distinct sub-phases SmLgP,, SmL,Pg, SmL,P, and SmLyPg
depending on the subsequent tilt and polarization direction combinations. In such
phases the polar axis is not parallel to the smectic layers and they have C, symmetry.

On the same grounds one also can imagine that both tilt directions are possible
simultaneously [[2]. Those “double - tilted” situations are labeled both with C and
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Figure 2-3. Possible single tilted bent-core smectic structures. Top row: Illustration of the fluid in
plane order of the layer polarization, and 3 dimensional explanation of tilt. Middle row: 2 dimensional
illustration of the 4 possible situations when only the molecular plane is tilted with respect to the layer
normal; Bottom row: 2-dimensional illustration of the four possible situations when only the long axis
is tilted (leaned) with respect to the layer normal

L, where the tilt independently can be the parallel or antiparallel to each other.
Taking into account that the layer polarizations can either be parallel or antiparallel,
we have altogether eight different subphases as illustrated in Figure P-4

Although in all situations the individual layer polarizations are not parallel to the
smectic layers, the out of layer components average out in case of the anti-leaning
structures, and their macroscopic symmetry would be the same as of the SmAP
(for anticlinic situations, such as SmC,L,P, and SmC,L ,Ps) or as of SmCP (for
synclinic situations, such as SmC,L,P, and SmCsL,Ps). It is important to note
that the SmCLP structures can be equivalently described by a tilt of the molecular
plane and a rotation of the layer polarization P about the long axis n by an angle
. If d =0 or 7 then we have the SmCP case, ¢ = /2 or 31/2 correspond to the
SmLP situations, otherwise we have the SmCLP phase. Double — tilted layers have
triclinic symmetry, i.e., they are symmetric only with respect to a 360° rotation
around the polar axis P (Schoentflis notation: C,). Such a structure was theoretically
predicted by de Gennes [IE] and was labeled as SmCg (“G” stands for generalized)
without specifying bent-core molecules.

So far we have considered only those cases where the center of masses of
molecules had periodicity only in one direction, i.e., when the material can
be considered solid in 1 dimension and fluid in the other two directions. The
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Figure 2-4. (a) Possible double — tilted bent-core smectic structures. Top row: Illustration of the fluid in
plane orders of the layer polarization (either uniform or modulated), and 3 — dimensional explanation of
tilt. Middle and bottom rows: 2 dimensional illustrations of the eight possible situations; (b) Graphical
explanation of the SmCLP structures in term of two rotation angles 6 and ¢

theoretically possible 2-dimensional solid structures are illustrated in Figure to
Figure -6 The situation shown in the upper row of Figure R=3] assumes an interca-
lated layer structure. In this case the hydrophobic hydrocarbon chains have to the in
close proximity with the aromatic bent-cores, which usually are not favored entrop-
ically, and lead to a nano-segregation as shown in the bottom row of Figure 2=3
Other two possibilities for two — dimensional solid structures are illustrated in
FigureP-@l In the first case we assume disc-shape aggregates of several molecules (four

X Intercalated

Columnar

P

Figure 2-5. Schematic representation of the intercalated layer structures
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Columnar hexagonal phase of disc shape aggregates

Figure 2-6. 2-dimensional periodic structures formed by local disc like aggregation of bent-core
molecules (a) or due to antiferroelectric in-plane ordering (b)

in the drawing). To describe the orientations of the individual molecules in the aggre-
gates we shall characterize it by the triplet of p, n, m unit vectors. We can express the
aggregate with four triplets with coordinates in the X,Y,Z lab system with unit vectors
X,y and Z, as follows {[Z, ¥, X], [<Z, X, =], [X, ¥, Z], [ X, ¥, —Z]}. These aggregates
then form fluid stacks (columns) in the 7 direction and periodic structures in the XY
plane. The last possibility to form 2-dimensional structures is illustrated in the bottom
row of Figure2=@ This corresponds to any local structures of SmAP, SmCP, SmLP or
SMCLP illustrated in FigureP=2ltoR2-4] except that within each layers the polarization
is assumed to alternate. This alternation imposes an entropic restriction to position
of the center of molecules along the Y direction resulting in a rectangular periodicity
in the YZ plane. In the neighbor rectangles the polarizations can either be parallel or
antiparallel to each other corresponding to the Pg or P, situations of Figure2Z=2]to P-4
Theoretically this last situation alone may have 2 4+ 4 + 4 + 8 = 18 subphases

2. EXPERIMENTAL RESULTS
2.1 Phase Structures

Experimental observations of the smectic and columnar phases of bent -core liquid
crystal phases were pioneered by groups in Tokyﬂﬁﬁ Boulder ] Berlin [l(illﬂ],
Halle [E%l] Budapest [IE and several other places . In the last several years
the research has quickly broadened with very intensive experlmental studies carried
out all around the world. Activities of this “banana mania” have been recently
reviewed in several papers [IE]

In the first few years of experimental studies seven different ‘banana liquid
crystal’ textures have been observed and labeled as Bl, ..., B7 according to the
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chronological order of their observations [@]. The list of these phases, based on
textural observations and X-ray measurements, are summarized in Table 2-11

The BI phase is a columnar, non-polar non-tilted phase corresponding to the
structure illustrated in Figure 2=3}b.

B2 is the most actively studied phase. It is identical to the SmCP structures
shown in Figure Z=3] These materials show a variety of textures, electro-optical and
electric polarization behavior, which we will detail later.

The B3 phase represents a non-switchable (probably not polar) non-tilted smectic
structure with in plane positional ordering. Due to the lack of the electro-optical
response it is only seldom studied. Some studies indicate second harmonic gener-
ation (SHG activity) and therefore polar structure [IE] however, these measure-
ments could not be confirmed later [b].

The nature of the B4 phase is a challenge of the current studies, although the
first description of chirality in the banana phases was on the B4 phase. It is a
solid phase, but it is currently not clear if this is some kind of crystal [@] or
hexatic twist grain boundary (TGB) phase ﬂﬂ], or something else. X-ray diffraction
measurements indicate broader peaks in the wide angle range than in the B3 phase
that appears at higher temperatures. This would indicate less ordered packing in
the short range, or layered packing with short range order. Freeze fracture electron
microscopy studies suggest a structure similar to the lyotropic sponge phase [E]
Notably this structure is very similar to that proposed for an optically isotropic
ferroelectric phase consisting of random SmC, P nanodomains [23].

The B5 name was originally assigned to a switchable phase, which appeared
below the B2 phase and showed somewhat more complex X-ray profile [@]
than of B2. However, investigations on freely suspended films showed that it has
the same symmetry as of the B2 ME], so it seems that there is no need for a
separate name.

The B6 phase is an intercalated smectic structure such as shown in Figure 2=3a
without long range order in the YZ plane. In this phase the layer periodicity is
smaller than half length of the molecules. As we mentioned before, this packing

Table 2-1. The different phases of bent-core molecules

Name Structure Polarity Director tilt
B1 columnar non-polar non- tilted
B2 (SmCP) smectic with no in-layer order polar tilted
B3(SmiIP) smectic with hexagonal polar? tilted
in-layer order

B4 optically active solid polar? non-tilted
BS5 highly viscous SmCP polar tilted

B6 interdigitated layers non-polar non-tilted
B7 columnar polar tilted

B7 modulated layer structure polar Tilted

(SmCP'? or SmCgq
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makes contacts between the aromatic rigid bent-core and the flexible tails, so it is
1{% favored, explaining that experimentally it is found only in short chain materials
].

The high temperature phase that appears directly below the isotropic phase
showing characteristic helical filamentary growth in cooling m] is denoted as B7.
Later measurements showed that similar helical structures may appear in materials
with different structures, and they correspond to at least two distinct phases. The
exact structures of these phases are still under active debate, which we will detail
later.

The polar smectic A (SmAP) ﬂﬁ] phase and nematic structures [E] were
observed only after the Bi (i=1,...7) nomenclature was introduced and they have
not been assigned with those symbols.

So far there is only one report?®® on non-tilted SmAP, phase corresponding to
Figure P=2Yb. This phase does not show electro-optical switching, nor birefringence
change, although polarization current measurements clearly show a large (almost
1000nC/cm?) antiferroelectric polarization value.

Nematic phases exhibiting purely orientational order are rather uncommon in
bent-core compounds probably due to the tendency of the periodic positional
ordering we mentioned above (see Figure P-I)). However, very recently, a number
of new bent-core compounds with nematic phases have been synthesized —IE]
In addition, their physical properties are currently being investigated ]. Light
scattering studies in the uniaxial nematic phase ], and recent NMR measure-
ments in the isotropic phase [IE], reveal drastically slower fluctuations in bent-core
compounds than observed in typical calamitics. This is because their viscosities are
about 2 orders of magnitude larger than of normal calamitic materials M] This
behavior is also consistent with the cluster concept illustrated in Figure 2-1] and
corroborated by recent NMR measurements [@] Simultaneously there has been
a surge in theoretical studies [‘E, M] predicting intriguing new thermotropic
nematic and isotropic structures. These including uniaxial behavior ﬂﬂ], field
induced biaxiality [[32] and biaxial phases [@]

2.2 SmCP Materials

2.2.1 Electro-optic properties

Although the very first report on bent-core smectic materials showed ferroelectric
switching without rotation of the optical axis during switching thus indicating
SmAP structure corresponding to Figure [2-2¥a [EI] soon it became clear that
they rather form tilted phases [@, ] and show antiferroelectric switching
[B, E] This is because of the typically much larger than 200nC/cm? layer
polarization, which favor antiferroelectric arrangement due to dipole — dipole
interactions.

Interestingly it was observed that the switching between the field-induced ferro-
electric states under typically above 3V/um rectangular electric fields is either
accompanied by rotation of the optic axis, or it takes place without any rotation of
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the optical axis. Usually both types of textures are present in one sample, typically
under cooling from the isotropic phase mainly the non-rotating domains showed up,
whereas when heating from the lower temperature B3 phase, mainly the rotating
type domains formed. This strange behavior was first explained by Link et al. [Ia] by
realizing that the domains that do not show rotation of the optic axis under rectan-
gular fields have SmC¢P,, whereas the other domains have SmC, P, structures (see
cartoons in Figure PZ=3)).

2.2.2 Layer chirality

Importantly it was also realized by the Boulder group ﬂa], that the combination
of polar packing and the tilt of the molecular planes gives the smectic layers a
chiral structure, which is usually referred as layer chirality. Since the molecules
(at least those studied first) do not contain any chiral carbons, smectic layers can
form two different structures that are non-superposable mirror images of each
other. To distinguish between these two structures, we can define the chiral order
parameter as [ﬁ]

@2-1) X:Z[(%xﬁ)-ﬁ] [l??z],

where %, n and p are unit vectors normal to the smectic layers, along the director and
the layer polarization, respectively. This order parameter has the correct symmetry

as a pseudoscalar, and it is invariant under the symmetries n — —n and k— —k.
Right- and left-handed mirror image layers have opposite signs of y, which ranges
from —1 to +1. These possibilities for polar and tilt order lead to two possibilities
for the layer chirality. If the smectic phase is ferroelectric [@—@] and synclinic
(SmCyPy), or if it is antiferroelectric [@, a1, @] and anticlinic (SmC,P,), then
the material has a homogeneously chiral structure, with the same sign of y in all
layers. By contrast, if the smectic phase is ferroelectric and anticlinic (SmC,Py), or
if it is antiferroelectric and synclinic (SmCgP,), then the material has alternating
right- and left-handed chiral layers, with alternating positive and negative values
of y. This latter possibility is generally called a “racemic” structure, although we
might use the alternative term “antichiral” [@] to emphasize the rigid alternation
from layer to layer. All these possibilities with their typical textures are shown in
Figure P=71

The textures of racemic SmC¢P, phase usually consist of fan-shaped domains
decorated with a few micron wide stripes, which consist of oppositely tilted synclinic
domains. In homochiral SmC,P, structure the optical axis is parallel to the layer
normal regardless of the handedness of the domains. The antiferroelectric (AFE)
arrangement can be easily switched to ferroelectric (FE) by applying an external
electric field of typically larger than 3-5V/um and f < 10kHz electric fields. The
racemic FE state is anticlinic (SmC,Pg) and the optical axes are parallel to the
layer normal regardless of the sign of the electric field. The homochiral FE state
is synclinic (SmCgPg) and the optical axes make angles +6 with the layer normal,
depending on the sign of the electric field.
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Figure 2-7. Definition of the layer chirality. Left (right) — handed layer: the average molecular axis is
oriented (anti)clockwise from the layer normal. This can be envisioned relative to a left (right) hand: if
the thumb of a left (right) hand is pointing in the direction of layer polarization P, the direction of the
curling of the fingers represents the direction of the deviation of the molecular axis from the layer normal n.
(a): Orthogonal views of the racemic SmCP phase of non-chiral banana-shaped molecules and polarizing
microscope textures viewed in tilt plane in antiferroelectric (AFF) and ferroelectric(FE) states (left and
right columns). The “Polar plane” contains the layer normal and the layer polarization (P), whereas the
“Tilt plane” is perpendicular to P. The molecular plane is tilted with respect to the layer normal. The single
dashed line (- - - - - ) indicates synclinic interfaces in anticlinic state, whereas double dashed lines (=====)
represents defect walls separating synclinc layers with opposite tilt directions. (b): Orthogonal views of the
chiral SmCP phase of non-chiral banana-shaped molecules and polarizing microscope textures viewed in
tilt plane in antiferroelectric (AFF) and ferroelectric (FE) states (left and right columns). The “Polar plane”
contains the layer normal and the layer polarization (P), whereas the “Tilt plane” is perpendicular to P.
The molecular plane is tilted with respect to the layer normal. In (a) and (b) (- - - - - ) indicates synclinic
interfaces in anticlinic state, whereas (====) represents defect walls separating synclinc layers with opposite
tilt directions. The pictures represent 100-pm x 70-pm areas

2.2.3 Light scattering properties

In addition to these differences between anticlinic and synclinic structures in the
behavior of the optical axis during switching by electric fields, there is a difference in
their light scattering properties, too. The synclinic structures (AFE state of the racemic
and FE state of the chiral structures) scatter light, whereas the anticlinic structures
(FE state of the racemic and AFE state of the chiral structures) are transparent [@]
This is due to the fact that the differently tilted synclinic domains are separated by
defect walls, which are observable even without polarizers. Antiferroelectric and ferro-
electric textures of the chiral state viewed without polarizers are shown in Figure 28
In the anticlinic AFE state (a) only focal conic defects are present due to the imperfect
layer alignment, whereas in the synclinic FE state (b) the texture is full of defect walls
separating domains with different handedness. Defects cause light—scattering because
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a b

Figure 2-8. Textures of 4-pm cells of a banana-smectic in chiral state viewed without polarizers. The
pictures represent 100-pwm x 70-pwm areas. Permission for Reprint, courtesy Society for Information
Display

the refractive index of the defectis different from the uniform areas. Focal conic defects
of FigureP=8a cause only a few percentage of scattering, whereas the defect walls of
Figure Z=8Jb scatter out 50% of incoming light. Such a behavior may have practical
applications as fast light shutters.

2.2.4 Birefringence

Another important difference between the anticlinic and synclinic states is the
birefringence. Anticlinic structures have low, whereas the synclinic phases have
large birefringence. Accordingly when we switch between the antiferroelectric and
ferroelectric states we can also switch the birefringence. Especially interesting is the
case when the anticlinic state is optically isotropic that can be reversibly switched
to birefringent state. Such a situation actually was observed recently [@, |§1|] on an
ester-based banana material [@], which has orthoconic structure (i.e., nearly 45°
tilt angle) in the antiferroelectric state.

Electro-optical observations on Spum films of this material are summarized in
Figure2=9] The film is completely dark at zero fields between crossed polarizers even
for oblique light incidence. The transmittance is linearly increasing with fields in the
deformed antiferroelectric range (V < 40V), then it sharply increases at the transition
to the ferroelectric state (V~ 50V), and it remains constant under higher fields. The
corresponding birefringence, as judged from the birefringent color, increases from
An=0atV=0toAn~0.19at V>50V [@] The director and layer structures in the
antiferroelectric and ferroelectric states in positive and negative fields are sketched in
the bottom of Figure2-9]

By simple superposition of the dielectric tensors of the uniaxial arms, which
are linked together with opening angle ® it was shown @] that the anticlinic
antiferroelectric state is optically isotropic if the tilt angle is 6 = 45° and ® =
109.5° Actually for the experimentally studied material the angles are 6 = 47°
and @ ~ 106°, which results fairly good optical isotropy. (Note that anticlinic
ferroelectric SmC, Py states can also be optically isotropic if the 6 = 45° and ® =
109.5°condition is fulfilled.)

The optically isotropic structures are in fact unusually frequent in case of bent-
core compound compared to the calamitic LCs, and were found also on materials
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Figure 2-9. Voltage dependence (triangular waveform, f=31Hz) of the transmittance and the polarization
current of a 4um PBUBB cell in between crossed polarizers. At zero fields the material is in the
optically isotropic antiferroelectric state. At increasing fields birefringence increases smoothly. Textures
at different voltages At increasing fields the birefringence increases from zero to An = 0.19, and the
color changes from black to blue The pictures represent 0.2mm x 0.2mm areas

with opening angles far from the tetrahedratic angle both in antiferroelectric [@, E]
and ferroelectric [Iﬁ] phases. In these cases the absence of birefringence were
explained assuming arbitrarily oriented sub-visible size birefringent domains [E]
Such materials are usually referred as “dark conglomerates [Iﬁ, ).

2.2.5 Optical activity

Chirality is usually seen optically in the form of rotation of the optical axis of
a linearly polarized light crossing a chiral material (optical activity). In isotropic
liquids optical activity requires chiral molecules, which results in typically of about
1 degree rotation of a light crossing 1 cm slab. In liquid crystals molecular chirality
leads to helical structure, which enhances the optical activity so that the optical
rotation (OR) can be as large as 100deg/pm in some short pitch cholesteric or
SmC* materials.

In achiral rod-shape molecules one does not expect any optical activity, but
as we have seen achiral bent-core liquid crystals can have chiral layer structures.
An interesting question therefore if we see optical activity in those materials.
Observing planar textures of bent-core liquid crystals between slightly uncrossed
polarizers, it is indeed often found [@, é—@] that the texture splits into darker
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and brighter domains. For polarizers uncrossed in the opposite sense the darker
and brighter domains exchange and for crossed polarizers they have the same
brightness. This shows optical activity with OR ~ 0.1 — 1 deg/wm. Except for the
example demonstrated in Ref. ﬂ], optical rotations were seen only on optically
isotropic samples, although not all optically isotropic samples show observable
optical rotation [@], or not in any alignment b] The reason for the optical activity
is presently under active debate.

First it was argued to be due to a chiral molecular configuration characteristic
of the particular type of bent-shape molecules, such as twisted or propeller shape
(conformational chirality). The concept of conformational chirality was supported
by simulations by Earl et al. [@], and was demonstrated by the observation that
doping calamitic cholesteric liquid crystal by achiral bent-core molecules can lead
to a decrease of the helical pitch, indicating an enhanced rotatory power of the
mixture [@] Unfortunately there is no proof that the decrease of the pitch is not
due to a decrease of the twist elastic constant caused by the addition of bent-core
units. Although the conformational chirality is usually not questioned in the solid
B4 phase [@g], its role has been questioned by Walba et al. [@] by arguing that
these chiral conformations have very short lifetime, therefore they average out in
fluid smectic, such as SmCP or SmC; phases.

As an alternative to conformational chirality, Ortega et al.’” modeled the SmC, P,
with a locally achiral dielectric tensor where optical axis rotating with a pitch of
two layers. This indicates that layer scale structural chirality can lead to observable
optical rotation. Recently Hough and Clark have extended this model to other SmCP
subphases, such as SmCPg, SmC,Pg and SmC¢P,. They have shown [@] that the
optical rotation of the unhelixed SmCgPg is comparable to that of SmC,P,. In
addition they have also shown that even the racemic SmC,Pg and SmC P, may
also present optical activity for lights not parallel or perpendicular to the smectic
layers. It was found that the calculated optical rotation values have the same order
of magnitude that is usually observed. They may also account for the observations

,164] where optical activity was observed only after repeated heating — cooling
cycles to the crystalline, or B4 phase [@, @] when surface memory effects may
result in tilted layers with respect to the substrates. One therefore may be inclined to
believe that there is no need of conformation chirality to explain the optical activity
in the fluid tilted smectic phases, because the layer scale chirality can explain all
observations. However, experimentally it is usually observed that the size of the
domains with opposite optical rotation is typically in the range of 100—300um,
whereas the size of domains with uniform layer chirality is only about 2—10wm,
i.e. an order of magnitude smaller. Since the optical activity is detected typically
on optically isotropic samples , E] where the homochiral domains are not
visible the difference between the homochiral and optically active domains was not
obvious until recently when the optically active domains were observed even in
the SmC4Py state [I31] (Figure B=I0). It is clearly seen that the domain boundaries
do not correlate to those of different layer-chirality, which challenges the layer-
scale chirality concept. In all cases we have observed an evolution of the optically
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Figure 2-10. Textures between slightly uncrossed polarizers of the transformed state in antiferroelectric
(upper row) and in the field-induced ferroelectric state (lower row). Arrows indicate the polarizer —
analyzer configurations for the textures beneath

active domains after several cooling-heating cycles, and we suspect that they always
related to surface memory effects. The optically active domains form only in the
crystalline or close to crystalline structures such as B4 and B3 phases and those
domains are imprinted in the surfaces.

2.2.6  Molecular chirality

Chirality can also be introduced when one or more chiral carbons are incorporated in
the molecules, for example in the hydrocarbon terminal chains [@, @], within the
bent-core [@], or by addition of chiral dopants [Ia, @] It was noted during the early
research that the handedness of the homochiral structures is very sensitive to chiral
dopants [|a], or even on chiral surfaces [Iﬂ] On the other hand, it was observed that
banana-smectics made of enantiomeric chiral molecules form synclinic — antiferro-
electric [@] and anticlinic ferroelectric [@] domains. This combination of tilt and
polar order implies that the phase is racemic, with a rigid alternation of right- and
left-handed chiral layers. This shows that the molecular chirality has no or minor
effect on deciding about anticlinic or synclinic packing (which is mainly determined
by entropic reasons), but it can bias the otherwise degenerate tilt directions.
Experiments by Binet et al. ['ﬂ], carried out on chiral bent core materials
containing biphenyl (BP) cores with S or R hydrocarbon chains, and on achiral
biphenyl core molecules with chiral dopants, reveal the effect of the molecular
chirality on the polarization structure. In addition the polarization P, due to the
closed packing of the bent-shape molecules, another polarization, P, is introduced
due to the chiral and tilted molecular structure. It was found ] that in the
antiferroelectric racemic domains at low fields, P, of the synclinic — racemic
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domains averages out but, due to the synclinic order and of the chiral molecules,
a P, normal to the tilt plane similar to the SmC* phase is possible. In this case,
a relatively low electric field is able to unwind the helical structure, but would
not be able to switch the antiferroelectric P,, which requires a higher threshold.
Upon this antiferroelectric to ferroelectric transition, the synclinic structure becomes
anticlinic and P, vanishes, leaving only a P,. Although the textural observations
were consistent with this picture it was not possible to measure P, separately,
because in case of the enantiomeric molecules isolated metastable chiral (anticlinic
antiferroelectric) domains are also present, where both P, and P, average out below
the transition to the ferroelectric state where the effective polarization becomes
P, +P.. Very recently however the chirality — induced polarization P, could be
separated from the bent-core packing related polarization P, [‘E] These studies
were carried out on binary mixtures of an achiral fluorinated (B-2F) and a chiral
material (B-Ch) where a chiral cholesterol unit was attached to one end of the bent
core. At low B-Ch concentrations P, could be switched and measured below P,
was switched. It is found that P, is an order of magnitude smaller than P,, but
larger than of the pure B-Ch. This is because the molecular dipoles of B-2F are
much larger than of B-Ch due to the presence of the highly polar fluorine atoms.

2.2.7 Chirality transformations

Although in the majority of the banana smectics the chirality is conserved during
switching between AFE and FE states it was observed that in some materials strong
fields cause a gradual change of the layer chirality [‘ﬂ] In some examples both the
opaque racemic AFE and the transparent chiral AFE states were found to be stable
and could be interchanged. [ﬂ, ], or the sign of the layer chirality even could be
flipped [IE] Racemic domains can be rendered chiral by surface interactions, too
ﬁ]. An example for structural transformations is shown in Figure =11 [@]

Antiferroelectric racemic

E>20V/ m, f>600Hz, +>30s E>20V/ m, f=1Hz, +>30s

X \y

h

Ferroelectric chiral, bistable

Figure 2-11. Example of textural transformation observed under different electric fields on a 10pm film
of a biphenyl based material



74 Jakli et al.

As pointed out by Lansac et al. [@] the synclinic SmC¢P, enables the out-of-
plane fluctuations, thus decreasing the entropy. This effect becomes less important
at lower temperatures explaining that the synclinic phases often transform to the
anticlinic SmC, P, state at lower temperatures, or appears in heating from the B,
phase [IE] Based on this notion the switching between racemic and chiral states
was explained as follows m] Assume that the ground state is antiferroelectric
(racemic structure) and we apply strong rectangular electric fields that is switching
the materials between the ferroelectric states. In case of racemic structure the
structure would be anticlinic, which is disfavored entropically. To find the lower
free-energy state the system, therefore has to drift to the synclinic ferroelectric state,
which is chiral. After field removal this chiral state becomes antiferroelectric and
anticlinic, so it can be only metastable. The more stable racemic state can reform
either by nucleation process, or it can be driven back to the synclinic racemic
state under triangular electric fields, because during switching it stays longer in the
antiferroelectric than in the ferroelectric state [E]

All these chirality transformations mean that during the switching the molecules
not strictly rotate about the layer normal around the tilt cone, but in some extent also
around their long axis. As far as we know this model was first put forward in the
2nd Banana workshop held in Boulder, Colorado [IE] and later discussed in several
papers. [@, @] The rotation of the director around the tilt cone preserves the layer
chirality, whereas during rotation around the long axis the chirality changes signs.
This rotation is faster than the rotation around the cone, and is permissible only in
racemic domains. Indeed it is usually observed that racemic switching is faster than
chiral switching Hﬂ]

2.3 The B7 Materials

2.3.1 Textures

As mentioned before the B7 label denotes materials with peculiar helical super-
structures ],[@—@] including helical filaments [@] and banana leaf- shaped
domains [[84]]. The helical filaments with a proposed telephone — wire type structure,
where the smectic layers form concentric cylinders as shown in Figure =12}

Other type of interpretation of the textures was proposed by Nastishin et al. [IE],
who suggested that the B, phase is a smectic and columnar phase at the same time.
The geometry of the helical filaments (ribbons) is that one of the central region of
a screw disclination with a giant Burgers vector split into two disclination lines of
strength 1/, which bound the ribbon.

The spontaneous chirality that result in the telephone wire type textures at the
transition, persist in the fully formed B7 phase, resulting in various astonishing
helical superstructures @], as illustrated in Figure 2=13

Since the first observations many other materials with similar textures have
appeared in the literature @ @ ] however, it is not clear that all the materials
with B7 textures have really the same structure. For example Bedel et al. found that
materials studied in Ref. [18] are not miscible with the reference B7 compound [E]
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(a) (b
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Figure 2-12. Textures of helical filaments forming on cooling from the isotropic phase E] (upper row)
and the proposed telephone cord structure consisting of smectic layers

Figure 2-13. Helical superstructures in the B7 phases. (a) the original B7 material ] (b) a binary
mixture of a fluorinated B7” and the original B2 material [@]

Ortega et al. ﬂ@] Observed B7-like textures in a compound classified in principle
as B1 [@] after a prolonged electric-field treatment. Other contradictory reports on
the features of the B7 phase are also pointed out by several authors [@?’ ,@]. In
view of all these facts we clearly have to distinguish between at least two different
B7 materials.

2.3.2 Phase structure

X-ray measurements also clarified that B7 materials have at least two different phase
structures. Some of them (for example, the first B7 material [E]) have distinct sharp
peaks in the low angle range ﬂE] which is characteristic to columnar structure. Other
B7-type materials (we denote them by B7’) have strong commensurate reflections —
which indicate a layer structure — and small incommensurate satellites, which are
very close to each other and hard to resolve with normal X-ray technique. These
peaks were attributed to a one-dimensional undulation of the smectic layers with
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a relatively long wavelength modulation in the layer structures [ﬂ] B7 and B7’can
be also distinguished by electro-optical and polarization current measurements.
The reference B7 — type compounds do not switch electro-optically and do not
show polarization peaks at least up to about 40Vum~! electric fields, whereas the
B7’ materials usually can be switched under high (E > 10V /um) electric fields
and posses either ferroelectric [@], or antiferroelectric [@] polarization peaks.
Interestingly the threshold for switching decrease with decreasing temperatures

,@], which is opposite to the behavior of single tilted smectic materials, such as
SmCP or SmC*. Based on these observations, and on field induced polar shifts of
transition temperature [@ it has been suggested that the B7’ materials have double
tilted SmCLP (SmC;) [92] structures, i.e., they have out—of—plane polarization
components (see Figure P=4). The other model, on the basis of observed layer
modulation, assumes modulated in-layer polarization structures [ﬂ] in which the
spontaneous polarization forms splay domains.

24 Free-Standing Filaments

Filaments usually can be pulled only in materials, which become solid during the
fiber extruding process, like spider silk, [@] polymer fibers or silica glass fibers.
It is also known that columnar liquid crystalline phases of disc-shaped molecules
are one-dimensional fluids and they can form stable filaments [@] The stability of
the columnar strands can be explained by taking into account the bulk energy due
to compression of the columnar structure, in addition to the surface contribution of
the Newtonian fluids. Low molecular weight liquid crystals of rod shape molecules
do not form fibers and it was observed [Qd] that nematic and smectic A bridges
collapse at slenderness ratios of R &~ m and at R = 4.2, respectively. Smectic liquid
crystals of rod-shape molecules generally tend to form thin films, @] similar
to cell membranes. Repeated efforts in the past 20 years have failed to produce
stable smectic filaments.

In the effort to make free-standing films of the first B7 material it was found
that instead of films they form free-standing strands [E] just like columnar liquid
crystals of disc-shape molecules @] Such observation was confirmed with other
B7 materials [@], and later it was found that the B7’ and B2 type banana-smectics
also form strands of fibers [@] Although the most stable fibers are the B7 materials
with slenderness ratio as large as 5000, the B7’ and B2 fibers also have aspect ratios
over 1000 and 100, respectively. The values are orders of magnitudes larger than
of the Rayleigh-Plateau limit [@] of Newtonian isotropic fluids and of nematic
and smectic liquid crystals of rod-shape molecules [@]

B7 and B2 type fibers are completely stable, and are much thinner (1.5-
10pm) than conventional extruded fibers (10-100wm). Interestingly metastable
fibers could be pulled even in the nematic phase of bent-core materials and
their slenderness ratios are much larger than those observed in nematic liquid
crystals of rod-shape molecules [@] This behavior is typical for viscoelastic fluid
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Figure 2-14. Freely suspended B2 and B7’and crystalline strands and bridges. a) Fibers viewed between
crossed polarizers. Left side: a bundle of fibers in the B2 phase. The length of the entire fiber is 2mm.
Right hand side: a single fiber in the B7” phase. The length of the whole fiber is 1cm. b) Photomicrograph
of a B7 fiber with 2um diameter at one edge when positive and negative voltages (200V) applied (total
length is 1mm). c¢) ‘Push-pull’ effect in a B7” bridge under £100V applied. The pictures represent
125um x 125um areas. d) The B7 fiber in the crystal phase at room temperature detached from the
support. Reprinted figure with permission from A. Jakli, D. Kriierke, G.G. Nair, Phys. Rev. E Vol. 67,
051702, (2003), Copyright 2003 by the American Physical Society

fibers [IEI], and indicates that nematic bent-core liquid crystals may be considered
as fluid agglomerates of smectic clusters [ﬂ]

The fibers possess helical properties: they form a helix when shrinking, or
particles attached to it rotate during pulling and shrinking. Under dc electric fields
applied along bundles of filaments some of the individual helical fibers unwind, then
rupture, whereas others remain stable. This indicates polar nature of the individual
fibers: those that rupture may have polarization antiparallel to the field; those that
stabilize are polarized parallel to the field. Under alternating fields periodic flow
may occur along the fibers. The direction of the flow depends on the sign of the
electric fields, but in the different strands it can be opposite. In the B2 bundles the
flow effects average out and the overall diameter does not change. In the B7 fibers,
however the flow direction seem to be the same in all strands and a net flow is
observed. Relatively thick and short B7’ bridges posses’ strange push-pull effects,
as shown in Figure P=T4¥c: one polarity can pull all the material from one side to
the other and the other polarity can reverse it. Such effects were not observed in
the B2 bridges indicating structural differences.

In the long single B7 fibers a transversal vibration could be observed under
electric fields applied along the fibers. Interestingly the vibration takes place with the
frequency of the electric field: the string is bent for one polarity of the voltage and
becomes straight again for the other polarity. An example is shown in Figure 2-T4Jb,
where the maximum deviation from the straight direction is about 5 degrees. The
string is anchored at the end plates and moves sideways in the middle. The sensi-
tivity of the length of the fiber to the sign of the field confirms that the fibers
are polar. When the polarization is antiparallel to the applied field the electric field
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facilitates the fiber formation, which (at constant end-to-end distances) means that
the fiber should be bent. When the polarization is antiparallel to the electric field
the fiber formation is not favored just minimizing the length of the fiber. When the
fiber snaps back after field reversal, or when the vibration is induced by a pulse
we observe a small vibration with a natural frequency of about 10 Hz for strings
of a D =2um diameter and L = 0.5mm length. From this the surface tension of
the filaments were estimated as y ~ 30 mN/m, which is in good agreement with a
more recent and more precise results of y =26 mN/m obtained by Eremin et al.
[E] in a measurement wherein they have pulled a B7 filament with the cantilever
of an Atomic Force Microscope and measured the force.

It is very important to note that the fibers remain stable even when cooled to the
crystal phase, thus one can detach the fiber from the support and study them by
methods that are not available when they sit between the supports. Parts of typical
fibers in the B2, B7 and B7’ fibers and bridges, in between the supports and when
detached in their crystalline phase, are shown in Figure P=T4¥d.

Recently Stannarius et al. M] has found that the geometrical structures of two
phases of the same material can be practically identical, whereas filaments are
stable only in the higher temperature mesophase. They also conclude that probably
the spontaneous curvature of the layers, which might be caused by the out of plane
polarization component of the polarization favors the formation of the cylindrical
fibers rather than the free-standing films.

Based on the experimental results it was proposed [@] that the fibers have
a jelly-roll type structure, i.e. it consists of concentric smectic layers. Although
this model was basically supported by recent freeze fracture measurements ﬁ]
quenched fibers also show grooves (periodic modulation) of the layers. These
grooves have been explained in terms of the polarization modulation, however they
cannot account for the stability of the fibers. Presently we are working on a unified
model that combines the layer modulation model with an additional out of plane
polarization, which seems to be able to explain the stability of the fibers ma

As a summary, we have reviewed the main experimental results and concepts
concerning the physical properties of the liquid crystals of bent-core molecules. We
demonstrated that a number of seminal findings and basically new concepts emerged
in the field in the last decade. However scientists regularly explore “unusual”,
“surprising” and not understood phenomena, and there are more unexplained obser-
vations than well understood ones. We are completely sure that the next decade of
the physics of bent-core liquid crystals will bring new physics, and will be as rich
in beautiful observations as was the first decade.
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CHAPTER 3

ATOMISTIC-RESOLUTION STRUCTURAL STUDIES
OF LIQUID CRYSTALLINE MATERIALS

USING SOLID-STATE NMR TECHNIQUES
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1. INTRODUCTION

In the recent years, an amazing number of functional liquid crystalline molecules has
been successfully designed and developed for commercial applications. However,
further developments in this exciting area of science are unfortunately limited by
the difficulties in obtaining high-resolution structural details of these molecules.
For example, it is essential to understand the atomistic-level three-dimensional
structure of a liquid crystalline molecule in order to understand its properties,
which make them functional, such as the three-dimensional order/disorder, inter-
molecular packing/interactions and dynamics in different phases. Therefore,
there is considerable current interest in determining high-resolution structures of
functionally important liquid crystalline materials. While there are a number of
physical techniques that have been used to obtain low-resolution structures, NMR
spectroscopy has been the most powerful technique in providing atomistic-level
resolution structures ]. It is possible to obtain such high-resolution structures
using X-ray crystallography if a high quality single crystal of the system can
be obtained. However, it is extremely difficult to obtain single crystals of most
functional molecules particularly in the most interesting nematic phase. Structures
obtained in a crystalline phase of a material need not be useful to understand
the molecular behavior in its nematic phase. In addition, crystal structures do
not provide molecular dynamics information. Similarly, structures solved from
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solution samples of these materials using NMR experiments are also of limited use.
Fortunately, solid-state NMR spectroscopy is capable of providing high-resolution
molecular structure, dynamics, order/disorder and geometry in all non-isotropic
phases (including crystalline, smectic, nematic and amorphous) of liquid crystalline
materials even in a mixed state [[3].

NMR spectral lines of non-isotropic solids are broader than that of isotropic
solutions. The line broadening is mainly due to anisotropic chemical shift, dipole-
dipole and quadrupole (only for nuclei with spins > 1) interactions [ﬁ, E] These
interactions can be suppressed by performing magic angle spinning (MAS) ﬂa, ]
experiments to provide ‘solution-like’ narrow spectral lines but without denaturing
the sample [ﬁ, ]. Multiple radio frequency pulses can also be used to suppress the
dipole-dipole interaction [ﬁ u ﬂ] In addition, spectral resolution can be enhanced
by the detection of dilute nuclei like 13C instead of protons. However, this approach
reduces the sensitivity of the experiment as 13C is a less sensitive nucleus as
compared to 1H. To enhance the sensitivity, a cross-polarization (CP) experiment
is performed to transfer the proton magnetization to 13C via 1H-13C dipolar inter-
action [E, E] A combination of CP and MAS are routinely used to record 13C
chemical shift spectra of TLCs by decoupling protons. The isotropic chemical shift
values obtained from high-resolution spectra are useful to identify the chemical
ﬁﬁ% in a compound and to further characterize its physicochemical properties

IB

We briefly mention about a recent solid-state NMR study on columnar
mesophases of octa-alkyloxy tetrabenzo-orthocyclophanes (TBC) to show the
usefulness of CPMAS applications M] Unlike most discotic mesognes, TBCs
consists of a molecular core that is not flat and not even rigid and therefore it can
acquire several flexible conformations as shown in Figure B=1] The orthocyclophane
core exists in a sofa conformation with the molecules stacked on top of each other
to form columns. This study utilized 13C and 2H NMR experiments to charac-
terize the reorientation of pseudorotation/rotation within the core of two homologs,
namely TBC-9 and TBC-12. TBC-9 exhibits a single rectangular mesophase (Dr)
while TBC-12 exhibits a low temperature Dr and a high temperature hexagonal
columnar phase (Dh).

Carbon-13 CPMAS spectra of solid and columnar phases of TBC-9 and
TBC-12 obtained at various temperatures are given in Figure The chemical
shift frequencies and line shapes of the spectral lines are different for different
phases. While the spectra of both compounds in the solid phase are similar, the
spectral lines of TBC-12 are relatively less revolved. Unlike the spectra of other
columnar mesogens where the motion in the mesophase significantly narrows the
spectral lines, the spectral lines of TBCs are narrower for the solid phase than that
of columnar phases due to the inhomogenous stacking of molecules in the columnar
phase. The spectra consist of peaks from aromatic, a-methylene and other aliphatic
carbons. The spectra of solid phases in the aromatic region confirm the presence
of a single sofa conformation. The mesophase spectra are consistent with a single
sofa conformer that undergoes a slow pseudorotation in the NMR timescale.
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R= ‘OCnHZnﬂ
(c) :¢§ ?‘&h:
/
Sofa Boat Crown

Figure 3-1. Structure (a), sofa-sofa interconversion process (b), and possible conformations of the octa-
alkyloxy orthocyclophane (c). Reprinted from reference 14, with permission from the Journal of Physical
Chemistry

Use of higher magnetic fields (like 900 MHz) also enhances the sensitivity and
resolution of an NMR experiment [IE] On the other hand, the chemical shift
anisotropy (CSA) span increases with the magnetic field strength and therefore the
sample has to be spun faster at the magic angle to suppress the line broadening CSA
interaction. While spinning speeds up to 20 kHz are commonly used to obtain 13C
CPMAS spectra of TLCs, it is now possible to spin the sample as fast as 75 kHz.
Even though the suppression of line broadening interactions is essential for routine
studies, CSA and dipolar or quadrupolar couplings are useful to understand chemical
bonding, dynamics, order and geometry of molecules in solids. Studies have shown
that multidimensional MAS techniques can be used to obtain high-resolution spectra
that contain ‘solution-like’ spectra (constituting isotropic chemical shifts and scalar
couplings) in one frequency dimension and ‘solid-like’ spectra (constituting CSA,
dipolar or quadrupolar couplings) in other dimensions [‘ﬁ—@] The measurement
and analysis of these anisotropic interactions provides a wealth of information about
TLCs ﬂié].

Another approach to obtain high-resolution spectra of TLCs is to uniformly
align the molecules in the magnetic field and use a CP experiment to record the
chemical shift spectrum of S (less sensitive nucleus like 13C) spins by decoupling I
(high sensitive nucleus like 1H) spins. Since TLC molecules in the nematic phase
spontaneously align in the presence of an external magnetic field, high-resolution
spectra can be obtained even though the phase of the material is not isotropic.
This unique feature enables the measurement of NMR parameters like chemical
shift, quadrupolar coupling and dipolar coupling, which can be used to determine
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Figure 3-2. Magic angle spinning carbon-13 chemical shift spectra of TBC-9 (top) and TBC-12 (bottom)
at different phases and temperature. Reprinted from reference 14, with permission from the Journal of
Physical Chemistry

the structure, order, dynamics and geometry of molecules in the nematic phase.
However, overlap of these anisotropic interactions could lower the resolution of
a 1D chemical shift spectrum; on the other hand, multidimensional experiments
on a magnetically aligned static sample can be used to resolve the overlapping
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spectral lines as discussed below. For example, obtaining a high-resolution 13C
chemical shift spectrum of a fluorinated compound is difficult without the use of
simultaneous 1H and 19F decoupling, which is a technically demanding approach.
C-F interactions lead to broadening of 13C spectral lines and therefore limit the
measurement of C-F couplings. A recent study investigated the effects of 13C-19F
dipolar couplings on the resolution of the 13C chemical shift spectrum of a fluori-
nated liquid crystalline compound in the nematic phase (Figure B3) ﬂ2__1|] This
study demonstrated that using a suitable 1H decoupling pulse sequence it is possible
to obtain high-resolution 13C chemical shift spectra and measure 13C-19F dipolar
couplings in the nematic phase under static experimental condition. The efficacies
of a CW (continuous wave), TPPM m] and SPINAL [E] decoupling sequences
were compared. As shown in Figure B=3] SPINAL64 was found to provide superior
resolution. Since C-F distances are known from the molecular structure, the
measured C-F dipolar couplings and 13C chemical shifts can be used to determine
the order parameters at each carbon site of the molecule in the nematic phase.

Microscopic orders of liquid crystalline samples have been studied successfully
using one-dimensional NMR experiments under static condition that provide 13C
chemical shifts and quadrupole couplings in the 2H NMR spectra of *H-labeled
samples [Iﬂ, E] It is also possible to perform experiments at various temperatures
to characterize the dynamics of the system. The frequency, lineshape and relaxation
are highly dependent on the phase of the sample. Multidimensional experiments
on an aligned nematic phase sample can be used to measure these anisotropic
interactions for various sites of a molecule, which can provide information on the
relative orientations of chemical groups and therefore a high-resolution image of the
entire molecule. Typically, 2H quadrupole coupling, 13C CSA, and 1H-13C dipolar
couplings are used in such studies. However, in principle, 'H-1H dipolar couplings
can also be used for a similar purpose. A direct analysis of a proton spectrum of a
liquid crystalline sample, however, has been difficult, because the strongly coupled
dipolar spin network causes splitting of individual proton resonances into complex
multiplicities of resonance lines, resulting in a highly overlapped one-dimensional
NMR spectrum. A successful analysis has usually been performed only after a
reduction of the number of protons and a simplification of spin network by partial
deuteration [@, E]

For separating '*C-'H dipolar couplings of individual carbon nuclei in a liquid
crystal, typically, two-dimensional separated-local-field (SLF) experiments are
performed to obtain 13C chemical shift and 1H-13C dipolar couplings [@—@]
A number of sophisticated laboratory frame and rotating frame SLF sequences have
been reported in the literature to determine the microscopic order of liquid crystals.
This SLF technique was further modified by combining an off magic angle spinning
and a separated local dipolar field (SLF/VAS) [El', @% and by switching off magic
angle spinning to magic angle spinning ﬂﬁ] to obtain scaled '*C-'H dipolar inter-
actions in various liquid crystalline samples with an excellent resolution. Among
all these SLF experiments, PISEMA [@]* [@—@] has provided the narrowest lines
in rigid systems M] Laboratory frame experiments like PDLF M] have
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Figure 3-3. Carbon-13 CPMAS spectra (a-c) and the chemical structure of nematic 135 (top). The
spectra were obtained using CW (a), TPPM (b) and SPINAL64 (c) decoupling of protons at 40°C (10°C
above the crystal to nematic phase transition) using a cross-polarization sequence. The C-F interactions
degrade the resolution in spectra (a) and (b), while the SPINAL64 enhances the spectral resolution
and enables the measurement of C-F dipolar couplings (c). C-F dipolar splittings are indicated in (c).
Reprinted from reference 21, with permission from the Chemical Physics Letters

recently been shown to provide high-resolution dipolar coupling spectra in less rigid
systems. In this Chapter, we present various such SLF methods that have been used
in the studies of TLCs. Another Chapter in this book illustrates the applications
of some of the SLF methods like PDLF [43-47], PISEMA [3d] and HIMSELF
[@, @] to study columnar molecules.

State-correlated 2D NMR (SC-2D NMR) spectroscopy [@] has been developed
as an alternative approach to elucidate microscopic order of liquid crystalline
samples [IEII—E], give correlation between native and denatured states of proteins

], and to reveal correlation between the solid and liquid states of camphor
using a CO, laser as a heat source [IE] This technique turned out to be useful
to observe 'H dipolar coupling patterns of '"H NMR spectra with high-resolution.
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In this technique, the local dipolar interaction of individual protons in the liquid
crystalline state can be obtained via resonances in the isotropic phase b]
A phase transition from a nematic to an isotropic phase is completed rapidly within
the spin-lattice relaxation times of 'H nuclei by applying a pulsed microwave. By
this method, homonuclear dipolar interactions associated with individual protons
can be separately observed without applying a multiple pulse sequence, and hence
a detailed information on the microscopic order parameters, geometry of different
chemical groups and 1H spin networks can be obtained. In particular, recent
technical improvements in the microwave temperature jump probe have realized
a transition in even less than 10 ms [@, E], and enable us to obtain simpler
dipolar patterns. In this Chapter, SC-2D NMR experiments between the nematic
and the isotropic phase of liquid crystalline samples are described, in which well
separated dipolar pattern for individual protons are observed as cross sectional
spectra. Besides, this technique can also provide spin diffusion pathways among
proton spin networks. These pieces of information provide insights into the micro-
scopic order of liquid crystalline materials.

2. SLF

Separated-local-field experiments are commonly used to measure the heteronuclear
dipole-dipole interactions (called ‘local-field” in the molecule) in solids [ﬁ, i, @],
These are two-dimensional pulse sequences as depicted in Figure 3=4] that consists
of preparation, evolution and detection periods. A 90° pulse on the I nuclear
spin (abundant nuclei like protons) channel followed by the cross-polarization
sequence is the typical preparation period of the pulse sequence. This preparation
step generates transverse magnetization of S nuclei (less sensitive nuclei like 13C)
that evolves during the evolution period (t1) of the sequence under a suitably
dressed Hamiltonian. There are a number of pulse sequences that differ in the
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Figure 3-4. A laboratory-frame two-dimensional separated-local-field pulse sequence that correlates the
S spin chemical shift in the t, period with the /-S dipolar couplings in the t; period. A multiple pulse
sequence is usually applied in the t; period to suppress /-/ interactions that degrade the resolution in
the /-S dipolar coupling dimension
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type of Hamiltonians that are operative during the tl period. In most solids, the
dominant 1H-1H dipolar couplings need to be suppressed in the t1 period in order
to obtain high-resolution I-S dipolar coupling spectral lines. Therefore, various
multiple pulse sequences have been used in the t1 period. In the detection period
(t2), S spin magnetization is acquired by decoupling I spins. Therefore, the resultant
2D spectrum consists of chemical shift of S nuclei in w2 and I-S dipolar couplings
in wl dimension. The I-S dipolar couplings are scaled by the pulse sequence used
to suppress I-I interactions in the t1 period.

In the laboratory frame SLF experiments (Figure B=4), S spins are allowed to
evolve under the S spin chemical shift and I-S dipolar couplings in the t1 period. The
evolution under the S spin chemical shift in t1 is refocused after t1 typically using a
spin echo sequence (tau-180°-tau) pulse while protons are decoupled. On the other
hand, in a rotating frame experiment, I and S spins are locked by rf pulses during
tl and the amplitudes of spin-locks are matched to a set resonance condition so
that I and S spins can exchange the magnetization via the dipole-dipole interaction
(Figure B=3). Multiple radio frequency pulse sequences are used to spin-lock I spins
as they suppress I-I dipolar couplings [IE] In these SLF experiments, the S spin
magnetization evolves under several I-S dipolar couplings and therefore the spectral
line shapes in the w1 dimension can be complicated to extract the individual I-S
dipolar coupling values. For example, if a carbon is dipolar coupled to N protons,
2N spectral lines are expected in the dipolar coupling spectrum obtained using a
laboratory-frame SLF experiment. To overcome this difficulty, there are SLF pulse
sequences that utilize the evolution of the I spin magnetization in t1 followed by a
transfer of I magnetization to S nuclei. These sequences are called ‘proton-detected

w3 6 —— »
I|X Y X| MP(Y) Decouple
f
S X X W AW WP
NV

Figure 3-5. (A) A rotating-frame SLF pulse sequence and (B) the effective field direction of the multiple
pulse (MP) sequence during tl
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local-field” (but protons are not directly detected) or ‘proton-encoded local-field’
(PDLF) (Figure B=6)) M] Several studies have demonstrated the advantages of
this sequence in the measurement of H-C dipolar couplings from samples that are not
labeled with 13C isotope. In a PDLF spectrum, the w1 dimension will have a single
dipolar coupling split doublet due to 1H-13C interaction as the proton magnetization
evolved only under a single H-C dipolar coupling. We briefly highlight some of
the structural studies on TLCs using SLF sequences below.

Figure B=7] shows a 1D 13C chemical shift and a 2D PDLF spectrum of 5CB
liquid crystalline compound in the nematic phase under static conditions B] Since
the spectral lines are well resolved, C-H dipolar couplings can be directly measured
from the 2D spectrum for each carbon site of the molecule.

Figure shows a 1D 13C chemical shift and 2D PITANSEMA [@] spectra
of a thiophene-based liquid crystal [mh Unlike the laboratory frame experiments,
the rotating frame experiments suppress small I-S couplings as the Hamiltonians
do not commute. While this property simplifies the dipolar spectra but at the loss
of small dipolar couplings. Among the rotating frame experiments, PISEMA @]
and its variant broadband-PISEMA M] provides the highest spectral resolution.
However, HIMSELF sequences based on BLEW [@] or WIM [449] provide the best

PROTON EVOLUTION

UNDER § SPIN FIELD S SPIN EVOLUTION
et { R — [y ———
DECOUPLE Il DECOUPLE -8

Figure 3-6. A laboratory-frame proton encoded local field (PDLF) two-dimensional pulse sequence.
After the evolution under the /-S dipolar coupling, the / spin magnetization is transferred to S spins via
cross-polarization, and § magnetization acquired by decoupling / spins. An MREV-8 pulse sequence
is used to suppress /-/ interactions and a pair of 180° pulses are used to refocus the chemical shift.
Since a regular CP could transfer magnetization from various / spins to S spin via /- interactions, a
short contact should be used or a magic angle irradiation (or a Lee-Goldburg sequence) can be used as
an [ spin-lock (called Lee-Goldburg-CP) [13d]. Reprinted from reference 47, with permission from the
Journal of Physical Chemistry
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Figure 3-7. (a) Chemical structure of a liquid crystalline compound, 4-n-pentyl-4’-cyanobiphenyl (5CB).
(b) Carbon-13 chemical shift spectrum of 5CB in the nematic phase obtained via cross-polarization under
static condition. Thirteen carbon sites are well resolved. (c) A 2D proton-encoded local field spectrum
of 5CB in the nematic phase under static conditions. H-C dipolar coupling spectra for each carbon site
are shown. Reprinted from reference 47, with permission from the Journal of Physical Chemistry
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Figure 3-8. Chemical structure of a thiophene-based thermotrophic liquid crystalline compound (top).
Carbon-13 chemical shift spectrum of this compound in the nematic phase obtained via cross-polarization
under static condition (middle). A 2D PITANSEMA spectrum of this compound in the nematic phase
under static conditions (bottom). H-C dipolar coupling spectra for each carbon site are shown. More
details about the PITANSEMA pulse sequence can be found elsewhere E] Reprinted from reference
41, with permission from the Journal of the American Chemical Society
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resolution spectra for semi-solids with significant dynamics like in TLCs and other
liquid crystalline systems. The details of this aspect of the pulse sequences can be
found in a recent publication [Iﬂ, @]

3. STATE-CORRELATED 2D NMR SPECTROSCOPY

The pulse sequence used in the state-correlated two-dimensional (SC-2D) NMR
spectroscopy is essentially the same for the radio frequency part as that of a 2D
exchange or an NOE experiment (Figure B=9). The first 90° pulse prepares the
transverse magnetization from thermal equilibrium. During the evolution period,
the temperature of the sample is kept constant to maintain the nematic phase of
the sample so that the 'H spins evolve under strong dipolar interactions between
proton nuclei in the nematic phase. After the t; period, a second 90° pulse is
applied to store the magnetization along the z-axis. During the transition period, a
pulsed microwave is applied for a short time to increase the sample temperature so
that the nematic phase can be transformed into an isotropic phase. Any remaining
transverse magnetization is assumed to diphase within a couple of milliseconds
during the transition period under strong dipolar interactions. To study the spin
diffusion processes, a mixing time, T,,, is inserted in the beginning of the transition
period. After the third 90° pulse, the free induction decay is acquired in the detection
period, t,, during which the system experiences magnetic interactions in the isotropic
phase. Free induction decay signals recorded as functions of t, and t, are double

PREPARATION | EVOLUTION | TRANSITION | DETECTION

PERIOD PERIOD PERIOD PERIOD
-1 e —fe— Ty —>fe— tg —>f<—
90° 90° 90° FID
RF H H —
T

MICROWAVE ‘ ‘_’I | l’ ,__

ISOTROPIC PHASE

NEMATIC PHASE / \/ L

Figure 3-9. Pulse sequence for the state-correlated 2D NMR (SC-2D NMR) experiments. A mixing
time 7, is inserted into the beginning of a transition period to examine the spin diffusion properties.
Reprinted from reference 53, with permission from the Journal of Chemical Physics
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Figure 3-10. Block diagram of the temperature jump NMR spectrometer equipped with a microwave
transmitter. Microwave and radiowave coils in the probe head are also shown

Fourier-transformed to generate the 2D NMR spectrum that correlates the nematic
and isotropic phases.

The microwave pulse is applied through a microwave circuit built into a JEOL
high-resolution "H NMR probe for liquids (Figure B=I0). A flat copper ribbon,
3mm in width, is used for the microwave coil, which is wound inside the radio
wave coil coaxially to reduce arcing during the microwave irradiation (Figure B=10Q).
The microwave circuit is tuned properly to 2.45 GHz by using a sweep generator.
NMR spectra were recorded at 399.8 MHz on a JEOL GX 400 pulse FT NMR
spectrometer, equipped with a pulsed microwave transmitter (IDX, Tokyo Electric
Co. Ltd.) capable of transmitting 1.3kW pulsed microwave at a frequency of
2.45 GHz. After the temperature jump, the sample was cooled down to the nematic
phase with a help of a JEOL gas flow temperature controller in order to repeat the
experiment for signal averaging.

4. SC-2D NMR SPECTRA OF LIQUID CRYSTALLINE SAMPLES

4.1 Theoretical Background of SC-2D NMR and Analysis of Order
Parameters in 4’-methoxybenzylidene-4-acetoxyaniline

4.1.1 SC-2D NMR experiments of APAPA

Static one-dimensional 'H NMR spectra of 4’-methoxybenzylidene-4-
acetoxyaniline (APAPA) in the isotropic phase at 110°C and in the nematic phase at
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108°C are shown in Figures B=3] top and bottom, respectively. The proton signals in
the isotropic phase are very narrow, and multiplet patterns due to spin-spin couplings
are clearly observed. Therefore, all the peaks were unambiguously assigned to the
individual protons as shown in Figure B=11] (top). In contrast, the signals in the
nematic phase at 108 °C were very broad and were overlapped with each other as
shown in Figure B=11] (bottom). It was, therefore, not to assign the NMR patterns to
individual protons by a simple inspection of the one-dimensional NMR spectrum.

A nematic/isotropic phase correlated 2D NMR (SC-2D NMR) spectrum of
APAPA (FigureB=12)) was obtained by using the pulse sequence shown in Figure B=1]
with 7, = 0 and a microwave pulse of 10ms duration. The temperature before
the transition was kept at 108°K, and a repetition time of 120s was used for the
system to be completely back to the initial nematic phase. The NMR spectrum in
the nematic phase appeared in the w1 dimension and that in the isotropic phase in
the 2 dimension. The cross sections along the wl axis clearly showed different
dipolar coupling pattern for individual resonances separated in the w2 axis.

Particularly, a triplet pattern with the intensity ratio of 1:2:1 and with a splitting
frequency of 10.2kHz appeared for the a—methyl protons. This indicates the
presence of three protons with equal values of dipolar coupling. On the other hand,
a broad singlet pattern was observed for the o’-methyl protons, with minor satellite
signals in both sides of the central peak. This observation indicates that the dipolar
coupling constant of the o’-methyl protons is much smaller than that of the «
methyl protons. The satellite lines are attributable to those of the aromatic protons,
and are caused by exchange of longitudinal magnetization due to cross relaxation
and/or spin diffusion during the transition period under the influence of strong
dipolar interactions in the nematic phase.

Doublet patterns were observed for 2,6 and 3,5 protons with a splitting frequency
of 9.7kHz. Doublet patterns were also seen in 2°,6” and 3°,5 protons, although
they were mixed with the dipolar patterns of the o’ methyl and 7° protons by spin
exchange. It is noted that the doublet patterns for 2°,6’ and 3’,5’ protons have
splitting frequencies slightly different from those of 2,6 and 3,5 protons.

To characterize the origin of the spectral mixing, SC-2D NMR spectra were
recorded with varying T, values as shown in Figure B=13] It is clear that the mixing
patterns are dependent on T,, values. When 1,, was chosen to be 100 ms, the central
lines due to the o’ protons grew considerably in the resonance lines of 2,6 and
3,5 protons. On the other hand, mixing of signals from 2’, 6° and 3, 5’ protons
did not significantly change even for 7., = 600 ms because an equilibrium state has
already been established at 7, = 100ms. It is also noted, that the sum of cross
sections, shown in the top of the 2-D spectrum, is invariant during the course of
the 7., variation. These results indicate that spectral mixing occurs more efficiently
within the aromatic rings, which are considered to constitute a core group of the
liquid crystalline molecule, than between the aromatic and the o’ methyl protons.
Further, spectral mixing between aromatic and the o methyl protons is very slow,
and hence spectral pattern is different from the other even at 7, = 600 ms.
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Figure 3-11. Static '"H NMR spectra of 4’-methoxybenzylidene-4-acetoxyaniline (APAPA) measured at
110 anf 108 °C. Reprinted from reference 53, with permission from the Journal of Chemical Physics
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Figure 3-12. A nematic /isotropic phase correlated 2D NMR spectrum (SC-2D NMR) of APAPA with
cross sectional patterns by applying the microwave pulses of 10 ms durations. Reprinted from reference
53, with permission from the Journal of Chemical Physics

4.1.2 Analysis of the cross sectional spectra in a SC-2D NMR experiment

The cross sections of the SC-2D NMR spectra of APAPA in terms of a limited
number of spin interactions (subspin system) in the nematic phase are considered.
First, it is assumed that the signals in the F2 dimension are well separated so that
transverse magnetization of individual protons ka(k =1,2...... n) are detected
separately. To obtain the kth cross section, we follow the discussion by Schuff et al
EE] for the case of a dipolar-coupled spin system in the crystal, and calculate the
t, variation of the component of kth spin by

<ka(t|)> = Tf{P(t])ka}
(3-1) = Tr{exp(—iH,t,)p(0) exp(iH,t,)L*},
With
p(0) =31/
H, = -3y ilzi— 22i.in,j [IZiIzj — (L + Lilﬂ')/“-]
2 3 2
Ay = (Y'h/4mr’) <3cos’6;— 1> .
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Figure 3-13. Dependence of the cross sectional patterns on the mixing time tm in the SC-2D NMR
spectra of APAPA. Reprinted from reference 53, with permission from the Journal of Chemical Physics

Here p(0) is the density matrix at the start of the evolution period, which evolves
under the Hamiltonian in the nematic phase, H;, to p(t,) at the end of the evolution
period t;. We consider the Zeeman interaction, v, and the secular part of the
homonuclear dipolar interaction in Hy, in which 6; represents the angle between
the internuclear vector connecting i and j nuclei and the static external magnetic
field. The cross section of the SC-2D NMR spectrum for kth proton, S, (»,), is then
obtained by Fourier transforming, ka t,)., ie.

(3-2)  Si(wy)=/dt, I];(tl)' exp(—iwt).

Figure B=14] shows simulated SC-2D NMR spectra for the a methyl protons and the
2,3,5,6 ring protons, both of which were calculated as a 7 spin system consisting of
the oo methyl protons and the 2,3,5,6 ring protons, with effective dipolar coupling
parameters of A, = —3410, A; =400, A,, = 50, A;, = 3250, A;5 = —400, and
A, = —100Hz. Calculations with a Lorentzian half width of 500Hz (panel b)
showed good agreement with the experimentally obtained cross sectional spectra
(panel c) except for the central portion of the cross section for the 2,3,5,6 protons
(panel c, right), which would originate dominantly from the o’ methyl protons by
spin diffusion in a finite transition time of the experiment. While this result points
to the necessity of further shortening of the transition time to completely isolate
each other, it is also recognized in the calculated spectra that, even at the zero
transition time for which the calculations are performed, some mixing should occur
in the cross sectional patterns. Furthermore, when a Lorentzian half width of 100 Hz
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Figure 3-14. Experimental and simulated cross sectional patterns for the a-protons and the 3,5/2,6
protons in the SC-2D NMR spectrum of APAPA. (a) The experimental pattern. (b) the simulated
patterns calculated based on Eq. (3=I) and (3=2), with the parameters of A,, = —3410, A,; =400, A 5 =
50, Az, = 3250, Ass = —400, and Aj;s = —100Hz, and a Lorentzian half width of 500 Hz. (c) the
simulated pattern with the same parameters as in (b) but with a half width of 100 Hz. Reprinted from
reference 53, with permission from the Journal of Chemical Physics

was applied, complex fine structures appeared in the calculated spectra (panel a).
These calculated fine structures for the a methyl protons matches well with the
fine structures appearing in the central portion of the one-dimensional spectrum
measured separately under high resolution (Figure B=I1)). This result indicates that
these fine structures are real. An interesting point is that some emissive patterns also
appear in the calculated spectra (Figure B=I4{a) right). This feature is a common
characteristic of a two-dimensional correlation spectrum of a strongly-coupled spin
system, such as a J-coupled spin system in solution [@] or a dipolar-coupled spin
system in solid [@] Unfortunately, the insufficient resolution in the present SC-2D
NMR spectrum did not allow a direct experimental observation of the emission.

4.1.3 Interpretation of dipolar interactions of the aromatic
and methyl protons

In the cross section of the aromatic protons, doublet patterns with a splitting of
9.7kHz were commonly observed. The frequency of splitting of two strongly-
coupled aromatic protons is given by

(3-3)  Av=3v’h/(4mr’)(3cos’B—1)S
With

S=<(3c0s2{—1)/2>.
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S is the order parameter and gives a long-range order in terms of the molecular
axis. B is the angle of the director inclined to the proton internuclear vectors. S is a
statistical value and { represents the angle between the static magnetic field and the
director vector. In this expression, the molecular axis and the director of the liquid
crystal are considered to be parallel. When we adopt r =2.45 A and B = 10°, as
calculated from X-ray diffraction data, with Av =9.7kHz, we obtain S = 0.41 for
the S-value of the aromatic protons of APAPA at 108°C.

Cross-section of the SC-2D NMR spectrum of APAPA indicates a large difference
in dipolar couplings between two types of methyl protons. In general, protons of
a methyl group with mutually equivalent dipolar coupling constants will show a
triplet pattern with an intensity ratio of 1:2:1, whose splitting frequency is given by

(3-4)  Av=(—1/2)3y*h/(4mr’)(3cos’ B —1)S

Here the value of -1/2 comes from the fact that proton internuclear vector of methyl
protons rotates rapidly about the C3 axis of the methyl group making an angle of
90°. B’ is the angle of the C3 axis and the molecular axis. For a methyl proton, Av
was determined from Figure to be —10.2kHz. The internuclear distance was
estimated to be 1.66 A using neutron diffraction data. Putting those values together
with the order parameter of the molecular axis, S = 0.41, as evaluated from the
splitting of the aromatic protons of APAPA, into equation ['ﬁ], the angle 3’ was
determined to be 29°. On the other hand, the Av value of the o’ methyl protons was
estimated to be close to zero from Figure and hence, the B’ value must be
close to the magic angle 54°. Therefore, it is concluded that the large difference of
the dipolar coupling constants between the a and o’ methyl protons are attributed
to the differences in the angle between the molecular axis and the C3 axis.

4.14 Interpretation of mixing of the cross sectional patterns

The fact that mutually different cross sectional patterns were observed in the
SC-2D NMR spectrum where T, was chosen to be Oms indicates that both
inter- and intramolecular cross relaxation rates and spin flip-flop rates between
interacting pairs of protons are relatively slow. This can be understood if one
considers that dipolar interactions are partially averaged out by fast translational
and rotational molecular motions in the liquid crystalline phase in contrast to the
solid phase.

However, spectral mixing does occur among different cross-sections, and more so
with larger 7, values. To understand the degree of mixing among the cross-sectional
patterns of an SC-2D NMR spectrum more quantitatively, we must find an equation
to govern the exchange of longitudinal magnetizations within the homonuclear spin
system during the mixing time. The result of Figure B4l indicates that the exchange
occurs in the liquid crystalline phase and suggests that it must arise from the static
and time-dependent parts of the dipolar coupling Hamiltonian. It can be analyzed
by starting with a Solomon type equation for a dipolar-coupled homonuclear spin
system, which can be expressed in a compact form as

(3-5) d<I,>/dt=R<I,>.
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Here I, denotes the longitudinal magnetization vector of the homonuclear spin
system with components 1,,1,,, ----. For individual protons and R denotes the
relaxation matrix. For an exact estimation of the relaxation matrix elements, we
require details not only on the conformation of the molecule but also on the
molecular motion, which are presently unknown. Thus, we take a phenomenological
approach under a reasonable simplification. We neglect the spin-lattice relaxation
rates entirely, which are on the order of a second at 400 MHz proton resonance
frequency and for the first approximation unimportant for the consideration of
spectral patterns, and take only the exchange of magnetizations into account. Then,
the elements of the relaxation matrix should follow the relation

(3'6) Rij =- Zj Rij (i ?éJ)

with R =Ry (i #j).

Now the element R;; simply denotes the rate of exchange of magnetizations
between two protons i and j due to mutual dipolar coupling. In the SC-2D NMR
experiments using the pulse sequence of Figure B=1] the transverse magnetization
<I,(t;)> that has evolved for t; under the nematic phase Hamiltonian is transformed
into <L, (t;)> = Y, <I¥,(t;)> by the second 90° pulse. Then during the mixing
time T,,, the longitudinal magnetization further evolves by exchange obeying the
following equation

3-7) <I*(ty,7,) > =exp(1,R) <TI*(t}) > .
Of which the component of the kth proton is given by

(3-8) <I5(t, 7,) >= ZI[CXP(TmR)]kl <I,(t) >.

The matrix exp(T,R) can be obtained numerically after diagonalizing R. Then,
the longitudinal magnetization <I,,(t,, T,,)> can be transformed into <I, (t,, T,,)>
by the third 90° pulse. Finally, the resonance lines of the kth proton S, (w,, T,,)
mixed with other proton resonances can be obtained by the Fourier transformation

of 3 [exp(7,R)]y<I,(t)>, i.e.,
(3-9) Sp(@y, Ty) = ZI[GXP(TmR)]kl Jdt < Ily(t]) > exp(iot, ).

In the actual calculation of the mixing pattern of the o methyl protons, seven protons
were included and the exchange rates for the individual proton pairs were assumed
to be determined from Figure 3-3] Because the 3°,5’/2°,6’,7 and a’ methyl protons
are far from the o methyl protons and only the mixing with the 3,5/2,6 protons
was observed in Figure a subspin system consisting of o methyl and 3,5/2,6
protons was considered in the simulation. Figure shows the experimentally
obtained and the best-fit simulated cross sections for protons with the mixing time
of 0, 100, and 600 ms. The results of the calculation indicate that the cross relaxation
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Figure 3-15. Experimental and simulated patterns of SC-2D NMR spectra for the a-protons of APAPA.
Experimental patterns with (a)1,, = 600 ms, (b) 7,, = 100ms, and (c) 7,, = 0 ms. Simulated pattern with
(d) 7,, = 600 ms, (e)7,, = 100mS, and (f)tm = 0 ms. Simulation was performed based on Eqs. 3=3)-(=2)
with elements of the exchange matrix of k,, = 3.41, k3 = 0.40, k,, = 0.05, k3, = 3.25, k35 = 0.40, and
k3 = 0.10s™!. Reprinted from reference 53, with permission from the Journal of Chemical Physics

rate from the aromatic to a proton is only 0.40s~!, far slower than that expected
in solids. This slow rate of exchange clearly explains the reason why proton NMR
spectra in nematic liquid crystals are inhomogeneously broadened unlike those in
solids.

4.2 SC-2D NMR Spectra of EBBA

Figure [3-16] shows the contour plot of the SC-2D NMR spectrum of
4’-ethoxybenzylidene-4-n-butylanilin (EBBA) between the nematic and isotropic
phases, carried out using the pulse sequence of Figure This figure clearly
demonstrates that the SC-2D NMR experiment was successful in the liquid crystal
sample of EBBA. It is recognized that the dipolar coupling spectra of individual
protons are separated in the w1l dimension due to the high-resolution in the w2
dimension rendered by the isotropic phase.

Figure also shows cross-sections of individual types of protons along the
wl axis as a stacked plot. The local dipolar coupling fields of nine types of
protons are resolved, except that of 2,6 and 3,5 protons, whose chemical shift
differences are too small even in the isotropic phase, overlapped completely. It
is recognized that the local dipolar coupling fields for the methyl protons of the
ethoxy group (B’ protons) contain a triplet pattern with 1:2:1 intensity ratio and
a splitting of 9.6 kHz characteristic of a triangle network of protons as discussed
for APAPA. Besides, each triplet lines were further split into small couplings due
to the couplings from o’ protons. On the other hand, the & methyl protons show
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Figure 3-16. A nematic/isotropic phase correlated 2D NMR spectrum (SC-2D NMR) of EBBA with
cross sectional patterns by applying a microwave pulse of 10 ms duration

a singlet pattern indicating that the splitting constant is very small. The aromatic
protons in the phenyl groups (3,5/3”,5” and 2,6/2’,6’ protons) are considered to give
mainly doublet patterns with a splitting of 12.8 kHz, as were reported previously
using deuteration of the alkyl group [Rd]. The main features of the spectra of the
methylene and methyl protons in the alkyl group («, B, 7y, and & protons) reflect the
mobility of the groups. Namely the most mobile & methyl group shows a singlet
pattern while the linewidth increases as the protons are close to the core group with
the splitting ranging from 8 to 15kHz corresponding to the increasing order from
d to a protons. Thus this small splitting constant of the 8 methyl protons turned
out to be due to the higher mobility of the alkyl group in contrast to the case of the
o’ methyl protons, besides whose splitting constant is small because the C3 axis
is making an angle of 54° with the molecular axis. The splitting of the doublets
for methylene protons was observed for the o proton, which is a little larger than
those of aromatic protons. Doublet patterns for the methylene protons have not been



Solid-State NMR of Liquid Crystals 107

reported so far. It is of interest to note that the methane proton (7’ proton) shows
a mixture of doublet and singlet patterns and the singlet pattern should arise from
the 7° proton.

Although a triplet and singlet patterns were clearly observed for the B’ and &
methyl protons, respectively, in the cross-sections of the SC-2D NMR spectrum as
shown in Figure B=I7] (1,, = O ms), doublet patterns of other protons mixed to the
lineshapes of both the B’ and & protons at T, = 200ms (Figure B-17). This fact
indicates that the spin states of methyl protons and those of other protons exchange
with each other by mutual dipolar interactions. Phenomenologically, this is similar
to the appearance of a cross peak in a 2D exchange or 2D NOE spectrum. This
phenomenon is expected to be efficient in the nematic phase since the intramolecular
dipolar interactions are relatively strong. Because the intermolecular dipolar inter-
actions are averaged out more effectively than the intramolecular ones due to
the rapid intermolecular rearrangement, the mixing rate between intermolecular
protons should be slower than that between intramolecular protons particularly in
nematic phase. Therefore, this mixing of the spectra should represent pathways
of intramolecular rather than those of intermolecular spin diffusion. Actually,
Figure B=17 clearly show that mixing among aromatic protons is the most efficient
and that between methyl protons and methylene protons is less efficient. Particu-
larly, the triplet pattern of the methyl protons of the ethoxy group is clear, because
they are fairly isolated from the aromatic and butyl protons within the molecule. On
the other hand, 8 protons mixed rapidly with other protons to grow into a doublet.
On the other hand, 8’ protons still remain as triplet, leading that ethoxy group is
more isolated from aromatic protons. When 1, is set to 600 ms, most of the protons

T n=0ms T w=200ms T »=600ms

"
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Figure 3-17. Dependence of the cross sectional patterns on the mixing time tm in the SC-2D NMR
spectrum of EBBA
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show now same lineshapes with each other to indicate that it is long enough to
establish an equilibrium among all protons within the molecule of EBBA in the
nematic phase.

4.3 SC-2D NMR Spectra of Mixed System of SOCB and PCH3

Figure shows SC-2D NMR spectra of 4-(n-pentyloxy)-4’-cyanobiphenyl
(50CB) between the nematic and the isotropic phases for three different tempera-
tures of the nematic phase, i.e., 67.1, 65.1, and 63.1°C. Compared to a relatively
short microwave pulse (5 ms) that attained the phase transition from 67.1°C, longer
microwave pulses of duration 20 and 25 ms were required to attain the transition
from the lower temperatures. The complex asymmetric one-dimensional '"H NMR
spectrum below Tc for the whole proton system is now correlated with the individual
proton transitions above Tc, which were already assigned as shown in Figure B=T8]
The patterns of the correlated signals are best displayed as cross sections along
the w, axis for those values of w, corresponding to frequencies of transition of
individual protons in the isotropic phase. It is noted that each cross-section shows
a nearly symmetric pattern with respect to its center of resonance and has its own
characteristic shape that indicates that the cross-section is practically free from
mixing with others, while its center of resonance is characteristically displaced from
each other owing to its own chemical shift value in the nematic phase. It is also
noted that the splittings at the low temperature are larger than those at a higher
temperature.

Figure shows an SC-2D NMR spectrum of 1-(4’-cyanophenyl)-4-
propylcyclohexane (PCH3) (Tc = 45.0°C, the temperature before the transition was
43.1°C) obtained with a microwave pulse duration of 5 ms, the signal assignments
in the isotropic phase being made by an independent solution experiment (DQF-
COSY). It is noticed that the cross sections of the ring protons and those of the
aliphatic protons (both cyclohexyl and propyl) differ considerably, but cross sections
are quite similar among the ring protons themselves and among the aliphatic protons
themselves, indicating that nearly complete mixing of the subspectra took place
among each group of protons.

Figure shows an SC-2D spectrum of a 1:1 mixture (by weight) of SOCB
and PCH3 at 50.1°C (Tc = 51.0°C) measured with a microwave pulse duration
of 7ms. Although the separation of signals is not completed even in the isotropic
phase, a number of lines were assignable to individual proton transitions of SOCB
and PCH3 by performing a DQF-COSY experiment on the mixture, as indicated in
Figure

It is fairly straightforward to evaluate the largest splitting for individual protons
directly from the cross-sectional patterns (subspectra) of SOCB as shown by arrows
in Figure B=I8] top. The major doublet splittings of about 10 kHz for the ring protons
could be attributed to the dipolar couplings between the nearest-neighbor protons
only 2.45 A apart, parallel to the rings, i.e., pairs of 2-3, 5-6, 2°-3’, and 5’-6’
protons. Likewise, the major doublet splittings for the methylene protons and the
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Figure 3-18. Nematic/isotropic phase correlated 2D 'H NMR spectra of 4-(n-pentyloxy)-4'-
cyanobiphenyl (50CB), together with cross sections. Temperature were jumped from (top) 67.1, (middle)
65.1, and (bottom) 63.1°C with microwave pulses of duration 5, 20, and 25 ms, respectively. Reprinted
from reference 52, with permission from the Journal of Physical Chemistry
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Figure 3-19. Nematic/isotropic phase correlated 2D 'H NMR spectrum of 1-(4’-cyanophenyl)-4-
propylcyclohexane (PCH3), together with cross sections. Temperature was jumped from 43.1°C with a
nicrowave pulse of duration 5 ms. Reprinted from reference 52, with permission from the Journal of
Physical Chemistry

unresolved triplet splitting for the methyl protons can be attributed to the mutual
dipolar coupling (geminal couplings) within the same methylene protons and within
the same methyl protons, respectively.

The major doublets in the experimental cross sections of the ring protons such as
those in Figure B=18] middle and bottom show splittings into further doublets with
much smaller coupling constants of 2-3 kHz. Indeed, each proton of SOCB should
be coupled to several other protons, and therefore in principle each of the cross
sectional spectra should show a multiple pattern whose complete analysis requires
computer simulation with all these coupling constants of subspin systems taken
into account as discussed above. Unfortunately, the resolution of the experimental
cross sectional spectra of Figure B-18is not high enough to render analysis of these
couplings by spectral simulation. Therefore, we limit our discussion only to the
secondary splittings of 2-3 kHz, which can be estimated directly on the ring proton
spectra of Figure

Under the assumption that the biphenyl ring flips rapidly about its para-axis,
calculation using the C-C inter-ring distance of 1.493 and 1.52 A for biphenyl
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Figure 3-20. Nematic/isotropic phase correlated 2D 'H NMR spectrum of a 1:1 mixture (by weight) of 4-
(n-pentyloxy)-4’-cyanobiphenyl (50CB) and 1-(4’-cyanophenyl)-4-propylcyclohexane (PCH3). Temper-

ature was jumped from 50.1°C with a microwave pulse of duration 7 ms. Reprinted from reference 52,
with permission from the Journal of Physical Chemistry

and 4,4 -difluoro-biphenyl, respectively, standard C-C distance of 1.400 A and
C-H distance of 1.082 A and standard angle of 120° for the biphenyl part ﬂa]
predict splitting due to coupling between the proton pairs across the rings (2-6,
3-5,2’-6°, 3°-5”) to be only 1.kHz and much less for other pairs (such as 2-5 and
3-6). On the other hand, similar calculation for the nearest inter-ring proton pairs,
i.e., 2-6’ and 2’-6, predicts the experimentally observed values of 2-3kHz, for a
single conformation with the rotation angle of 47-52° between the two rings of
the biphenyl group. Thus the secondary splittings in the subspectra of the aromatic
protons can be assigned to the nearest inter-ring proton interactions. Indeed, our
experience of the SC-2D NMR study of liquid crystals so far suggests that the
double-doublet nature of the cross section of the ring protons is observed only
in liquid crystals with a biphenyl moiety but not with phenyl rings separated by
heteroatoms (e.g., APAPA and EBBA as shown in previous section). The fact that
the secondary splittings were observed not only in (2,6) and (2°,6’) protons but
also in (3,5) and (3°,5’) protons having no direct inter-ring interactions is probably
due to strong cross relaxation within the ring protons. The determinated tortional
angle 47-52° is larger than those (31.8-35.4°) reported for pure biphenyl or meta
or para-halogenated biphenyls at 30 °C but is smaller than those reported for ortho-
halogenated biphenyls (68.1-77.4°) [@]

The local order parameters S,; obtained from the experimental major splittings are
plotted in Figure BTl for the nematic phase of SOCB at three different temperatures.
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Figure 3-21. Local orders S;; of 4-(n-pentyloxy)-4’-cyanobiphenyl (50BC). Evaluation is made for
each observed proton (k) and is ploted against each proton pair (k,1) as deduced from the dipolar
coupling obtained from Figure 18 and Eq. (3=3). The error bars were estimated from line widths of the
cross-sectional spectra in Figure Reprinted from reference 52, with permission from the Journal
of Physical Chemistry

At all the temperatures studied, evaluated local orders are, as expected, the same
within the accuracy of measurements for any protons in the two rings. However, it
becomes smaller and smaller as the position of the methylene protons becomes more
distant from the ring along the aliphatic chain as same as the case of the alkyl group
of EBBA. The latter observation is in qualitative agreement with what had been
disclosed previously from 2H NMR spectra of *H-labeled n-octylcyanobiphenyls

]. Furthermore, the local orders of the two rings clearly depended on the temper-
ature of observation. At 67.1°C, only 0.9°C below Tc, the local order was the
lowest, but it increased considerably at lower temperatures, as also shown previ-
ously from 2H NMR [@] Furthermore, if we compare the patterns of the cross
sections among parts in Figure (top to bottom), we note that more spectral
mixing occurs among the cross sections as the microwave pulse duration, i.e., the
transition period, becomes longer (compare «, B, <y, 8 and &€ among Figure B=18] top
to bottom).

This spectral mixing occurs because of the exchange of longitudinal magnetiza-
tions during the transition period in which the sample partly spends in the liquid-
crystalline phase. In principle, the exchange should occur by two mechanisms in the
liquid crystalline phase; namely, cross-polarization or dipolar coupling oscillation
between the coupled protons due to the static part of the dipolar interaction and
cross relaxation between the coupled protons due to the zero-frequency component
of the fluctuating part of the dipolar interaction. In the present case, the dipolar
coupling oscillation may not be apparent, since it will rapidly damp out in less
than milliseconds because of dipolar couplings with other protons and relaxation
processes, leaving mainly the effect of cross relaxation. Since the molecules under
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study constitute dipolar-coupled multiproton systems, consecutive cross relaxations
may occur leading to spin diffusion. If we examine the patterns of Figure [3-18] in
more detail, it is noticed that the mixing is most complete within the ring protons
and extends much less along the chain. This indicates that cross relaxation and
spin diffusion is a sensitive parameter reflecting the dynamics of dipolar couplings
among protons in the liquid-crystalline phase.

For PCH3, the subspectra of the ring protons are essentially a doublet with a
splitting of 12.7kHz, giving S = 0.56 as the order of the ring, whereas those of the
aliphatic protons have another doublet component with a larger splitting in addition
to the 12.7kHz doublet which apparently comes from the ring protons by spin
diffusion.

Major dipolar protons of SOCB are compared between pure SOCB and its 1:1
mixture with PCH3 (Figure B=12)). It is noticed that the local orders of the ring and
the 8 methylene protons of SOCB in the mixture at 50.1°C are much smaller than
that of pure SOCB expected at the same temperature. In fact, the local orders of
50CB in the mixture at 50.1°C are comparable to those of pure SOCB at about
66°C. It can be compared that the dipolar splitting and the order parameters of
the ring protons in the mixture with the corresponding values in pure SOCB and
PCH3 at a reduced temperature of Tex(K)/Tc(K) = 0.99. It is obvious that by the
mixing the order of the ring of SOCB increased while the order of the ring of PCH3
decreased.

The strong mixing of subspectra in pure PCH3 indicates a distinctly high
efficiency of spin diffusion in PCH3, as compared to that in SOCB and in other
nematic phase liquid crystals so far examined by SC-2D NMR. This result seems
to suggest that at 43.1°C PCH3 does not exist in the nematic phase but probably
in the smectic phase in which intermolecular interaction is stronger and mobility is
more severely restricted. It is also noticed that the cross-sections of PCH3 in the
mixture are mutually far more distinct from each other than those of pure PCH3,
indicating that the efficiency of spin diffusion in PCH3 is considerably reduced
by the presence of SOCB. These observations indicate that spin diffusion is quite
sensitive to intermolecular interactions between liquid crystalline molecules and
suggests that it can be used to detect direct intermolecular interactions in liquid
crystals.

S. SUMMARY AND SCOPE

Solid-state NMR spectroscopy is a powerful tool in studying the structure, dynamics,
order and geometry of liquid crystalline compounds at atomistic-level resolution in
different phases at various temperatures. There are a plethora of two-dimensional
techniques that has been utilized in such studies includes SLF, PDLF, PISEMA,
PITANSEMA, HIMSELF, off-magic angle spinning, HETCOR, and correlation
experiments under static and MAS conditions. Among the nuclei, 13C and 2H
are commonly used in such experiments. However, labeling with 19F isotope will
provide further insights into the structural features of the molecule and also on the
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intermolecular packing in three-dimension. Recent studies have shown that it is
possible to use proton-detection experiments in solid-state [@] While it is certainly
beyond the scope of this chapter to cover all published solid-state NMR techniques,
we have presented details on techniques that are highly valuable in the measurement
of dipolar couplings and the determination of order parameters of liquid crystalline
compounds. These techniques can also be applied to study other types of LCs
including metallo-mesogens and polymeric liquid crystals. SLF experiments can
also be performed under MAS [, Er@ B4 h] to determine dipolar couplings
if magnetic alignment and/or resolution pose difficulties in studying static nematic
materials.

2D SLF and SC-2D experiments allow the elucidation of local-order parameters
without the need for deuteration and therefore are readily applicable to a wide
range of liquid crystalline samples. SLF techniques are routinely utilized in the
study of liquid crystals as they require simple experimental set up as compared
to the SC-2D experiment. Further developments on improving the sensitivity and
resolution of SLF methods are in progress in several laboratories. One direction
is on the use of micro-size radio frequency coils that significantly reduces the
sample quantity, enables samples to be spun at very fast spinning speeds (up to
75 kHz), and dramatically reduces the required rf power and enable studies on heat-
sensitive liquid crystalline samples. Another important direction is the use of higher
magnetic fields and proton detection approaches to enhance the sensitivity of NMR
experiments. However, there are several unique advantages in using SC-2D method
to study liquid crystals because this method can observe 1H NMR signals. Firstly,
specific 2H labeling is not necessary for assignments of the cross sectional spectra,
since SC-2D NMR allows their automatic assignments through cross peaks to the
signals in the isotropic phase which are readily assignable by the conventional 2D
method. Secondly, information on local conformation, as exemplified above by the
torsional angle of the two phenyl rings, could be obtained through the analysis of
fine structures of the cross-sectional spectra which provide 1H-1H dipolar splittings.
Finally, cross relaxation and spin diffusion can be a unique means to characterize
the dynamics as well as intermolecular interactions in liquid crystalline molecules.
Although the temperature range of measurement for SC-2D NMR spectroscopy
of liquid crystals is limited to those close to Tc, the method has some unique
advantages over the conventional 2H NMR spectroscopy.
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CHAPTER 4

SEPARATED LOCAL FIELD NMR SPECTROSCOPY
IN COLUMNAR LIQUID CRYSTALS
SLF NMR spectroscopy in columnar liquid crystals

SERGEY V. DVINSKIKH
Institute of Physics, St. Petersburg State University, 198504 St. Petersburg, Russia

1. INTRODUCTION

Many compounds composed of disc-shaped molecules exhibit stable thermotropic
liquid crystalline phases referred to as discotic liquid crystals. The history of discotic
liquid crystals goes back to the pioneering work of Chandrasekhar [ﬁl] on hexaesters
of benzene. Over the past twenty-five years the properties of compounds composed
of disc-shaped molecules have been investigated extensively . The archetypal
discotic molecule has a flat core with flexible side chains covalently linked to it.
The molecular symmetry of these compounds is usually trigonal although some
molecules with lower symmetry also form discotic liquid crystals. Examples of
aromatic cores are displayed in Figure B=Th.The phase sequence and the temperature
range of the mesomorphic region depend on the size and symmetry of the core, the
length and chemical structure of the side chains, and the type of the linkage between
the core and the chains. Most of the discotic mesophases exhibits an architecture
where the molecules are stacked into columns, which in turn form two-dimensional
(2D) arrays with various symmetries, see Figure B=Ib. The columnar phases are
characterized by both long-range orientational and positional order. In addition,
discotic molecules form nematic liquid crystals [E | which, in analogy with the
conventional nematics formed by rod-like mesogens, exhibit orientational order but
where the positional order is absent.

Columnar liquid crystals have some unique properties, which are starting to get
exploited for commercial use. For technical applications, the most important aspect
is the geometry of the mesophase that enables one-dimensional transport of charge
within the columns [@—IE]. There is a huge anisotropy in the conductivity between
the direction parallel to the column axis and that perpendicular to it, caused by the
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Figure 4-1. Discotic liquid crystals: a) examples of aromatic cores; side chains R are, for example,
—-0—-C,H,,,,,—0C(0) —C Hy, ., —S—C,Hy,,;; b) structures of columnar phases. Columnar
mesophases are labeled D,,, where the index x indicates the symmetry of the two-dimensional unit cell of
the mesophase: &, r and ob refer to the hexagonal, rectangular and oblique arrangements, respectively. The
molecular organization within the columns is indicated by the second index, y, where ordered and disor-
dered stackings are represented by the letters o and d. The samples of the discotic compounds used in the
experiments described in this chapter, were 1,2,3,5,6,7-hexaoctyloxy-rufigallol (RufH80), 2,3,6,7,10,11-
hexa-n-oxy-triphenylene (THEn, n =5, 6), 2,3,6,7,10,11-hexahexyl-thiotriphenylene (HHTT) and their
13C and ?H labeled analogs. These compounds have following phase diagrams

L

RufH80: Solid =S D, (1) 215 D, (11) 2% isotropic;

. 63°C 120°C . .
The5: Solid — D,, —— isotropic;

.. 64°C 97°C . .
THEG6: Solid — D,,, — isotropic;
62°C 70°C 93°C

HHTT: Solid Dy, Dyy isotropic;

insulating effect of the side chains. Some of the compounds exhibit extremely high
charge mobility, in fact higher than that in any other organic material [Ig, LL1l].

The important physical property of liquid crystals is the orientational ordering of the
molecules. The orientational order is characterized by the average orientation of the
molecular symmetry axes, which defines the director, N [E] The orientational order
is usually quantified by means of the ordering tensor with the elements defined by
the averages of the Wigner functions, (D% (Qyn)) [IE], where L is the rank and the
set of angles (1,,, defines the relative orientation of the molecular coordinate system
and the director. In general, five order parameters are required to completely describe
the orientational order of a rigid molecule in a uniaxial liquid crystalline phase. For
molecules with trigonal (or higher) symmetry only one order parameter is necessary

(1) 5= (D () = 5 (3e0s” ) — 1)
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where ¥,y is the angle between N and the main molecular axis. Columnar phases
typically exhibit high ordering with S ~ 0.9. For flexible molecules, local order
parameters can be defined for individual segments.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful experimental tool
for studies of liquid crystals in general and discotic phases in particular. Deuterium
(*H) NMR has extensively been used for investigations of the molecular order,
structure and dynamics in columnar mesophases ﬁ—lﬂ] Recently, molecular self-
diffusion measurements employing 2H NMR in columnar phases have been reported

]. An inherent drawback of the method is that it requires isotopic labeling that
can be both difficult and expensive. Moreover, the resonance assignment of *H
spectra of molecules containing many different 2H sites is not straightforward [@]
Furthermore, the ?H NMR line shape reflects the motion of C-D vectors and is,
therefore, rather insensitive to other details of molecular conformations.

Carbon-13 NMR spectroscopy has several advantages for studying columnar
mesophases. Spectra with good signal-to-noise ratios may be obtained in samples
with the natural isotopic abundance. Resonances from chemically non-equivalent
sites are typically well resolved and can often be readily assigned. Anisotropic
spin interaction, such as dipolar couplings, provide rich information on ordering,
conformational structure, and phase transitions. In this chapter, the application to
columnar mesophases of recently developed and advanced '*C NMR methods for
measurements of heteronuclear spin interactions are described.

2. I3C.1H SEPARATED LOCAL FIELD NMR SPECTROSCOPY
2.1 Heteronuclear Spin-Spin Interactions

Heteronuclear spin interactions include two terms, H, and H, corresponding to the
direct dipolar coupling due to the local magnetic field generated by the magnetic
moments of the spins and the indirect J-coupling mediated by the bonding electrons,
respectively M] The direct dipolar interaction is totally anisotropic. The indirect
coupling contains a significant isotropic part or the scalar coupling, while the
anisotropic contribution is usually much smaller and often neglected. In the presence
of a strong external magnetic field along the z axis of the laboratory frame, the
secular part of the Hamiltonian for heteronuclear interactions for a spin pair / and
S is given by

(4-2)  Hyg = Hp+H, =27 [2d;5 x dgy(cos Opy ) + Jis] X 1S,

where Uy, is the angle between the inter-nuclear vector (which defines an interaction
principal frame axis P) and the laboratory frame z-axis along the magnetic field B,
d2,(cos O, ) = (3cos? ¥y, — 1)/2 is the reduced Wigner matrix element [13], the
dipolar coupling constant is given by dig = — (1o /87) x (y;7sh/r?), and Jig is the
scalar coupling constant. For a typical one-bond C-H group, the coupling constants
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amount to dqy ~ —21kHz and J-y =~ 140 Hz. For a spin-1/2 pair in an oriented and
static sample, the spectrum consists of a doublet with a splitting of

(4-3) Av = [2dy X diyy(cos Tpr ) + Jis|

For a random distribution of i, angles in a powder sample, a superposition of the
doublets with different splittings gives rise to a Pake-type spectrum [IE]

In the mesophase, anisotropic reorientations of the inter-nuclear vector (for
directly bonded spins the distance r is constant) leads to partial averaging of the
angular factor in Eq. 2)). The averaging is over conformational transitions of
flexible molecular parts, molecular rotations around the molecular symmetry axis,
and fluctuations of the molecular axis around the director. These motions are,
typically, much faster than the interaction time scale defined by (27 x Av)~'. In an
uniaxial liquid crystal, the orientational averaging of the bond direction with respect
to N is conveniently described by a local order parameter S,,., = (d%,(cos Fpy)),
where Jpy is the angle between the inter-nuclear vector P and the director N. Thus,
the dipolar splitting is given by

(4-4) Avi e = |2 x {dys) x dgy(cos Oy ) + Jis].

where (dg) = dig X S)ocq 18 the residual dipolar coupling and dy; defines the N
direction in the laboratory frame. For rigid molecular fragments with well-defined
geometry, the local order parameter can often be expressed via the molecular order
parameter S (defined in Eq. @)): Soca = S X d3(cos Opy;), where Iy is the angle
between the bond vector and the molecular symmetry axis. Thus, the spectrum of
an oriented liquid crystalline domain exhibits a doublet with a scaled splitting

(4-5) Avc = [2dig x S x d(z)o(cos Tpur) X d(z)o(cos Y) + sl

Although the J-coupling constant is generally small compared to dig, its contribution
to the spectral splitting can often not be ignored in liquid crystals owing to the
scaling of the dipolar term in Eq. (=3)) by the angular coefficient. The value of J.y
can readily be estimated from the isotropic solution spectrum and is practically not
affected by the bulk medium.

Homonuclear proton decoupling is often a prerequisite for obtaining resolved
13C —'H heteronuclear couplings. A side effect of homonuclear decoupling is that
the heteronuclear interactions are apparently reduced by a scaling factor k specific
of the decoupling sequence. The value of the scaling factor, 0 < |k| < 1, is predicted
by calculation of the average heteronuclear spin Hamiltonian [29].

2.2 The Effect of Magic-Angle Sample Spinning

The magic-angle spinning (MAS) technique was developed to suppress the effect
of anisotropic interactions in NMR spectra. The result is an increase of the spectral
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resolution and sensitivity [@ ﬂ] The magic angle 9, is defined by 3 x cos® ¥, —
1 =0 and is &~ 54.7°. The term fast MAS is used when the spinning frequency v,
exceeds the width of the powder spectrum.

When the sample is spun rapidly at the magic angle with respect to the magnetic
field, anisotropic interactions such as the chemical shift anisotropy and dipolar
couplings average to zero over one rotational period. Thus, the powder pattern
collapses into a single line at the isotropic chemical shift position ﬂ%] This effect
can be understood by considering that, for any orientation in the powder sample,
the anisotropic spin interaction components perpendicular to the rotational axis are
averaged to zero. Only the parallel component survives, which is scaled by the
conventional angular factor dZ,(cos 9), where ¥ is the orientation of the rotational
axis with respect to magnetic field. At the magic angle, ¥ = ¢, this parallel
component scales to zero. When homonuclear /-1 dipolar interactions are present,
suppression of the /-S dipolar interactions requires a spinning frequency exceeding
not only the /—S dipolar couplings, but also the /-I dipolar couplings. If the spinning
frequency is not high enough, these interactions can be removed by homonuclear
and heteronuclear multiple-pulse decoupling sequences.

When spinning frequency v, does not exceed the width of the powder pattern, the
modulation of the NMR frequencies under MAS results in spinning sidebands in the
spectrum at frequencies separated from the isotropic chemical shift by multiples of
v,. They extend over a range of about the powder pattern linewidth. The intensities
of the sidebands can be used to determine the spin interaction parameters [E]

Fast MAS has the advantage of increased spectral resolution and signal intensity,
but it also removes important information from the spectra by suppressing
anisotropic interactions. It is, however, possible to selectively reintroduce the
anisotropic spin interactions by suitably designed radio-frequency (rf) pulse
sequences [ﬁ—@] This technique, called recoupling, allows for combining the
advantages of fast MAS and preserving the informative anisotropic interactions. In
experiments, the anisotropic spin interactions are turned on and off at will during
the separate time periods.

2.3  Measurements of 'H-'*C Dipolar Couplings

General approach for measuring and assigning of the '*C-'H dipolar couplings
is 2D separation of dipolar splittings according to '*C chemical shifts. Since the
dipolar couplings correspond to local magnetic fields, this class of experiments
is referred to as separated local field (SLF) spectroscopy [@] Technically, SLF
experiments are designed to include two time intervals: during the first time period,
the dipolar couplings are encoded in the NMR signal, while in the detection period
the signals of different '3C sites are separated on the basis of their differences in
the '*C chemical shifts.

Typical 1D cross-polarization (CP) '*C spectra in columnar mesophase of the
discotic sample THE6 are demonstrated in Figure In both, static oriented and
spinning samples, the spectra provide high chemical resolution.
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Figure 4-2. One-dimensional proton decoupled '3C CP spectra of THE6 in the columnar D, phase at
85°C. Line positions in static (top) and MAS spectrum (bottom) are determined by one of the principal
values of the residual CSA tensor and by isotropic chemical shift, respectively

Three popular experimental protocols for SLF spectroscopy are outlined in
Figure[d=3 They differ in the details of the preparation and evolution periods, while
in all cases the '3C signal is observed during the detection period t, as it evolves under
the '*C chemical shift interaction and in the presence of 'H heteronuclear decoupling.
These general protocols are applicable to both stationary and MAS samples.

In the conventional SLF sequence [34] shown in Figure B=3h, the '3C magneti-
zation evolves under multiple '"H —'3 C heteronuclear dipolar couplings during the
variable evolution period ¢,. For many-proton spin systems this results in a crowded
multiplet type dipolar spectrum, where each additional proton contributes with a
successive first-order splitting.

In the proton-detected local field (PDLF) M | experiment (Figure E=3b),
'"H magnetization evolves under the local field of rare *C spins during ¢, and is
subsequently transferred to '3C spin for detection. Hence, PDLF dipolar spectrum is
governed by two-spin dipolar interactions, which leads to a superposition of dipolar
doublets.

In CP-based local field spectroscopy (CP-SLF) [IEI, @], the dipolar couplings
are monitored through the oscillations resulting from coherent polarization transfer
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Figure 4-3. Experimental protocols of 2D experiments used for the measurements of heteronuclear
dipolar couplings and the corresponding simulated dipolar spectra for three spin system C-H,. (a) SLF;
(b) PDLF; (c) CP-SLF

between 'H and "*C spins during the spin lock by Hartmann-Hahn matched rf
fields (Figure B=3k). The resolution of the large dipolar interaction in this approach
is_significantly enhanced due to effect of the truncation of the small couplings

]. When the protons in the spin cluster are few, the dipolar resolution in all the
methods is comparable. The simulated spectra for a three spin H-C-H system are
demonstrated in Figure B3] right panel. For increasing number of remote protons,
the resolution of the large coupling deteriorates in conventional SLF, while it is
essentially unaffected in the PDLF and CP-SLF techniques. This is demonstrated
below by experimental examples.

Efficient homonuclear 'H decoupling during the evolution period is essential for
obtaining high resolution of the heteronuclear dipolar couplings. The windowless
sequences BLEW-n [@], LG [@], and FSLG [ﬁ, @] have been used to achieve
adequate resolution. The CP-SLF technique combined with FSLG decoupling is
denoted PISEMA (polarization inversion and spin exchange at the magic angle)

,@]. Under MAS, the rf sequences applied during the dipolar evolution period
typically combine heteronuclear recoupling with homonuclear decoupling.

2.3.1 Stationary samples

In contrast to conventional nematic liquid crystals, the columnar phases are usually
highly ordered and viscous which often prevents spontaneous alignment in external
fields, particularly, in the magnetic field of an NMR spectrometer. The samples can,
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however, be oriented in strong magnetic fields by slow cooling from the isotropic
liquid. Columnar phases formed by discotic molecules typically align with the
directors distributed in a plane perpendicular to the magnetic field. It is so because
the net magnetic susceptibility of these mesophases is negative, which in turn is
an effect of the strongly negative contribution from the aromatic core. For discotic
molecules with long side chains, the positive contribution from the aliphatic part
can balance the susceptibility from the core, resulting in a liquid crystalline sample
with an isotropic director distribution.

a) SLF
90°
IHI Ccp | BLEW-12 ‘
180°
t t=t,
13C CP
L >
b) PDLF
90°, 180°

IHJ BLEW-48 IBLEW-48 cp

02 180° 1,2

ve I [ N

c) PISEMA

90°, 350,
1HI Cp,, I +LG,, | LG, |-
|
3¢ m i x :‘\ .
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o Iﬁﬁ=
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Figure 4-4. Examples of two-dimensional experiments for measurements of the '*C-'H spin coupling in
static samples. In SLF technique (a) '3C magnetization is encoded during ¢, period. In PDLF technique
(b) the evolution of 'H magnetization is encoded. In PISEMA (c) and PIWIMz (d) experiments the
13C-'H spin polarization exchange during ¢, is monitored. Homonuclear proton decoupling is achieved by
BLEW-12, BLEW-48, FSLG, and WIM24 sequences, respectively. In detection period the heteronuclear
proton decoupling is applied
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The examples of the popular 2D SLF, PDLF and CP-SLF pulse sequences for
measurements of 'H-'*C dipolar couplings in columnar phases under stationary
sample conditions are shown in Figure[=4l The details can be found in Refs [@—E]

For relatively isolated C-H,,(n = 1, 2) spin groups in columnar mesophases, well-
resolved dipolar splitting are typically obtained by any of these techniques. That
is demonstrated by the spectra for the directly bonded C-H pair in the aromatic
core of RufH80 shown in Figure E=3] @] Multiple dipolar couplings to the remote
protons in the side chains, although weak, result in extra line broadening of the SLF
spectrum and, to a smaller extend, of the PISEMA spectrum. The PDLF spectrum
is essentially free of this effect and provides superior resolution.

Chain-per-deuterated THES is a good model sample for studying spin cluster
with a limited number of protons (see molecular structure in Figure F=@)). For
example, the core C, carbon dipolar coupled to two protons, H, and Hs, represents a
relatively isolated H-C-H three spin system with one large (~ 5kHz) and one small
(~ 0.4kHz) 'H-"*C couplings. As shown in Figure [4-6] the resolution produced
by all methods for this spin system is sufficient to observe all predicted splittings
(cf. simulated spectra in Figure d=3). Note, that in the PISEMA spectrum the smaller
coupling is suppressed in the presence of the strong one.

Koy o

oL
R\o 4;1‘

R/O o ® ?

R
R=-CgH,7

PISEMA

PDLF

Figure 4-5. Experimental dipolar spectra obtained by different techniques, SLF, PDLF, and PISEMA,
of the virtually isolated C-H spin pair provided by the signal of the C4 core carbon in the static and
oriented RufH8O sample in the columnar phase at 85°C. The frequency axes have been corrected for
the scaling factors
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PISEMA

Figure 4-6. Experimental dipolar spectra of the virtually isolated H-C-H three spin system with one
strong (=~ 5kHz) and one weak (= 0.4kHz) dipolar coupling provided by the signal of the C4 core
carbon in static and oriented sample of chain-per-deuterated THES in columnar phase at 80°C. The
frequency axes have been corrected for the scaling factors

Example of well resolved dipolar spectra for a CH, group with two equal 'H-13C
couplings is given by the o;-methylene segment in RufH8O in the high temperature
mesophase (Figure B=7)). The small splittings in the SLF spectrum and the inner
doublet in the PDLF spectrum originate from a weak coupling of ~ 300Hz to the
core H, proton.

In general, for proton-rich samples, the PDLF method results in superior dipolar
resolution. This is demonstrated in Figure B=8] which compares dipolar spectra of all
non-equivalent carbon sites in THE6. A resolution gain up to factor of 10 is obtained
by PDLF as compared to SLF, and up to factor of 3 as compared to PISEMA
and WIM. Similar observations have previously been made for calamitic liquid
crystals in the nematic phase [@, @] A serious drawback of the original PISEMA
technique, the excessive sensitivity of the dipolar splittings to proton chemical
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Figure 4-7. Experimental dipolar spectra of a methylene group with equal C-H dipolar couplings
provided by the signal of the a;-carbon in static and oriented RufH80 sample in columnar phase at
85°C. The smaller splittings in the SLF spectrum and the inner doublet in the PDLF spectrum are due to
a weak coupling to the core proton H4. The frequency axes have been corrected for the scaling factors

shift and resonance offsets, is alleviated in the offset-refocused modification of
the method introduced in Refs [54, [53]. Table B=Tl compares the 'H-'*C dipolar
couplings estimated from the three different experiments. The results are consistent
within experimental errors. Contributions from J, coupling were neglected in the
analysis.

The measured dipolar couplings are often converted into bond order parameter
Scy useful for the structural and conformational studies M] The molecular
order parameter S in THE6 mesophase is conveniently estimated from the heteronu-
clear dipolar splitting Av for the aromatic protonated C, carbon. Since the C-H
bond vector for this site is perpendicular to the molecular rotation axis and the
liquid-crystalline director is aligned perpendicular to the external magnetic field,
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Figure 4-8. Experimental dipolar spectra for all non-equivalent carbons in the static and oriented THE6
sample in the coulmnar phase at 85°C. The 1D chemical shift spectrum is shown on the top. The
frequency axes have been corrected for the scaling factors

the dipolar splitting is given by (cf. Eq. @) with the angle values Jpy, = 90° and
I =90°)

1
(+6)  [Av]= KIS dey

where k is the scaling factor of multiple pulse sequence. Using the C, splitting from
the Table F=1] (data from PDLF technique), S is estimated to 0.83. The Scy values
for the aliphatic chains are given in Table[=2] Good agreement with previous results
obtained in deuterated analogs @] is found. Due to the high dipolar resolution
the accuracy of the local order parameters is competitive to that available from the
traditional 2H NMR technique.
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Table 4-1. Partially averaged dipolar couplings (dcy)® (in kHz) in THEG in the columnar phase at
85° C obtained by the SLF, PDLF, PISEMA, and WIM techniques

Carbon site SLF PDLF PISEMA WIM
® 0.62 0.62 - -

€ 1.04 1.02 1.04 0.97
d 1.98 1.92 1.90 1.87
B 3.34 3.22 3.22 3.00
Y 1.96 1.92 1.88 1.82
o 5.30 5.30 5.30 5.07
Cc4 8.74 8.96 9.14 8.96
Cda 1.48 1.22 1.46 1.57
C3 1.28 1.24 1.46 1.50

3 J. couplings are not accounted for in the calculation of the dipolar couplings.

Table 4-2. Comparison of local order parameters extracted from
dipolar and quadrupolar couplings in THE6 at 85°C

Carbon |Scu]® [Scp|
a 0.24 0.24
B 0.15 0.16
¥ 0.09 0.09
d 0.09 0.09
€ 0.05 0.04
) 0.03 0.02

D Sey = (dey)/deys where dey = 21.5kHz.
5 Calculated from data in Ref. [5d].

2.3.2 MAS samples

The same general experimental protocols as described above for 2D SLF, PDLF
and CP-SLF experiments can be applied to the samples under MAS condition. The
design of the rf sequences employed during the evolution period is, however, more
involved in this case. It is so, because active heteronuclear dipolar recoupling with
simultaneous homonuclear proton decoupling is required. A wide range of dipolar
recoupling NMR techniques have recently been developed [@—@] Although most
of these methods aim at applications to rigid solids, they can also be applied to
mobile anisotropic systems either directly, or, after suitable modifications. Indirect
Jey-couplings can be safely ignored in these MAS experiments since they are
suppressed during action of the recoupling sequences.

R-SLF and R-PDLF techniques. Levitt and co-workers have presented symmetry
theorems that are useful in the design of rf schemes for selective recoupling
and decoupling in MAS solid-state NMR [@] For example, it was found that
certain R-type sequences [@] lead to reactivation of heteronuclear dipolar couplings
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whereas homonuclear interactions are suppressed. It has also been demonstrated
that the combination of R-type rf irradiation and 2D SLF spectroscopy (referred to
as R-SLF spectroscopy [l61l] is an efficient approach for measuring and assigning
heteronuclear dipolar interactions in solids ﬂéf), @] Application of R-SLF was
also successful for measurements of motionally-averaged 'H-*C interactions in
columnar liquid crystals, especially for '*CH groups [@, @] However, the method
was proven to be less efficient for extracting dipolar couplings in '*CH, methylene
groups in systems exhibiting fast axial motions, as is common for mobile side chains
in liquid crystals. The reason is that the motionally-averaged directions of the two
CH bond vectors in the methylene moiety are collinear and, furthermore, that the
two residual couplings are equal (Figure {=0h). Therefore, the contribution from

a) CH, methylene group

Solid Mesophase

Molecular

. /:090 axis

b) R-SLF R-PDLF
90° 90°
1 1
H ICP RI8] CW [tpPM H R18?| CP | TPPM
180° -

h

13
13C |/CP t "I N C

6 4 -2 0 2 4 6

kHz kHz

Figure 4-9. (a) Conformation of the CH, methylene group in the solid state and effective motionally
averaged conformation in the mesophase. (b) 2D R-SLF and R-PDLF MAS experiments and corre-
sponding spectra of a mobile CH, methylene group in the mesophase. The R18] pulse sequence ] is
applied in the evolution period to recouple heteronuclear dipolar interactions with simultaneous decou-
pling of homonuclear 'H dipolar interactions. The simulated and experimental dipolar recoupled spectra
of the a;-methylene in RufH8O at 80°C are shown by solid and dotted lines, respectively
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such 3CH, spin system to the R-SLF powder spectrum is a 1:2:1 triplet with an
orientation-dependent splitting. This results in a line shape, which is dominated by
an uninformative zero-frequency peak superimposed on a broad and low-intensity
base (see Figure d=9b, left panel).

In contrast, the R-PDLF technique, which incorporates R-type recoupling in the
PDLF protocol [@], produces high-resolution dipolar spectra irrespective of the
"H multiplicity (see Figure E=9b, right panel). The spectral simplification occurs
due to the fact that each 'H spin in a '*CH, group experiences the local dipolar
field from only one '*C spin and, hence, the PDLF spectrum is governed by
simple two-spin interactions resulting in a doublet spectral structure. An additional
advantage of the R-PDLF technique is the possibility to select certain 'H-'3C spin
pairs during the proton-to-carbon polarization transfer step. If Jy couplings are
exploited, polarization transfer occurs almost exclusively between directly bonded
heteronuclei.

One limitation of heteronuclear dipolar recoupling based on R-type sequences
is_the relatively small dipolar scaling factor (e.g., 0.315 for the R18] sequence
[@]), which may hamper measurements of small dipolar couplings in highly mobile
systems. In this case, the CP-SLF approaches, which provide much higher scaling
factors, can be advantageous.

CP-SLF technique. Efficient recoupling of heteronuclear dipolar interactions with
simultaneous homonuclear proton decoupling can be achieved by combining the
CP sequence with FSLG irradiation [@p@% FSLG-CP [@ ﬁ], In contrast to
the PISEMA technique [@] designed for stationary samples, FSLG-CP employs
amplitude modulation of the *C rf fields synchronous with the phase switching
(Figure B=10h). It has been shown [@—@] that efficient dipolar recoupling is
obtained if the amplitude modulation depth is equal to 2v,.

a)
90°, 350,

,HJ cp, I+LG+y LG, |...[ teem |
. b
|

B CPyy x | x |- f\ R

—>
h

b) 180 180

|+LG+y LG, I+LG+y 1G, I
+X -X I +X -X I

Figure 4-10. (a) 2D FSLG-CP MAS experiment. [@] Amplitude modulated FSLG-CP sequence
is applied in the evolution period to recouple the heteronuclear dipolar interactions with simulta-
neous decoupling of homonuclear 'H dipolar interactions. (b) Frequency offset refocused FSLG-CP
sequence [154]
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Figure 4-11. Recoupled dipolar spectra (right column) and corresponding time domain signals (left
column) obtained with different CP-SLF approaches for the a;-carbon of the RufH80 sample in the
columnar phase at 80°C (spinning frequency = 8kHz). Polarization inversion (PI) prior the dipolar
evolution period increases the dipolar oscillation amplitude

In Figure B=TT] recoupled dipolar spectra of the os-methylene group in the
columnar phase of RufH8O obtained by different CP-SLF approaches are compared.
The corresponding time-domain signals are also shown. Both continuous-wave
on-resonance CP and off-resonance LG-CP result in distorted line shapes due to
influence of 'H homonuclear couplings and rf inhomogeneity. An extra splittings
in the on-resonance CP spectrum is caused by a strong non-suppressed H-H dipolar
coupling within the CH, group [@]. In contrast, the FSLG-CP spectral shape is
very similar to the theoretical spectrum simulated with the assumption of the ideal rf
fields and fully removed homonuclear proton interaction. The polarization inversion
(PI) increases the dipolar oscillation amplitude.

It has been pointed in many investigations [@, , E, ] that off-resonance
sequences like LG- and FSLG-CP are very sensitive to the choice of the 'H carrier
frequency. Therefore, it may be difficult to obtain accurate dipolar couplings for
multiple sites in the molecule due to the 'H chemical shift dispersion. To remedy
this problem, combining CP with an on-resonance magic-echo sequence in 'H
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channel (thus replacing the off-resonance 'H rf irradiation) has been suggested [@]
Another solution is to apply 180° refocusing pulses orthogonal to the spin-lock
fields, as shown in Figure E=10b. Simultaneous pulses in the two channels remove
the effect the frequency offset, while preserve the heteronuclear couplings. This
approach has successfully been demonstrated in stationary liquid crystals and rigid
solids under MAS [@]

Yet another approach to deal with the 'H offset effects, useful for mobile systems
exhibiting small heteronuclear dipolar couplings (below ~ 5kHz), is to perform on-
resonance phase-alternated CP h, ]. For such systems, the 'H-'H interactions
are either significantly reduced or exhibit inhomogeneous line broadening due to
effect of the projection of the spin-spin vectors on common molecular rotational
axis [ﬂ] Hence, MAS is capable to efficiently suppress the homonuclear couplings.
Thus, on-resonance 'H 1f irradiation during CP recoupling eliminates the sensitivity
to the frequency offsets, while the phase alternation preserves the robustness with
the respect to rf mismatch and inhomogeneity. The flip angle of the individual
pulses must be set to multiples of 180°, and the amplitude modulation of one (or
both) channels synchronized with the phase inversion is necessary to maintain the
heteronuclear recoupling, similar to FSLG-CP under MAS. The scaling factor of
this sequence, 0.707, is higher as compared to FSLG-CP, 0.577, which results in
better resolution of small dipolar couplings.

Such an on-resonance technique, abbreviated APM-CP (amplitude- and phase-
modulated CP) is demonstrated for the HHTT compound in the columnar phase
and is compared to FSLG-CP (Figure @=12)). The dipolar couplings in the APM-CP
spectra are well resolved for all methylene sites. For the least mobile groups, a
and S, outer shoulders in the spectral shapes are observed which are indicative of
H-H dipolar coupling, as confirmed by numerical analysis. It is also clear that the
apparent dipolar splittings are larger in APM-CP spectra owing to a higher dipolar
scaling factor, as compared to FSLG-CP.

Comparison of the recoupling techniques. The dipolar recoupling approaches
discussed above have the advantage of a reduced dependence on the crystallite
orientations, a property referred to as y-encoding [Iﬂ] Generally, y-encoded recou-
pling schemes produce longer dipolar oscillation curves, due to minimizing the
destructive interference from signals of differently oriented crystallites or domains
in the sample. This results in a more accurate determination of dipolar couplings
[@, |ﬂ] Another useful feature of the R and FSLG sequences is a short rf cycle
time, which enables sampling of large splittings without spectral aliasing. The CP-
based sequences, in contrast to R sequences, do not require rotor synchronization
which makes them flexible in terms of choosing the rf power and spinning speed.

Table @3] lists various recoupling techniques, which have been applied to liquid
crystals. The methods are compared in terms of heteronuclear dipolar scaling
factor, y-encoding property, sensitivity to frequency offsets and chemical shift
anisotropy of S (rare) and / (abundant) spins, tolerance to rf inhomogeneity, accom-
plishment of active homonuclear proton decoupling, length of rf cycle time (which
limits the maximum spectral width in dipolar dimension), and requirement of rotor
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Figure 4-12. Comparison of FSLG-CP and APM-CP 3C-'H dipolar recoupled spectra of methylene
carbons in the HHTT sample in the columnar phase at 80 °C (spinning frequency = 8 kHz)

synchronization. The sequences are listed in order of decreasing scaling factor.
Table B3] reveals that the FSLG-CP technique is the best scored one.

Figure B=13] shows FSLG-CP and R-PDLF dipolar spectra of the a; methylene
carbon in RufH80-"*C,,. The experiments were carried out under similar conditions.
Lineshape simulations are also included. Both techniques result in well-resolved
dipolar patterns, although the resolution in the R-PDLF spectrum is somewhat lower.
This can partly be explained by the smaller dipolar scaling factor of the R sequence.
A better suppression of homonuclear couplings in the FSLG sequence h], as
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Table 4-3. Comparison of heteronuclear recoupling techniques applied to liquid crystals

Method Scaling - S S I I RF I homo- Short cycle Asynch Ref.
factor encoding offset CSA offset CSA inhom. -dec. time® -ronous

CW-CP 0.707 + + +  + + - - + + [42]
APM-CP 0707 + + 4+ + o+ o+ - + + (70]
LG-CP 0577 + + + + - + + + [73]
FSLG-CP  0.577 + + + - +  + + + + [64]
refocused

FSLG-CP" 0.577 + + + o+ + o+ + + + [54]
DROSS 039 — + -+ + - - - — [74]
R-PDLF 03159 + + + o+ + - + + - [61]
R-SLF 03159 + + + + + - + + - [60]

) Marked ‘+’ if cycle time can be set to a fraction of the rotor period.
® FSLG-CP with 'H offset refocusing [54].
©) Using the R18] sequence led).

a) MAS sample

simulation

6 4 2 0 2 4 66 4 2 0 2 4 6
kHz kHz

b) stationary sample

FSLG-CP PDLF

6 6 4 -2 0

kHz

Figure 4-13. Comparison of FSLG-CP and PDLF *C-'H dipolar recoupled spectra the of a;-carbons
in the RufH80 sample in the columnar phase at 85°C. (a) MAS sample. (b) Oriented sample under
stationary conditions. The following values were used for the simulations (dashed lines): dey(y =
deng) = 7kHz and dyy = 12kHz
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compared to the R sequence [@], may result in additional resolution enhancement
of FSLG-CP spectra.

The dipolar splittings observed in the MAS spectra are consistent with those
obtained in the oriented stationary sample of the same compound. The corresponding
spectra for the stationary sample are included in Figure B=13] Taking into account
the scaling factors of the sequences, the splittings in MAS FSLG-CP, MAS R-
PDLEF, static FSLG-CP and static PDLF spectra result in dipolar couplings of 6.9,
7.0, 7.0, and 6.8 kHz, respectively, which agree within the experimental errors.

3. SUMMARY

NMR spectroscopy is a particularly versatile experimental method for study of
columnar systems. Investigations of columnar phases require the same type of NMR
equipment as used in studies of the solid state. Deuterium NMR has over the years
been the predominant method, employed in many investigations of the molecular
structure, order, and dynamics in columnar mesophases. An attractive alternative
to the 2H technique is *C NMR spectroscopy. In this chapter, we have described
applications to columnar phases of modern and advanced '*C NMR methods for
measuring the heteronuclear '*C-"H dipolar couplings. The major advantage of
these techniques can be summarized as follows: i) high quality spectra may be
obtained from natural isotopic abundance samples, ii) in-equivalent carbon sites are
well resolved and signals can usually be easily assigned, and iii) the anisotropic
interactions determining the line shape provide a wealth of information on molecular
and liquid crystalline phase properties.
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Experimental evidence for phase biaxiality in various thermotropic
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1. INTRODUCTION

Ever since their discovery in the 1880s, a variety of different phases with
increasingly complex molecular arrangements in thermotropic liquid crystalline
materials has been found. Sometimes, these discoveries have occurred accidentally
in the past. However, in the case of the biaxial nematic phase, the discovery was
stimulated by a theoretical prediction published by M. J. Freiser ﬂ]] in 1970.
Molecules with rotational symmetry are capable of forming a uniaxial nematic
phase, in which they exhibit a one-dimensional long-range orientational order
but no degree of long-range positional ordering. In contrast to this ubiquitous
liquid crystalline phase, molecules which significantly deviate from this cylindrical
shape can be expected to form a biaxial nematic phase, which is characterized by
a three-dimensional orientational order. By taking into account the interactions
between asymmetric molecules within the framework of the Maier-Saupe theory,
Freiser could show that the first-order transition from an isotropic to a uniaxial
nematic state should be followed by a second-order phase transition at lower
temperatures. Sometimes, molecules with sufficient deviation from axial symmetry,
which had been identified as being biaxial in optical investigations [ﬁ], actually
turned out to be uniaxially nematic when studied by other techniques [3]. Thus,
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Freiser’s prediction stimulated not only a synthetic effort in the design of molecules
with the desired shape to form a biaxial nematic phase but also a search for
an experimental method to unambiguously prove the existence of this phase
biaxiality.

In 1980, the first justified claim for the discovery of a biaxial nematic phase
was made for a lyotropic liquid crystal comprised of the ternary system of
potassium laurate-1-decanol-D,0O [EI] In addition to a uniaxial phase (micelles of
a bilayer structure), there were two further nematic phases. One of the phases
was found to be uniaxial as well, probably corresponding to a phase with cylin-
drical micelles. Existing in a temperature range in between these two uniaxial
nematic phases was a third phase which was found to be biaxial. The phases
were classified by microscopic studies as well as deuterium NMR measurements.
Three years later, Galerne and Marcerou studied the same system by conoscopy,
leading to a complete determination of the ordering tensor in all three nematic
phases ﬁ]

An accepted experimental proof for the existence of a biaxial nematic phase in
a thermotropic liquid crystal remained missing for a very long time. However, in
recent years, biaxial nematic phases have been found in liquid crystalline polymers
as well as in liquid crystals made of rod-disc mesogens, banana-shaped (bent-
core) molecules, and organo-siloxane tetrapodes. Here, some characteristics of these
systems and the corresponding experimental procedure for the investigation of phase
biaxiality will be introduced. Further details for the individual systems can be found
in the cited literature.

2. A LONG-DISCUSSED CANDIDATE

The first thermotropic compound for which a biaxial nematic phase was claimed
is the laterally broadened mesogen shown in Figure G-Il The assignment of the
phases was based on the observation of the optical textures and the X-ray diffraction
pattern [ﬂ]

Roughly ten years later, this compound was investigated by means of deuterium
NMR spectroscopy [E] For this purpose, the mesogen was specifically deuterated
in the three oxymethylene groups linking the three phenyl rings to a single one
in the rod-like part of the molecule. The spectra obtained from this compound

CppHy0 QCHzo
o O—OHZC QOZC OZC o
C,H,0 —CH,0

Figure 5-1. Chemical structure of the laterally broadened mesogen. Figure adapted from E]
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contained two different quadrupolar doublets, one originating from the deuterons
in the outer methylene groups (3,5 deuterons) and another from the deuterons in
the inner methylene group (4 deuterons). Furthermore, Luckhurst and coworkers
investigated the protonated mesogen with the aid of the deuterated spin probe
hexamethylbenzene, HMB-d .

To measure the biaxiality parameter

(5'1) 7’ = (axx - a_vy)/zlzz’

it is, in principle, sufficient to determine the principal components g,,, g,, and g,,
of the motion-averaged quadrupolar tensor q by aligning a monodomain sample
of the liquid crystal with the magnetic field along each of the principal axes
in turn. However, since this procedure is extremely difficult, another approach
was followed here. The uniform alignment of the major director parallel to the
magnetic field was intentionally removed by spinning the sample above some
critical speed about an axis perpendicular to the magnetic field. This results in
a uniform distribution of the director in the plane orthogonal to the spinning
axis ﬂa] In the case of a uniaxial nematic phase, the resulting deuterium NMR
spectrum is a so-called two-dimensional powder pattern. This spectrum is dominated
by two quadrupolar splittings in the ratio 2:1, each respectively associated
with the components of q parallel (¢,,) and perpendicular (g,, = g,,) to the
director.

The situation in a biaxial nematic phase is obviously more complex, as the three
components g,., ¢,, and g,, of q all take different values. In this case, it is expected
that to minimize the magnetic free energy, the least negative component of the
partially averaged susceptibility tensor, which is associated with the major director,
and the intermediate component will be randomly distributed in a plane orthogonal
to the spinning axis. Consequently, the most negative component will align along
the spinning axis. The observed deuterium NMR spectrum then corresponds to a
two-dimensional powder pattern, where the ratio of the two components g and
4., is no longer 2:1. Studying this kind of spectra therefore provides unambiguous
evidence for the biaxiality of the investigated phase.

For the deuterated mesogen, 2H NMR spectra of (a) a static sample and (b) a
sample spinning at 3.7Hz in the nematic phase at a temperature of 87°C are
shown in Figure The larger splitting in the static spectrum can be assigned
to the 4-deuterons, while the small splitting originates from the 3,5-deuterons.
The outer pair of broad lines found in the spinning spectrum is the same as
the large splitting observed in the static spectrum and thus corresponds to the
4-deuterons with the director aligned parallel to the magnetic field. The shoulders
on the central peak exhibit a splitting of approximately one half of the outer one,
which suggests that the nematic phase is uniaxial. Due to significant overlap of the
individual features, no further information can be extracted from the signals of the
3,5-deuterons.
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Figure 5-2. Deuterium NMR spectrum for (a) a static sample of the deuterated mesogen and (b) a
sample spinning at 3.7 Hz in the nematic phase (87° C). The simulated spectrum, shown as the dashed
line was obtained for 7 = 0; the dotted lines indicate the contributions of the two sets of equivalent
deuterons. Figure reprinted with permission from J. R. Hughes, G. Kothe, G. R. Luckhurst, J. Malthéte,
M. E. Neubert, I. Shenouda, B. A. Timimi, and M. Tittelbach, J. Chem. Phys., 107, 9252 (1997).
Copyright 1997, American Institute of Physics

The two-dimensional powder pattern is a sum of different Lorentzian lines origi-
nating from all orientations of the major and secondary directors with respect to
the magnetic field ﬂ]

2

(52) L) =7" [ T/{1+4m Ty - 5(B)F)dB,
0

where T, is the inverse of the line width in the static spectrum and the central
frequency ¥(B) varies with the angle 8 between the major director and the magnetic
field according to

69 B =nx a5 (G005’ B 1+ sin’ B
Using information from the static spectrum (g,,, the quadrupolar splitting, and T,),
two-dimensional powder spectra were simulated according to (3=2)) and (B=3) by
choosing different values for the biaxiality parameter.

Figure 5=3] shows such spectra obtained with four different biaxiality parameters.
For comparison, the experimental spectrum was superimposed on each of the
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Figure 5-3. Simulated two-dimensional powder patterns obtained with non-zero values for the biaxiality
parameter (dotted lines). The experimental spectrum is superimposed on each of the simulated ones
(solid lines). Figure reprinted with permission from J. R. Hughes, G. Kothe, G. R. Luckhurst, J. Malthéte,
M. E. Neubert, I. Shenouda, B. A. Timimi, and M. Tittelbach, J. Chem. Phys., 107, 9252 (1997).
Copyright 1997, American Institute of Physics

simulations. The best agreement between the experimental and simulated spectra
was observed for a biaxiality parameter of 0.0 (dashed line in Figure[3=2)), supporting
the suggestion of a uniaxial nematic phase.

The same investigations were carried out with the non-deuterated mesogen. The
18 equivalent deuterons in the spin probe HMB-d 5 resulted in a single quadrupolar
splitting (Figure 5-4] (a)). The sample spun at 3.7 Hz yielded a two-dimensional
powder pattern with well-resolved features (Figure B=4] (b)). For the non-deuterated
mesogen the best agreement between experiment and theory was again achieved
for a biaxiality parameter of 0.0. Additional results obtained at lower temperatures
did not give any indication for the presence of a biaxial nematic phase either. All
these experiments suggest that the phase was, in contrast to the results gained from
other experimental methods, indeed uniaxial.
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(2)

kHz

Figure 5-4. Deuterium NMR spectrum of HMB dissolved in the mesogen for (a) a static sample and (b) a
sample spun at 3.7 Hz in the nematic phase (87° C). The dashed line shows the simulated spectrum for the
uniaxial case. Figure reprinted with permission from J. R. Hughes, G. Kothe, G. R. Luckhurst, J. Malthéte,
M. E. Neubert, I. Shenouda, B. A. Timimi, and M. Tittelbach, J. Chem. Phys., 107, 9252 (1997). Copyright
1997, American Institute of Physics

3. PHASE BIAXTALITY IN NEMATIC LIQUID-CRYSTALLINE
POLYMERS

In principle, by lowering the temperature, the orientational correlation between
neighboring molecules grows, which in turn is expected to support the formation
of a biaxial nematic phase. Because of the onset of crystallization or the formation
of smectic phases, a biaxial nematic phase in a low molar mass system could not
be achieved experimentally for a long time. These problems paved the way for the
concept of a biaxial nematic polymer.

Weissflog and Demus ﬂﬁl]) succeeded in synthesizing a new type of liquid
crystalline material, in which the rotation of the molecules about their long molecular
axis was hindered by the introduction of laterally attached substituents. However,
experiments conducted on these liquid crystals proved the existence of conventional
uniaxial nematic phases only. Beyond that, a further restriction of the rotation of the
mesogens by connecting them via terminal spacers to a polymer backbone (end-on
polymers) resulted in uniaxial nematic and smectic phases. Consequently, the next
step was the synthesis of a new class of liquid crystalline side-chain polymers, in
which the mesogenic moiety was laterally attached to the polymer backbone. The
idea was that this side-on connection should be successful in hindering the rotation
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Figure 5-5. Schematic representation of a side-on side-chain polymer

of the mesogen and therefore support the formation of a biaxial nematic phase.
A schematic sketch of a liquid crystalline polymer is given in Figure

3.1 Conoscopic Investigations

Conoscopy allows the quantitative determination of the biaxiality in terms of 2V,
which is the angle between the two optical axes. In order to do so, a biaxially
oriented monodomain has to be prepared, where both, the major director parallel,
and the minor directors perpendicular to the mesogenic long axis, have to be
aligned. In 1991, Leube et al. ﬂg] published a conoscopy study conducted on a liquid
crystalline side-on side-chain polymer, in which the polymer backbone consisted of
a methacrylate chain. In this system a naphthalene unit served as the central core of
the mesogenic unit. This naphthalene unit produced an effective broadening of the
mesogen, which is expected to enhance the stability of the biaxial nematic phase
]. The mesogen also exhibited a well pronounced anisotropy of polarizability,
which is crucial to allow a reliable detection of a biaxial nematic phase with optical
methods. The chemical structure of the investigated polymer is shown in Figure 3-6
Due to the high rotational viscosity of the polymer even directly below the
nematic-isotropic transition temperature 7, ;, the preparation of a homogeneously
oriented sample using conventional alignment techniques was not successful.
Since conoscopic experiments require macroscopic uniformly oriented samples,
mixtures of the polymer with 30%, 40% and 50 % of a cyanophenylester, a low
molar mass liquid crystal, were investigated. The addition of a low molar mass liquid
crystal serves to lower the glass transition temperature 7, and consequently the
rotational viscosity. These mixtures could therefore be oriented using a procedure
that is depicted in Figure B=7
Leube et al. achieved a homeotropic alignment by using an appropriate surface
treatment and confirmed it by conoscopy. Furthermore, conoscopic observations,
namely a “Maltese cross” that did not change upon rotation, proved that a macro-
scopic alignment of the minor directors was not present. Afterwards, they obtained
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Figure 5-6. Chemical structure of the investigated liquid crystalline side-on side-chain polymer

o] w
@
i

Figure 5-7. Orientation process for biaxially aligned samples, with n being the main director and b
the secondary director. (a) Homeotropically oriented sample, polydomain with respect to b; (b) tilted
structure in the presence of the magnetic field H, biaxially aligned; c) relaxed biaxial structure without
the magnetic field. Figure adapted from E]
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a uniform orientation of the minor director by the application of a magnetic field
H parallel to the main director. This procedure resulted in a tilted orientation of
the phase, which was again observed by conoscopy. This was the first indication
for the presence of a biaxial nematic phase, since a uniaxial nematic phase would
have aligned along the magnetic field and would therefore not have changed by
applying the field in this way. After annealing the sample outside the magnetic
field, a reorientation of the main director occurred. This time, upon rotation of the
sample, Leube et al. observed a biaxial conoscopic interference pattern. A quanti-
tative value of 2V, was obtained from the distance between the turning points of
the two hyperbolas in this interference pattern.

Temperature dependent measurements of 2V, showed phase biaxiality for
mixtures containing more than 50% polymer. As seen in Figure 3=8] higher degrees
of biaxiality, i.e., greater values of 2V,, were found for those mixtures with higher
polymer contents, while a temperature dependence for the individual mixtures was
not observed within their respective nematic and smectic phases.

3.2 Deuterium NMR Investigations

Conoscopy is known to be prone to artifacts because of its sensitivity to the
symmetry of the refractive index, which might be tampered due to surface effects
and flow phenomena. By using deuterium NMR spectroscopy, Severing et al. M]
confirmed phase biaxiality in a polymeric liquid crystal similar to that studied
earlier by Leube. To evaluate different parameters that bias the formation of a
biaxial nematic phase and gain a more general picture of the phase biaxiality in
nematic liquid crystalline polymers, the investigations were expanded to side-chain
polymers of different chemical constitutions as well as to mixtures of polymers and
low molar mass liquid crystals [ﬁ]

=
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Figure 5-8. Temperature dependence of the angle between the two optical axes (2V,) in mixtures with
50% (diamonds), 60% (circles) and 70% (asterisks) polymer; the dashed line indicates the approximate
location of the phase transition from the nematic to the smectic phase. Data replotted from E]
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The investigated samples included two different classes of side-chain polymers
consisting of a polysiloxan backbone [IE] with the mesogens either terminally
attached [IE] via a flexible spacer of four or six carbon atoms (called end-on 4
and end-on 6, respectively) or laterally attached [IE] via spacers of six or eleven
carbon atoms (called side-on 11 and side-on 6, respectively). Due to the relatively
high glass transition temperature, the side-on 6 sample was only investigated in a
mixture with a low molar mass liquid crystal (called side-on 6 mix). In addition to
the pure polymer, the side-on 11 sample was also investigated in a mixture with a
different low molar mass liquid crystal (called side-on 11 mix).

The chemical structures of the two different polymer types are given in
Figure =9 The side-on 6 mix sample was prepared by dissolving the polymer in
benzene in the presence of 10% 4-octyloxyl-4’-hexyloxybenzoate, followed by
the evaporation of the solvent under high vacuum conditions. For the side-on 11
mixture 2% of 8CB (4-n-octyl-4’-cyanobiphenyl) was added as described above.
In all samples, 2% of perdeuterated hexamethylbenzene (HMB-d,4) was dissolved
as a nuclear spin probe. Due to the restricted diffusive motion of the probe within
the liquid crystal, the probe reveals the symmetry of the particular liquid crystalline
phase. The use of a spin probe rather than a deuterated mesogen itself offers the

CH, x=4,6
*-Si —0 #
o
Il
J(HC) — O Cc -0 O—CH;4
JFSF - #
n =6,11
ey, y=6,
O
CeHi3—0 —C —0— \ /‘_O_ C— 0-C¢Hy3
’ [l
(6]

Il

(6}
Figure 5-9. Chemical structure of the different types of investigated polymers: end-on polymer (top),
side-on polymer (bottom). Figure adapted from [IE]

! The advantage of siloxanes as compared to methacrylates is a much lower glass transition temperature,
which enables (in most cases) the formation of a mondomain even for the bulk polymer.
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advantage of observing narrower spectral lines, as was seen in Section [l However,
one has to keep in mind that the volume over which the probe averages depends on
the diffusion coefficient and therefore decreases somewhat with decreasing temper-
ature. The samples were prepared in standard NMR glass tubes between silicon
spacers coated with Teflon on the inner side facing the sample. The NMR probe
used for measurements under various angles was a modified BRUKER goniometer
double resonance probe, which allowed for fast sample rotations (90° in less than
150 ms) by using a rotary magnet controlled by trigger pulses from the NMR
console. Figure [5-10 shows some pictures of this modified NMR probe.

Due to the relatively high viscosity of the polymer systems as compared to
the sample studied by Luckhurst (see Section [Il), the technique introduced by Yu
and Saupe M] was used. Therein, the biaxiality parameter of different samples is
derived from measurements of the quadrupolar splitting Av, () at different angles
BB between the main director of an annealed monodomain and the static magnetic
field. At a particular angle 3, the quadrupolar splitting ifl

64 1B =nt a5 Geos B—1-msin’ B),

Figure 5-10. The modified NMR Probe (left), the sample holder (upper right), and the angular adjustment
scale (lower right)

2 This equation was introduced in (3=3)), differing in the sign of 7 only.



152 Severing and Saalwdchter

where v, is the deuterium resonance frequency, ¢., is the z principal component of
the quadrupole tensor q, and 7 is the biaxiality parameter defined adl

q_vy — Yy
qZZ

(5-5) m=

The components g,, and g,, can be measured by respectively orienting the main
director along and perpendicular to the magnetic field. Because q is traceless
(4 + 4,y +q..=0), () can be rewritten as

2.,
(5-6) =14

2z

In the case of a uniaxial nematic phase (1 = 0), the negatively signed 90°-splitting
(g,y) is therefore exactly half of the 0°-splitting (q,.), while the ratio is different
from 1:2 in the case of a biaxial nematic phase (1) 7 0). The determination of the
biaxiality parameter according to this procedure is called the tilt experiment.

Under the assumption of exponential relaxation, the spectra were fitted with
two Lorentzians separated by Av,. For Yu and Saupe, the determination of the
quadrupolar splitting of a tilted sample was achieved by simply rotating the sample
to the desired angle and acquiring the signal. In this system however, inaccuracies in
the determination of the 90°-splitting might occur due to the director relaxing during
the measurement for two reasons. First, because here the viscosity is considerably
lower than in the system of Yu and Saupe the director relaxation is much faster.
Secondly, due to the low concentration of the deuterated spin probe, the director can
relax during the comparatively long time needed for the acquisition of a spectrum
with a sufficient signal-to-noise ratio. Therefore, the technique introduced by Zhou
and Frydman [‘ﬁ] was used, whereby the sample is positioned along the desired
angle B for the actual pulse sequence and acquisition only. For the considerably
longer recycle delay, which is needed for the spins to return to their thermal
equilibrium, the sample is then rotated back to its equilibrium position along the
magnetic field.

For the creation of a three-dimensional monodomain, the sample should in
principle undergo repeated rotation followed by the relaxation of the major director
(g..)» so as to force the minor directors (g,, and g,,) into a minimal energy configu-
ration. In our case it was not possible to experimentally verify a planar polydomain
of g,, and g,, when simply tilting the sample about an angle of 90°. This means
that a tilting-relaxation procedure to produce a monodomain was not necessary.
From this observation we drew the important conclusion that the alignment of
the secondary director is probably rather fast, i.e. on the order of tens of ms. It
could either occur via a magnetic torque in the g,,-g,, plane combined with a
low local viscosity for rotations around ¢.., or due to accumulating weak director

3 Note that (3=3) and G=I) differ in the sign of the biaxiality parameter ) because of the different
conventions used in the respective publications.
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relaxation/viscuous friction effects during the first of the few hundred sample flips
that make up the total number of recorded transients.

The main results of the NMR experiments are summarized below. The tilt
experiment for the determination of the biaxiality parameter was conducted on
all different polymer systems for several temperatures within the liquid crystalline
phase. Multiple measurements were done for each temperature and both angles
(0° and 90°). Figure B=11] shows the result for a tilt experiment conducted on the
side-on 11 polymer at 316 K. The 90°-splitting is notably smaller than half of the
0°-splitting, as would have been expected for the case of a uniaxial nematic phase.
From the ratio of the quadrupolar splittings, the biaxiality parameter was calculated
according to (3=@) and for this temperature was 1 ~ 0.05.

Figure (a) displays the average biaxiality parameter as a function of the
reduced temperature T/7, ; for the different investigated systems. For the sake of
clarity, the error intervals based on the maximum error of multiple measurements,
which vary between 0.005 and 0.015, are omitted in this graph. Two-dimensional
(2D) 2H-correlation experiments were conducted for sample orientations of 0° and
90° to determine the degree of heterogeneous broadening present in the different
systems. Such an underlying heterogenous contribution can be caused by a director
distribution that is stable on the time scale of the NMR experiment and might
interfere with a precise measurement of the quadrupolar splitting. A comparison
between the line width of a peak along the diagonal and the line width of that
same peak parallel to the anti-diagonal provides a measure for the degree of the
imhomogeneous contribution to the line width [Iﬁl, E] The difference between
these line widths is taken as the interval in which an exact determination of the

y
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Figure 5-11. Result for a tilt experiment conducted on the side-on 11 polymer at 316 K: 0°-spectrum
(top) and 90°-spectrum (bottom); the dashed lines are the Lorentzian fits. The outer and inner pairs of
dashed lines respectively indicate the 0°-splitting and half of this splitting. See m] for more spectra,
fits, and residuals
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Figure 5-12. (a) Temperature dependence of the biaxiality parameter for the different investigated
polymer systems, (b) exemplary 2D spectrum for the side-on 11 polymer at 316 K. Adapted from m]

quadrupolar splitting is possible. Figure 5=12] (b) shows one exemplary 2D spectrum
for the side-on 11 polymer at 316 K along with the parallel and anti-parallel projec-
tions. For each polymer, an error interval based on the 2D spectra for one exemplary
temperature is included in the graph in Figure B-12] (a).

From the results of the investigations of the end-on polymers, where the
mesogenic units are terminally connected to the polymer backbone, it could be seen
that a long spacer enables a decoupling of the liquid crystal and the polymer. The
end-on 6 polymer displayed uniaxial behavior over the entire region of the nematic
phase and in this sense resembled the behavior of a low molar mass liquid crystal.
In contrast to this, the end-on 4 polymer exhibited a biaxial nematic phase at low
temperatures. This proved the important influence of the spacer length between the
mesogenic unit and the polymer backbone, as has been found in earlier studies
conducted on cholesteric liquid crystals [E] The formation of a biaxial nematic
phase was observed, although the biaxiality was clearly less pronounced in the end-
on mesogen when compared with the side-on mesogen. A reduction of the spacer
length from 11 to 6 carbon atoms for the side-on polymer resulted in an increase
of the biaxiality parameter at comparably reduced temperatures. For the side-on
6 polymer, the existence of a uniaxial nematic phase could not be proven unambigu-
ously. The addition of a low molar mass liquid crystal to the side-on 11 polymer,
which induced a downward shift of the glass transition temperature, resulted in
a decreased temperature dependence of the biaxiality parameter. The onset of
increasing biaxiality parameters was shifted towards lower reduced temperatures.

The importance of polymer dynamics for the formation of a biaxial nematic phase
is shown in Figure B-13] where the biaxiality parameter for the different systems
is plotted as a function of T/T,. It can be seen that the temperature dependent
behavior was very similar for all investigated systems except for the side-on 11 mix
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Figure 5-13. The biaxiality parameter for the different systems as a function of 7/T,. Data replotted
from E]

systemEl The formation of a biaxial nematic phase occured upon approaching the
glass transition temperature at 7/7, ~ 1.16. This clearly demonstrates the surprising
role of the glass transition and thus the importance of polymer dynamics for the
stabilization of the biaxial nematic phase, as discussed in more detail in [IE]

We note that a potential artifact which might mimic phase biaxiality is the occurrence
of adynamic frequency shift of the quadrupolar splitting due to director fluctuations on
intermediate timescales. This has been discussed by Frezzato, Moro, and Kothe [E]
However, this frequency shiftis predicted to decrease with increasing correlation times
(and thus with decreasing temperature) and therefore cannot serve as an explanation
for the observation of an increasing biaxiality parameter at lower temperatures.

33 Effects of Phase Biaxiality on Cholesteric Phase Structure

The effect of potential phase biaxiality on the structure of cholesteric liquid crystals
was investigated in detailed optical studies by Ogawa and Finkelmann ﬂj]. In
cholesteric liquid crystals, a characteristic fingerprint texture is obtained when
the helical axis is oriented parallel to the surface using homeotropic boundary
conditions. In the case of a uniaxial cholesteric liquid crystal, black pseudo-isotropic
lines separated by a distance of half of the pitch length are observed under crossed
polarizers in the regions of local alignment of the director perpendicular to the
surface. This is schematically depicted in Figure 3=14] (a). If the fingerprint texture
is formed by a biaxial cholesteric polymer, one characteristic change is expected,
as can be seen in Figure [5-14] (b), where the locations of homeotropic alignment of
the director are no longer pseudo-isotropic but birefringent. This has indeed been

4 The rather wide error interval for the side-on 11 mix sample originates from the difficulty to assign
the glass transition temperature 7}, which was rather smeared out in the DSC scans for this sample.
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Figure 5-14. Schematic representation of (a) a uniaxial cholesteric phase and (b) a biaxial cholesteric
phase. Figure reprinted from H. Ogawa, E. Stibal-Fischer, and H. Finkelmann, Macromol. Chem. Phys.
205, 593 (2004) with permission from Wiley-VCH

—p

found by Ogawa and Finkelmann. In a mixture of a low-molar mass liquid crystal
(4-cyanophenyl-4-trans-pentylcyclohexane) with a biaxial cholesteric copolyme
with laterally attached mesogenic units, periodic lines still existed. These lines,
however, were no longer black but colored. The microscope picture on the left
side of Figure [3-13] shows a conventional fingerprint texture obtained by a mixture
with 10% cholesteric polymer, while the one on the right side depicts a distorted
fingerprint texture from a mixture with 80% cholesteric polymer.

An increasing phase biaxiality obviously disturbed the smooth optical period-
icity of the cholesteric phase structure. Whether these defects were due to a
modification of the continuous twist of the main director or to the biaxial optics

3 For the synthesis of the biaxial cholesteric copolymer, the side-on 6 polymer from the NMR study
(see above) and cholesterylcarbonate in a concentration range from 1 to 10% were used.
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Figure 5-15. Fingerprint texture of a low molar mass liquid crystal with 10% (left) and 80% (right)
biaxial cholesteric polymer. Figure reprinted from H. Ogawa, E. Stibal-Fischer, and H. Finkelmann,
Macromol. Chem. Phys. 205, 593 (2004) with permission from Wiley-VCH

and a non-uniform orientation of the minor directors was not answered on the basis
of these experiments.

4. PHASE BIAXIALITY IN COMBINED DISC-ROD MESOGENS

Rod- and disc-shaped mesogens are likewise capable of forming uniaxial nematic
phases N,,. In the early 1970s, Alben m] published a theoretical calculation based on
a mean-field lattice model in which he predicted the appearance of a biaxial nematic
phase N for mixtures containing certain ratios between discs and rods. The phase
diagram corresponding to his prediction is schematically shown in Figure

However, thermodynamics requires the system to phase separate into two N,
phases. This important point was ignored by Alben and was first noted very much
later ﬂ2__1|, E] The long search to find a miscibility between the two types of
mesogens was not successful for a long time m, @]

To avoid phase separation between the two moieties, a vast effort was devoted
towards the synthesis of chemically linked disc-rod molecules M] Beyond
that, mixtures of prolate and oblate mesogens have stimulated theorists to perform
intensive computer simulations. Simulations and molecular field theories predict the
biaxial nematic phase to occur around the minimum of the transition temperature
T, ; from the nematic to the isotropic phase ﬂﬁ] Furthermore, a strong decrease of
the transition enthalpy is expected upon approaching the tricritical point.

In 2003 Mehl and Kouwer [28] published a miscibility study of a novel mesogen
bearing both a calamitic and a discotic part. The synthetic concept as well as
the chemical structure of this mesogen is shown in Figure B-171 Surprisingly,
this combined rod-disc compound 1 was separately miscible with either of the
pure mesogens, i.e., the disc 2 and the rod 3, over the entire composition range.
The mixing behavior was determined by studying contact samples using optical
microscopy, which gave no indication for a miscibility gap and revealed the presence
of a nematic phase by a typical schlieren or marble texture. Polarization microscopy
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Figure 5-16. Schematic phase diagram containing the N phase. For board-shaped molecules, x scales
with the ratio b/a; for mixtures of discs and rods, x represents the fraction of discs. The exact shape of
the phase transitions between the Ny and the Ny; phase depends on the model used. Figure reprinted with
permission from P. H. J. Kouwer and G. H. Mehl, J. Am. Chem. Soc. Commun., 125, 11172. Copyright
2003 American Chemical Society
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Figure 5-17. Synthesis of the disc-rod mesogen. Details can be found in the corresponding literature.
Figure reprinted with permission from P. H. J. Kouwer and G. H. Mehl, J. Am. Chem. Soc. Commun.,
125, 11172. Copyright 2003 American Chemical Society
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as well as differential scanning calorimetry experiments were conducted on discrete
mixtures consisting of either the combined mesogen with the rods or the combined
mesogen with the discs, and were used for the construction of the phase diagrams,
one of which is given in Figure B=18]

A minimum in the clearing temperature was observed when the fraction of
the disc mesogen was approximately 0.56, as can be seen in Figure (a).
As predicted in theoretical and simulation studies for the occurrence of a biaxial
nematic phase, the latent heat of the phase transition strongly decreased upon
approaching this composition range, reaching a minimum also at a fraction of 0.56
(Figure B=18] (b)). A reliable determination of the exact value for the transition
enthalpies in this composition range proved difficult due to the limit of the sensitivity
of the instrument used. However, another strong indication for the presence of a
biaxial nematic phase was the fact that a second phase transition between the glass
transition and the clearing temperature could be observed in the DSC traces of these
mixtures (Figure B-1§] (c)). These transitions were not accompanied by a change
of the textures, as observed by optical microscopy during prolonged annealing,
and X-ray investigations did not indicate the presence of any positional ordering.
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Figure 5-18. (a) Phase diagram of 1 and 2. The lines are a guide to the eye. DSC traces of mixtures
I-IV are shown in diagram (c). (b) Latent heat values for the N,-I and N,-N, transitions of mixtures of
1 and 2. The dotted line represents the maximum resolution of the DSC for integrating phase transitions
unambiguously. The inset shows a magnification from the data in the box. (c) Normalized DSC traces
of 1 and 2 (in the N, phase region) in the following ratios: (I) 0.50:0.50; (II) 0.46:0.54; (III) 0.43:0.57;
and (IV) 0.37:0.63. Figure reprinted with permission from P. H. J. Kouwer and G. H. Mehl, J. Am.
Chem. Soc. Commun., 125, 11172. Copyright 2003 American Chemical Society
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All these observations are in good agreement with the theoretical prediction of a
biaxial nematic phase. This conclusion will have to be confirmed using further
experimental techniques, by performing for example, solid state NMR experiments
on specifically deuterated samples.

Only very recently have individual disc and rod-shaped mesogens been synthe-
sized and found to be completely miscible in the nematic phase. The miscibility
behavior has been investigated and confirmed by polarization microscopy, DSC
and X-ray diffraction studies @]

S. BIAXTAL NEMATIC PHASES IN LIQUID CRYSTALS
CONSISTING OF BANANA MESOGENS

Another class of mesogen, which has proven to be a successful candidate for the
formation of a biaxial nematic phase, is made up of the so-called bent-core, or
banana mesogens. In this kind of mesogen, two rod-like molecules are chemically
linked together via a central unit. The molecular structure of such a banana mesogen
is schematically given in Figure 5=19

The shape of these mesogens is clearly biaxial. However, the stability of a biaxial
nematic phase strongly depends on the inter-arm angle 6,. A theoretical model based
purely on repulsive molecular interactions [@] as well as another model including
attractive and repulsive anisotropic interactions [Iﬂ] both predict the Landau point,
i.e., the point where a direct transition from the isotropic state to the biaxial nematic
state occurs, to be achieved when the inter-arm angle adopts the tetrahedral value of
109.47°. On the other hand, the stability of the biaxial nematic phase is limited by
the crystallization of the system. Therefore, the range of angles for which a biaxial
nematic phase can be expected is extremely small, on the order of £2° from the
tetrahedral value.

Within the last few years, two different experimental techniques could success-
fully prove the existence of a biaxial nematic phase in liquid crystals based on
bent-core mesogens. Madsen et al. [@] found indications for a phase biaxiality with
polarization microscopy and conoscopy and also obtained additional quantitative
evidence by means of deuterium NMR. Acharya and co-workers [E] used X-ray

o
O

O

R R

Figure 5-19. Molecular structure of a bent-core mesogen. R is an aliphatic chain; X represents the
central core, which is an oxadiazole for the examples discussed in the following. The arrow indicates
the direction of the transverse dipole moment. Figure adapted from m]
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diffraction measurements as the experimental method by which they successfully
confirmed phase biaxiality in the same system.

5.1 Deuterium NMR Investigations

Samulski and co-workers [E] investigated two different bent-core mesogens, where
the core consisted of an oxadiazole and the aliphatic chain R in the structure shown
in Figure B=19] was either an OC,,- or a C,-unit. Figure 3=20] shows polarization
microscopy pictures as well as conoscopic results for the OC,, sample.
Figure[3-20(a) shows a birefringent schlieren texture in a cell with a homeotropic
surface treatment. Since this alone is not definitive evidence for a biaxial nematic
phaseE additional optical experiments were conducted. In a homeotropic surface-
treated wedge cell “dark” states were observed (Figure 5=20(b)). Conoscopic inves-
tigations of these dark states revealed the transformation of an apparently uniaxial
structure to an increasingly biaxial structure upon lowering the temperature, as can
be seen in Figure [3=20] (c). These optical results strongly indicated phase biaxiality,
however, surface-induced biaxiality can never be ruled out completely. Therefore,
deuterium NMR spectroscopy was used to gain unambiguous and quantitative results.
As in the study of Luckhurst and collegues discussed in Section [I] and in the
experiments conducted on liquid crystalline polymers introduced in Section 2.2,
the solute “probe” molecule used for the NMR investigations was HMB-d 5. The
rotation technique discussed in Section [[] was used to isotropically distribute the
respective z and y components of the susceptibility tensor in a plane perpendicular

Figure 5-20. Microscopy in the nematic phase of OC,. a) Homeotropic 4 um cell; b) wedge-shape cell
with homeotropic surface treatment; c) opening of the isogyres on cooling the dark nematic domain in
b), sample temperature from left to right of 204, 202, 201, and 200° C. Figure reprinted with permission
from L. A. Madsen, T. J. Dingemans, M. Nakata, and E. T. Samulski, Phys. Rev. Lett., 92, 145505
(2004). Copyright 2004 American Physical Society

6 A nonuniform director configuration would also appear birefringent.
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to the rotation axis. The experimental spectrum was compared to calculated ones
assuming different biaxiality parameters. Due to a much lower viscosity, consid-
erably higher rotation frequencies (hundreds of Hz) were necessary to generate a
planar director distribution. The use of a theory derived by Photinos ef al. M]
to include rotational averaging on the experimental timescale was required due to
these high rotation rates.

Figure 3-21] shows different calculated spectra assuming biaxiality parameters of
0, 0.11, and 0.22. The experimental spectrum for the C;-mesogen at 174° C (within
the nematic phase) rotating at 230 Hz is superimposed on each of the simulations.
The best agreement between experiment and simulation can be observed for a
biaxiality parameter of 0.11 (Figure 3211 (b)), which demonstrates the biaxial nature
of the nematic phase. A biaxiality parameter of 0.08 has been measured at 184°C
in the same way. One should keep in mind that because of the indirect nature of
spin probe measurements, the value of the biaxiality parameter obtained in this way
most probably is a lower bound. However, the biaxiality in this system as well as
in the polymeric system discussed in section 2.2 is still far smaller than that of

n=0.22

7 6 -5 4 3 -2 01 2 3 4 5 6 7

Figure 5-21. Experimental spectrum for C; at 174° C at a rotation frequency of 230 Hz (solid line) along
with simulations (circles). The biaxiality parameter 1 used for the calculation is given on the right side of
the spectra; schematic representation of a biaxial nematic phase made of bent-core mesogens (far right).
Figure reprinted with permission from L. A. Madsen, T. J. Dingemans, M. Nakata, and E. T. Samulski,
Phys. Rev. Lett., 92, 145505 (2004). Copyright 2004 American Physical Society
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the lyotropic liquid crystal [EI], where D,0 acts as a spin probe. Yet, in the latter
case diffusion averaging occurs over much larger length scales between mesoscopic
aggregates of variable shape. Thus, the systems are hardly comparable.

5.2 X-Ray Diffraction Measurements

Three different types of bent-core molecules, the C; and OC,, introduced in Section
4.1 and an additional one with a heterocyclic core, were investigated by means of
X-ray diffraction (XRD) experiments. In general, the X-ray pattern of a conventional
uniaxial nematic phase exhibits one pair of diffusive spots at small angles and a
second pair at large angles along orthogonal directions, which originate from a
short-range positional correlation associated with the molecular length and width.
However, preliminary results [@] obtained from X-ray studies conducted on these
mesogens suggested a biaxiality in the nematic phase. This is because a splitting of
the small angle reflection into two pairs was observed.

Such a pattern is shown in Figure[5-22] where the nematic director n was oriented
using a strong magnetic field (5 T) in a capillary sample. The occurrence of the
four small angle peaks cannot be due to the presence of cybotactic groups, i.e.,
pre-transitional fluctuations pertaining to the underlying smectic C phase, for several
reasons. These include the fact that the four peaks persisted over the entire range of
the nematic phase, while cybotactic clusters would only be observable in a limited
temperature range.

To really demonstrate the biaxiality of this nematic phase, additional XRD
measurements were carried out using another type of sample cell. This cell was

Figure 5-22. Two-dimensional XRD pattern in the presence of a magnetic field H within the nematic
phase of C,. Figure reprinted with permission from Bharat R. Acharya, Andrew Primak, and Satyendra
Kumar, Phys. Rev. Lett., 92, 145506 (2004). Copyright 2004 American Physical Society
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prepared using insulated beryllium plates coated with polyimide film, between
which a homogeneous director orientation was achieved by rubbing in antiparallel
directions. This setup was used to orient both the nematic director n (z axis) and
the minor director m (x axis, defined as the mean orientation of the molecular apex
bisector) in the presence of an electric field. Exemplary results from these electric
field experiments are shown in Figure =23} In the absence of an electric field

E=0 E«0

Figure 5-23. Two-dimensional XRD pattern of OC,, at zero electric field (left) and in the presence of
an electric field applied perpendicular to the substrate (right). The corresponding small angle patterns
are magnified in the middle panels. The schematics at the bottom represent the respective experimental
setups and molecular orientations; the arrows indicate the rubbing direction R. Figure reprinted with
permission from Bharat R. Acharya, Andrew Primak, and Satyendra Kumar, Phys. Rev. Lett., 92, 145506
(2004). Copyright 2004 American Physical Society
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(left) four diffusive peaks were observed in the small angle region, as can be seen
in the magnification in the middle panels. When an electric field was applied, no
changes occurred until the electric field exceeded a threshold value of 6 x 10°V/m
(Fredericks transition). At that point, m reoriented perpendicular to the Be-plates
and the two pairs of reflections changed to one pair of arcs along the rubbing
direction. The wide angle reflections remained essentially unchanged, confirming
that n was still parallel to the rubbing direction. The fact that two distinct diffraction
patterns were observed in the the absence and the presence of an electric field ruled
out the possibility of a uniaxial nematic phase, since in that case any direction
perpendicular to the main director would be equivalent.

To verify the conclusions drawn above, different XRD patterns were calculated
using a simple model: the observed XRD pattern was taken to be the product of
the molecular form factor f(q) (i.e., the Fourier transform of the molecular electron
density) that explicitly includes the bent-core shape, and the structure factor S(q)
(i.e. the density-density correlation). Figure [5-24] shows the calculated small angle
patterns by applying the model and using geometrical values like the molecular
length and the apex angle 6, for the bent-core mesogen. The two patterns in the
figure correspond to: a) the xz-plane in the case of zero electric field and b) the
yz-plane when the electric field is switched on and perfect biaxial order is assumed.

The main features of the two experimental interference patterns in Figure[3-23]- two
pairs of diffuse peaks with an azimuthal angular separation of ~ 80° in the absence and
one pair of reflections in the presence of the electric field — were found in the calculated
patterns as well. This unambiguously proves the biaxial nature of the investigated
nematic phase. Latest polarization microscopy and X-ray experiments conducted on
azo-substituted achiral bent-core mesogens revealed the existence of a uniaxial and a
biaxial nematic phase as well as three smectic phases [@]

04 00 0.4
a, (&)

Figure 5-24. Calculated small angle XRD patterns, f(q) x S(q), in the a) xz-plane and b) the yz-plane
for perfect biaxial order. Figure reprinted with permission from Bharat R. Acharya, Andrew Primak,
and Satyendra Kumar, Phys. Rev. Lett., 92, 145506 (2004). Copyright 2004 American Physical Society
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The fact that the angle 6, of 140° between the two mesogenic arms in the
mesogens investigated above is far outside the range for which a biaxial nematic
phase has been predicted, indicates the important role of the large transverse
electrical dipole for the stabilization of the biaxial nematic phase.

6. ORGANO-SILOXANE TETRAPODES

In a 2004 study [@], polarized IR spectroscopy, conoscopy, and optical textures
suggested the phase biaxiality in organo-siloxane tetrapodes. In these tetrapodes,
the mesogens are connected to the siloxane core through four siloxane spacers.
This supermolecular system forms quasi-flat platelets, while at the same time,
it avoids problems associated with polydispersity and coil structure found in
linear polymers. The two different types of tetrapodes investigated are shown in
Figure (a) and (b); the local structure of the liquid crystalline tetrapodes, which
has been confirmed in X-ray diffraction measurements, is drawn in Figure 5=23] (c).

The three spatial components of the IR absorbance, one along (A,) and two
perpendicular (A,, A,) to the nematic director were measured using planar homoge-
neously and homeotropically oriented samples. These different sample geometries
were obtained using suitable surface treatment techniques. In Figure the
temperature dependence of the intensity of the absorbance components for the
phenyl stretching band (1160cm™!) as well as for the carbonyl stretching band
(1738 cm™1) in tetrapode A is shown. The phenyl stretching band was found to be
an excellent indicator of both the nematic and the biaxial ordering. In the nematic
phase, two regions can clearly be distinguished: In the first, the two transverse
components (A, and A)) are equal, corresponding to a uniaxial nematic phase,
Ny . Then, in the second region, these transverse components start to diverge. This
region consequently corresponds to a biaxial nematic phase Nj.
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Figure 5-25. Molecular structures of the two tetrapodes: (a) A with asymmetric mesogens and (b) B
with symmetric mesogens. (c) Platelet formed by the tetrapode A. Figure reprinted with permission from
K. Merkel, A. Kocot, J. K. Vij, R. Korlacki, G. H. Mehl, and T. Meyer, Phys. Rev. Lett., 93, 237801.
Copyright 2004 American Physical Society
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Figure 5-26. Absorbance components normalized with those of the isotropic phase for the tetrapode A:
A, (triangle), A, (nabla), A, (diamond) values for the phenyl ring stretching band; A, (circle) and A,
(square) values for the carbonyl stretching band. Figure reprinted with permission from K. Merkel,
A. Kocot, J. K. Vij, R. Korlacki, G. H. Mehl, and T. Meyer, Phys. Rev. Lett., 93, 237801. Copyright
2004 American Physical Society

Using the three components of absorbance, the four scalar order parameters S, D,
C, and P proposed by Straley [E] can be calculated [@ @] The observed sequence
of the phase transitions is shown in Figure =271 At 320K the uniaxial-isotropic
phase transition is observed. In the isotropic phase (I) all order parameters are zero,

0.6
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Figure 5-27. Order parameters for tetrapode A: S (square), P (circle), D (nabla), and C (diamond).

Figure reprinted with permission from K. Merkel, A. Kocot, J. K. Vij, R. Korlacki, G. H. Mehl, and
T. Meyer, Phys. Rev. Lett., 93, 237801. Copyright 2004 American Physical Society
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while in the uniaxial nematic phase Ny, S, corresponding to the nematic order
parameter, and D, associated with the molecular biaxiality for a uniaxial nematic
phase, are different from zero. Then, as the temperature is lowered to 310K, a
second transition to a biaxial nematic phase Ny occurs. Here, both C, the molecular
biaxiality in a biaxial phase and P, the phase biaxiality in the system, are also
nonzero. Observations of texture and conoscopic experiments support the phase
sequence found in the infrared experiments. The phase sequence for tetrapode B
was determined in the same way. In addition to a smectic phase, this tetrapode also
exhibits a uniaxial Ny; and a biaxial nematic phase Ny found in tetrapode A.

In a recent publication, these findings have been nicely confirmed by deuterium
NMR investigations of a spin probe dissolved in the organo-siloxane tetrapodes [@],
where the same sample-flip technique was applied as in [EI, ]. In their study,
the authors point out that the mode of stabilization of the biaxial nematic phase in
tetrapodes and liquid-crystalline side-chain polymers, i.e., the lateral fixation of the
mesogenic group, may in fact be similar.

7. SUMMARY

In this chapter, various liquid crystalline systems for which phase biaxiality has
recently been shown are discussed. Furthermore, the different experimental methods
applied to these systems are introduced.

Conoscopy provides an extremely sensitive method with which to determine the
degree of biaxiality. By the early 1990’s, conoscopic measurements had already
indicated the presence of phase biaxiality in a nematic side-on liquid crystalline side-
chain polymer [E] However, the method’s sensitivity is also its weak point because
surface effects may induce optical biaxiality in an actual uniaxial system. For this
reason, deuterium NMR was used to confirm phase biaxiality in a liquid crystalline
polymer system similar to the one investigated with conoscopy by Leube [H—IE]
Due to the fairly high viscosity of the polymeric samples, the tilt experiment,
employed by Yu and Saupe to show phase biaxiality in a lyotropic liquid crystal [E],
was used. The results obtained in this way are in good agreement with observations
of optical textures in a biaxial cholesteric copolymer ﬂ%], where phase biaxiality
disturbs the smooth optical periodicity of the cholesteric phase structure.

Mixtures of discs and rods have been predicted to form a biaxial nematic
phase [E] Avoiding the problem of phase separation between the two moieties,
chemically linked disc-rod molecules have been studied. Optical textures, misci-
bility studies, and DSC experiments all resulted in the conclusion that, for a mixture
with a certain ratio between the combined mesogen and the pure disc mesogen, a
biaxial nematic phase had indeed been found [28]. However, this conclusion will
have to be confirmed using additional experimental techniques, as, for example,
deuterium NMR spectroscopy.

Using different experimental methods, two research groups recently indepen-
dently confirmed phase biaxiality in liquid crystals consisting of banana mesogens.
The first group conducted deuterium NMR experiments to unambiguously verify the
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biaxial nature of the nematic phase [E]. The relatively low viscosity necessitated
the use of the rotation method for the investigation of the biaxiality parameter. The
biaxiality of the nematic phase was further supported by the observation of optical
textures and conoscopic investigations. Another group used X-ray diffraction exper-
iments [IE, E] to successfully demonstrate phase biaxiality in the same system.
To obtain a biaxially oriented sample, surface effects were exploited and magnetic
or electric fields were applied during the X-ray measurements.

Finally, polarized IR spectroscopy is another sensitive method for the study of
phase symmetry in liquid crystals. It was recently applied to prove phase biaxiality
in organo-siloxane tetrapodes [Iﬁ] — a supermolecular system forming quasi-flat
platelets. Planar homogenously and homeotropically oriented samples were studied
in order to derive all relevant order parameters from the three components of the
IR absorbance. The presence of both a uniaxial and a biaxial nematic phase was
detected, and again, optical textures and conoscopic observations supported these
findings.
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CHAPTER 6
NMR STUDY OF SELF-DIFFUSION

ANATOLY KHITRIN
Department of Chemistry, Kent State University, Kent, OH 44242-0001

1. INTRODUCTION

Self-diffusion, translational motion of molecules in liquid crystal, provides
important information about internal viscosity, anisotropic intermolecular interac-
tions, and ordering in mesophase. Although it has been extensively studied, there is
a lack of reliable data for the diffusion coefficients, due to experimental limitations
of the existing techniques, and the results presented in different works are often
inconsistent. Coefficients of self-diffusion can be measured with various methods,
such as quasielastic neutron scattering (QENS) ﬂ] forced Rayleigh scattering (FRS)
[ﬁ, E], or NMR [EI] Most of the previously reported data for liquid crystals suffer
from insufficient accuracy and may differ from one another by almost an order of
magnitude. A comparison of results, obtained with different techniques for 4-pentyl-
4’-cyanobiphenyl (5CB), and a review of various methods is presented in [[3]. The
most accurate values of coefficients of self-diffusion in thermotropic liquid crystals
have probably been reported in recent papers [E, ], where an NMR technique using
gradient slice selection, stimulated echo, and multi-pulse homonuclear decoupling
has been developed. However, it is known that the radio-frequency power required
for homo- or heteronuclear proton decoupling creates considerable heating of the
sample, even in thermotropic liquid crystals ﬁ] The resulting gradients of temper-
ature affect the order parameter, create convective flows, and reduce the accuracy
of measurements.

For liquids, a pulsed-gradient NMR technique is the most direct method of
measuring the diffusion coefficients. It monitors spatial displacement of molecules
in the direction of the applied magnetic field gradients and does not require any
assumptions about the long-time behavior of the velocity autocorrelation function,
as QENS, or chemical modification of molecules, as FRS. The method is routinely
used for liquids, where anisotropic spin interactions are averaged by molecular
motions and NMR peaks are sharp, usually on the order of few Hz.
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Figure 6-1. A scheme of pulsed-gradient spin-echo NMR sequence for measuring coeffiecients of
self-diffusion

The spin-echo pulse sequence [@] for measuring coefficients of self-diffusion is
shown in Figure [6=1] Transverse magnetization created by the initial 90° pulse is
dephased by the first gradient pulse. A combination of the 180° pulse and the second
gradient reverses this evolution and refocuses the magnetization. Such refocusing
is perfect only if a nucleus producing the signal does not change its spatial position,
otherwise the reversal of the evolution is incomplete. An additional decay of a
spin echo amplitude S, resulting from molecular diffusion, is described by the
Stejskal-Tanner relation [E]

(6-1) S ocexp{—(yG)’8°(A—6/3)D},

where +y is the gyromagnetic ratio of the nuclei, G is the amplitude of the two
gradient pulses, 6 is their duration, A is the interval between the gradient pulses, and
D is the diffusion coefficient. Eq. (6=1) shows that the effect of diffusion depends
on the cube of the time available for applying the magnetic field gradients.

In liquid crystals, intra-molecular dipole-dipole interactions are not averaged out
by molecular motions. As a result, conventional proton NMR spectra are very
broad, with linewidths reaching tens kHz, and the free induction signals decay
about four orders of magnitude faster than in liquids. There is not enough time even
for strong magnetic field gradients to produce a noticeable effect. In other words,
line-broadening decreases an accuracy of gradient labeling of a spatial position and
makes conventional pulsed-gradient NMR techniques inefficient. In substances with
short T,, like liquid crystals, it is impossible to measure diffusion without applying
some line-narrowing technique.

2. COLLECTIVE COHERENT RESPONSE SIGNALS

Recently, we have found that long and weak radio-frequency pulses can excite very
sharp proton NMR response signals in liquid crystals [E]—h] For 5CB, as an
example, the linewidth of the coherent long-lived collective response signal can be
as narrow as 12 Hz.

The phase of the signal excited by a “soft” pulse is opposite to the phase of a
signal excited by a “hard” 90° pulse. The process of excitation is non-linear, and
experiments with two consecutive weak pulses, the second one having a 90° phase
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shift, show a very unusual behavior [@]. During a lifetime of the signal, individual
spins can perform thousands of almost random rotations in their fluctuating local
fields. Long lifetime of the signal is a result of correlated motion of a large number
of spins. Larger intensities of the signals are found in cases when the dipole-
dipole couplings are partially averaged by molecular motions m] Such collective
response signals are excited at the generator, rather then the Larmor frequency and,
therefore, carry no spectroscopic information. But they are suitable for encodin
spatial position in the presence of gradients and can be used in imaging ﬂE, @g]
or diffusion measurements m] In fact, excitation at the generator frequency has
an extra advantage of being insensitive to a static field inhomogeneity caused by
non-perfect shims or magnetic susceptibility variations.

The example in Figure[8=2] demonstrates the line narrowing which can be achieved
by using the new type of excitation of NMR signals. Figure [B-2JA shows the
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Figure 6-2. (A) Conventional 'H NMR spectra of SCB excited 5.5 s 90°-pulse; (B) 'H NMR spectrum

of 5CB excited with 100 ms pulse of RF amplitude yB, /27 = 55Hz, acquisition delay is 200 s, the
linewidth is 37 Hz
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conventional 'H NMR spectrum of 5CB (4’-n-pentyl-4-biphenylcarbonitrile). Its
width, about 35 kHz, is determined by residual dipolar couplings between proton
spins. With soft excitation, the linewidth is decreased by more than 1,000 times
(Figure [6=21B). Please note that the frequency scales in Figures [6=2]A and [6=2B are
different. Actual phase of the signal excited by the soft pulse is opposite to that of
the conventional spectra. For convenience, the spectrum in Figure [6=21B is shown
with 180° phase shifts.

At present, there is no good understanding of physical origin of the coherent
response signals. A theoretical consideration [E] suggests that such response to
weak excitation may be a general phenomenon, although it gives no estimate
for the signal intensity. Discussion h] relates this unusual type of response to
non-equilibrium saturation. Simulations for small (ten spins) static clusters ﬂm]
reproduce most of the experimental features of the signals. For systems with
unrestricted network of dipolar couplings, it was found that molecular and segmental
motions greatly enhance the signals intensity, although no explicit dependence on T,
or T, has been found. Experimental study of various organic solids [[12] highlighted
the important role of fast molecular motions. We have found that soft excitation
produces intense signals in soft polymers (polybutadiene, polyurethane, PDMS,
collagen), and were able to acquire high-quality 3D images of such systems. For
all tested liquid crystals, soft excitation pulses produce intense coherent response
signals suitable for NMR imaging or diffusion measurements. It is possible that
there exist more efficient methods of exciting long-lived signals in systems with
dipolar-broadened spectra. However, insufficient theoretical understanding of these
signals makes it difficult today to identify promising schemes.

Proton NMR peaks produced in liquid crystals by soft excitation pulses are
considerably narrower than what can be achieved with multi-pulse decoupling, and
such signals can be used for very accurate measurement of coefficients of self-
diffusion. With this type of excitation, the radio-frequency power is at least six
orders of magnitude smaller than an average power needed for homo- or hetero-
nuclear proton decoupling. Therefore, the radio-frequency heating of the sample
does not affect the measurements.

3. GRADIENT-ECHO WITH SOFT EXCITATION PULSE

Here we present the results of measuring the coefficients of parallel self-diffusion
for two thermotropic nematic liquid crystals, SCB (4-pentyl-4’-cyanobiphenyl) and
EBBA (N-(4-ethoxybenzylidene)-4-butylaniline), which have been studied previ-
ously with various techniques. Basically, the pulse sequence is a standard sequence
for diffusion measurement ﬂQ] shown in Figure The only differences are a
long and weak excitation pulse, instead of a hard m/2 pulse, and use of gradients
of opposite sign, instead of using a m-pulse in the middle between the gradient
pulses. The m-pulse is not used because, as we have found, it destroys the coherent
response signal. It is a consequence of the fact that the Hamiltonians representing
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Figure 6-3. A gradient-echo pulse sequence with soft excitation pulse for measuring coefficient of
self-diffusion in liquid crystals

the dipolar interactions and the chemical shifts interactions do not commute. The
pulse sequence is presented in Figure [6=3]

We used the liquid crystals SCB and EBBA, as purchased from Aldrich,
without further purification. The experiments have been performed with a Varian
Unity/Inova 500 MHz NMR spectrometer equipped with a standard z-gradient
probe. The accuracy of the temperature stabilization was 0.1°C. The samples had
the 5 mm height in 5 mm flat-bottom NMR tubes. The small height of the samples

0.0
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Figure 6-4. Amplitudes of the echo signal in 5CB at 25°C for different widths of the gradient pulses.
The maximum width of the gradient pulse 6 is 15.6 ms; A = 40ms; the delay between the RF and the
first gradient pulses is 1 ms; the gradient amplitude is 20 G/cm. The excitation pulse has the duration
of 0.1s and the amplitude of radio-frequency field yB,/2m = 25Hz. The amplitudes of the phased
(O) and Absolute value(+) signals are shown. The diffusion coefficient obtained from a linear fit is
D =4.90-10""7cm?/s
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was chosen to reduce the possibility of convective flows. We were able to use
short samples because of comparatively strong signals, and because the peaks are
excited at the generator, rather than at the Larmor, frequency. Therefore, good
shimming was not necessary. The gradients have been calibrated with a special
model sample, a 5 mm flat-bottom NMR tube filled with SCB and a Teflon insert
of known geometry.

The amplitudes of the gradient-echo signal for SCB at 25°C are shown in
Figure [6=4] for different durations & of the gradient pulses. Two sets of points
are presented for the phased and absolute-value signals. Coincidence of the two
sets and an excellent linear fit according to Eq. (6=I) demonstrate that there are
no phase or shape distortions and that the measurement is accurate. The obtained
value of the coefficient of parallel self-diffusion in 5CB at 25° C was found to be
(4.940.1)-1077 cm?/s.

The temperature dependences of the coefficients of self-diffusion for 5CB and
EBBA are shown in Figure and Figure respectively. The corresponding
previously reported data ﬂa] are shown for comparison. One can see that our
data for EBBA in Figure for the temperature range not including the phase
transition points demonstrate practically ideal Arrhenius temperature dependence of
the diffusion coefficient. For 5CB in Figure [6-3] there is a significant deviation as
the temperature increases and approaches the temperature of transition to isotropic
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Figure 6-5. Temperature dependence of the coefficient of parallel diffusion for SCB in the range
35-23°C; data sets (+) and (x) are obtained for decreasing, and (O) for increasing temperature, (V) is
the data ]
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Figure 6-6. Temperature dependence of the coefficient of parallel diffusion for EBBA in the range
70-45°C (4), (V) is the data. [E] The experiment is performed upon cooling

state. Besides that, we have found that the values of the diffusion coefficients
in a rather broad interval near the transition temperature depend on a history
of heating/cooling even when very slow changes in temperature are performed.
Differences between the values obtained for the same sample at the same temper-
ature sometimes considerably exceed the accuracy of our measurements. Typical
scattering of data in different experimental runs can be seen in Figure where
two sets of points are shown for decreasing temperature (starting from the isotropic
state) and one for increasing temperature. These history-dependent variations of the
coefficients of self-diffusion are especially large near the point of phase transition
to isotropic state.

In conclusion, we would like to mention some of the advantages of the described
technique for studying self-diffusion in liquid crystals. (a) The linewidth of NMR
peaks excited with “soft” pulses is much smaller than what can be achieved with
a radio-frequency decoupling. As a result, weaker gradients can be used. In the
presented examples we used 20 G/cm compared to 160 G/cm used in [E, ]. Weaker
gradients mean reduced heating of the probe, mechanical forces, and line distortions.
Therefore, higher accuracy of the diffusion measurements can be achieved. (b) No
RF pulses are applied simultaneously with the gradient pulses. There is no distortion
from the interference between the gradient and RF pulses. (c) Radio-frequency
heating is negligible in our case. The radio-frequency power we use for the signal
excitation is at least six orders of magnitude smaller than the average power of the
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decoupling sequences. We believe that the technique can be used to study diffusion
in biologically interesting lyotropic systems where the problem of radio-frequency
heating is especially severe.
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STRUCTURE AND DYNAMICS OF THERMOTROPIC
LIQUID CRYSTALLINE POLYMERS BY NMR
SPECTROSCOPY
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of Department of Applied Chemistry, Keio University, Yagami, Kohoku-ku, Yokohama, Japan.)

2 Department of Chemistry, Gunma University, Tenjin-cho, Kiryu, Gunma, Japan

1. INTRODUCTION

Thermotropic liquid-crystalline (LC) polymers are one of important soft materials
such as polymer liquid crystals, polymer gels, vulcanized elastomers, efc., in which
molecular motion is much higher compared with solid polymers ﬂ,ﬁ] LC polymers
have both positional and orientational orders in the LC phase. The amount of order
in a liquid crystal is quite small compared with a crystal. The polymer chain is
rapidly rotating around the long chain axis and diffusing in the directions parallel
and perpendicular to the long chain axis. Such anisotropic structures induce various
characteristic properties to be used as materials. In order to develop new polymer
materials, LC polymer design has been performed on the basis of advanced polymer
science and technology. The properties of LC polymers are closely related to their
structures and dynamics. From such situations, the establishment of methods for
elucidating the structures and dynamics is important for making reliable LC polymer
design and developing new advanced polymer gels. A considerable amount of
efforts directed toward the rigid-rod polyesters and polyesters with long flexible
side chains as a consequence of their ability to form thermotropic LC phases [E—m]
Also, polysiloxanes with n-alkyl side chain form the thermotropic LC phase. Prior
to and concurrent with these studies it was shown that rigid-rod polymers with long
alkyl side chains such as poly(‘y-octadecyl L-glutamate) (POLG, that is PG-18) can
form the thermotropic cholesteric, smectic and columnar phases [IE, E] It has been
demonstrated that the rigidity of the main chain and the flexibility of long olefinic
side chains take an important role for formation of the thermotropic liquid crystals.
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From such a background, the structure and dynamics of the main chain and side
chains of LC polymers have been sophisticatedly characterized by solid-state NMR
and pulse field-gradient spin-echo (PFGSE) NMR to understand an important role
for formation of the thermotropic liquid crystals M] Details of these works
will be introduced.

2. STRUCTURE AND DYNAMICS OF CRYSTALLINE
AND LIQUID CRYSTALLINE POLYESTERS WITH FLEXIBLE
SIDE CHAINS

2.1 Rigid-rod Polyesters with 1, 4-dialkyl Esters of Pyromellitic Acid
and 4, 4’-biphenol

B-Cn polyesters(n: the carbon number of the n-alkyl side chain) such as B-C6
indicated in Figure have been used [E, @]

The B-Cn polyesters form two layered crystals (K1 and K2) and two kinds of
LC phases (LC-1 and LC-2) as the phase behavior shown in Figure =11 In the
layered K1 and K2 crystalline phases, the aromatic main chains are in fully extended
conformation with a repeat length of 1.66 nm and are regularly packed within a
layer as determined from X-ray diffraction. The LC-2 phase, the lower temperature
mesophase, has a layered segregated structure similar to that of the crystalline phase
although its fundamental structure is remarkably altered in several aspects from the
crystal structure. The main chains are still in an elongated conformation (a repeat
length of 1.66 nm) as the crystalline phase, but they are packed into a layer having
positional order only along the chain axis but not in the lateral direction. The side
chains placed between the layers are in a molten state, which gives rise to the LC
fluidity of the phase. This type of LC phase appears only for the B-Cn polyesters
in which the alkyl side chains are longer than n = 14. On the other hand, the
LC-1 phase, the higher temperature mesophase observed for all specimens displays
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Figure 7-1. Schematic illustration of thermotropic phase behavior in B-Cn polyesters
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a nematic-like optical texture, but a classic nematic phase cannot be postulated
because it still exhibits a lateral packing spacing as large as that in the LC-2 phase.
A biaxial nematic LC phase has been tentatively proposed such that the layers are
retained, but there are frequently irregularities in their packing. '*C TOSS CP-MAS

aliphatic side
chain carbons
A
4 M
aromatic main
chain carbons
e h A 0
[‘ ’ a , CH
s 1 233 2
m 2
//3
l'l[lllIllllllll]lllllll[!l'[l"])Tl’*

80 160 140 120 100 80 60 40 20

Figure 7-2. '3C TOSS CP-MAS NMR spectrum as observed for the crystalline phase of B-C6 with
peak assignments
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(total suppression of sidebands cross polarization-magic angle spinning) spectrum
of B-C6 in the crystalline phase is shown together with the chemical structure
and peak assignment in Figure [2d]. Further, 13C TOSS CP-MAS spectra of
B-C6, B-C12, B-C14, B-C16 and B-C18 in the crystalline state at 25° C are shown
in Figure [[-31 Here, peaks in the region of 100-180 ppm can be assigned to the
aromatic main-chain carbons and the peaks in the region of 10-80ppm to the
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Figure 7-3. 3C TOSS CP-MAS NMR spectra of B-Cn polyesters in the crystalline phase
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aliphatic side-chain carbons. The signal of the inner CH, carbons in n-alkyl side
chain with the carbon number of 16 splits into two peaks at 34.3 and 30.5 ppm
and that in n-alkyl side chain with the carbon number of 12 shows a single peak
at ca. 30 ppm [21l, M] Peak at 34.3 ppm comes from the inner CH, carbons in
the all-trans zigzag form and peak at 30.5 ppm comes from the inner CH, carbons
undergoing fast exchange between frans and gauche conformations. Therefore, it
can be said that the fraction of the inner CH, carbons in the all-trans zigzag form
is increased with an increase in the CH, carbon number of the side chain.

The conformational behavior of the side chains in the LC phase is employed.
The expanded aliphatic region in the observed *C MAS NMR spectra of B-C16
in the LC-2 phase at 96° C and isotropic phase at 148°C are shown in Figure [7-4

Interior
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Figure 7-4. Expanded aliphatic region of the 1*C gated decoupling-MAS NMR spectra for (a) LC-2 and
(b) isotropic phases of B-C16
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Peaks of the inner CH, carbons in the LC-2 and isotropic phases appear at 30.5
and 30.1 ppm, respectively. This means that the inner CH, carbons are undergoing
fast exchange between trans and gauche conformations and thus are in the molten
state and fluid-like mobile state. Also, the similar result is obtained as the isotropic

phase and LC-1 phase.
The expanded aromatic region in the '*C MAS NMR spectra of B-C12 in the LC-

1 phase, and B-C16 in the LC-2 phase and isotropic phase is shown in Figure [7-3]
ﬁ] The chemical shifts of the aromatic carbons are listed in Table[Z-1l The peaks in

(c) Iso

(b) LC

(a) LC2

ilIIIITIIIIIIYIrlllllrll_lr'l_ll_ifll[[l_1_l_|
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Figure 7-5. Expanded aromatic region of the '3C MAS spectra for (a) the LC-2 phase of B-C16 as
observed by the CP method and (b) the LC-1 phase of B-C12 and (c) the isotropic phase of B-C16 as
observed by the gated decoupling-MAS method
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Table 7-1. Observed '3C NMR chemical shifts for the aromatic carbons of the B-Cn polyesters in the
liquid crystalline and isotropic phases

13C chemical shift /ppm

C=0m)* C=0()’ C4 (2 CI’ C¥ Cl C2 C3

iso(B-C16) 165.7 164.2 150.8 134.8 134.8 1303 1303 1282 1219
LC-1(B-C12) 165.7 165.0 150.7 137.0 134.0 1303 1303 1282 122.6
LC-2(B-C16) 168.1 158.2 150.7 136.6 131.0 130.0 128.6 128.6 126.0/118.0

4 (m): in the main chain.
b (s): in the side chains.

the LC-1 and LC-2 phases are much broader than those in the crystalline phase. The
chemical shift values are similar to those in the crystalline phase. This is especially
evident in the spectra of the LC and crystalline phases which are identical, indicating
that in the LC phase all the aromatic groups are on a coplane, with the pyromel-
litic ester functionalities situated asymmetrically about the axis drawn between the
C1’ and C2’ carbons. In the LC phase, the twisted conformation as the crystalline
phase can also be assumed according to rough correspondence of the chemical
shift values although a significant difference in the chemical shifts of the carbonyl
carbons is observed as seen from Table[Z-1l This difference may result from a greater
degree of molecular motion of the main chain and side chains in the mesophase.

2.2 Structure and Dynamics of Rod like Poly(p-biphenylene
terephthalate) with Long n-alkyl Side Chains

Rod like poly(p-biphenylene terephathalates) having long n-alkyl side chains with
different lengths exhibit well-defined thermotropic LC phase behavior as elucidated
by DSC and X-ray diffraction [@, @] These polymers form the nematic LC phase
at high temperatures and two ordered mesophases at low temperatures. The structure
of the mesophases in the low temperature range depends on the carbon number of
the n-alkyl side chain, n. One of the mesophases is the hexagonal columnar phase
in the polymers with n of 8 to 12. Another is the layered phase in the polymer
with n = 18. In the polymers with n of 13 to 16, the hexagonal columnar phase and
layered phase coexist.

It has been shown that the hexagonal columnar phase forms honeycombed
network and has the microcavity with diameter of ca. 3 nm (Figure [Z-6) [3d]. It is
the first type of aromatic polyester with flexible side chains. Further, it is expected
that existence of the microcavity in the hexagonal columnar phase leads to possi-
bility to be used as soft materials with anisotropic field and so may be applied to
smart membranes. For this, structural and dynamic behavior of the polymers must
be characterized with high precision.

The conformational and dynamical behavior of the main chain and long n-alkyl
side chains of the polymers in the solid state and LC phase over a wide range
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Figure 7-6. Schematic diagram for the space in the long channel cavity in the columnar phase of PBpT-
012 viewed from the top. Closed ellipsoids: the main chain, and curved strings linked with the closed
ellipsoid: n-alkyl side chains

of temperatures has been characterized by '*C CP-MAS NMR, and the relation
between the structural and dynamic behavior and the phase transition behavior has
been elucidated [@] Poly(p-biphenylene terephthalate) with n-dodecyl side chains
(PBpT-012) synthesized by polycondensation of 4,4’-dihydroxybiphenyl with the
2,5-bis(dodecyloxy)terephthaloyl chloride in dry pyridine at 60° C is employed.

The observed 3C CP-MAS NMR spectrum of PBpT-O12 in the solid state at
room temperature is shown in Figure [7=]] together with the chemical structure. The
assignments of peaks are made by using reference data for poly(L-glutamate) with
n-octadecyl side chains as reported previously , 31, 32], and for rod aromatic
B-Cn polyester as reported by Sone, et al. [@] The methyl and methylene carbons
of n-alkyl side chains appear in the range of 0 ~ 80 ppm, and the main chain carbons
appear in the range of 100 ~ 180 ppm. These peaks in the range of 0 ~ 80 ppm are
straightforwardly assigned to the CH;, a-CH,, 3-CH,, int-CH,, y-CH,, and OCH,
carbons from high field, respectively. The eight carbons for the main chain are
assigned to the C4, C7, C6, C2, C8, C3, C5 and CI carbons from high field by
reference data reported previously |Zl| E]

Figure shows expanded '*C CP/MAS NMR spectra of PBpT-O12 in the
range of 0 ~ 80ppm in a wide range of temperatures from room temperature to
160° C in order to clarify temperature change of the side chain conformation [|Il|]
In the signal region derived from the interior CH,(int-CH,) carbons, two peaks
appear at temperatures from room temperature to 80°C. As above-mentioned, at
low temperatures the long n-alkyl side chains crystallize in the all-trans zigzag
conformation (the immobile state), but above any given temperature the side chain
crystallites melt and then the side chain carbons are undergoing rapid exchange
between the trans and gauche conformations (the mobile state). The CH, carbons
in the immobile state appear at about 33 ppm, and in the mobile state appear at
about 30 ppm. This shows that the '*C chemical shift value becomes a measure to
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Figure 7-7. 13C CP-MAS NMR spectrum of PBpT-O12 in the solid state at room temperature
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Figure 7-8. Expanded '3C CP-MAS NMR spectra of the n-dodecyl side chain carbons of PBpT-O12 as
a function of temperature
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determine whether the long n-alkyl side chains take in the immobile state or mobile
state. In the temperature range from room temperatures to 80° C the downfield peak
(as indicated by c) appears at about 33 ppm and on the other hand the upfield peak (as
indicated by a) appears at about 30 ppm. The downfield-peak intensity is decreased
with an increase in temperature and, on the other hand, the upfield-peak intensity
is increased with an increase in temperature. Above 120°C, the downfield peak
completely disappears and only the upfield peak appears. Small peak in the vicinity
of 33 ppm comes from the y-CH, carbon.

The methyl signal consists of two peaks. The intensity of the downfield peak
(indicated by c) at about 15 ppm is decreased with an increase in temperature in the
temperature range from room temperature to 80° C and disappears above 120°C.
On the other hand, the intensity of the upfield peak (as indicated by a) at about
14.5 ppm is increased with an increase in temperature. This behavior is very similar
to that of the int-CH, carbons. Thus, it can be assigned that the side-chain methyl
carbons in the immobile state appear at about 15 ppm and in the mobile state appear
at about 14.5 ppm.

From the above experimental results, it can be said that in the temperature
range from room temperature to 80°C the long n-alkyl side chains of PBpT-
O12 do not take only the all-trans zigzag conformation in the immobile state,
but the mobile state. At temperatures above 120°C, the all-trans zigzag form
completely disappears. Such a behavior occurs also in the case of PG-18 with long
n-octadecyl side chains, in which the main chain takes the a-helical conformation
The '3C chemical shift values for the side chain carbons of PBpT-O12 as
a function of temperature are assigned with reference data for n-paraffin, n-C,gH,,.
If we look at the '*C chemical shift value of the int-CH, carbons in the mobile state,
in which are undergoing rapid exchange between the trans and gauche conforma-
tions by varying temperature, the '3C chemical shift values move to upfield from
30.9 to 30.0 ppm as the temperature is increased from room temperature to 160° C.
According to the y-effect concept, it can be said that such an upfield shift comes
from an increase of the gauche fraction by temperature elevation [Z3zd]. Such 3
chemical shift behavior is very similar to that of n-C,(H,, in the liquid state. On
the other hand, the '*C chemical shift values for the all-trans zigzag conformation
of the int-CH, carbons in the immobile state are in the range of 32.5 to 32.8 ppm
and then the temperature dependence is very small.

In Figure are shown expanded '*C CP-MAS NMR spectra of PBpT-O12 in
the range of 80 to 180 ppm as a function of temperature. Peaks appeared in the range
of 100 ~ 180 ppm are assigned to the main chain carbons numbered by the chemical
structure (as shown in Figure [I=7]). Thus, the eight peaks are assigned to the C4, C7,
C6, C2, C8, C3, C5 and C1 carbons from upfield. These main chain carbon signals
change drastically at temperatures between 80 and 120° C. Peaks of the C4, C2 and
C3 carbons which come from the terephthalate moiety in the main chain disappear
completely at temperatures more than 120°C. This means that the terephthalate
moiety in the thermotropic LC phase initiates to undergo rotational motion at a

i
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Figure 7-9. Expanded '*C CP-MAS NMR spectra of the main chain carbons in PBpT-O12 as a function
of temperature

frequency of about 60kHz corresponding to the frequency of the 'H decoupling
frequency in these experiments in the temperature region more than 120° C.

From the above results, it is found that in the temperature range from room
temperature to 80°C the long n-alkyl side chains of PBpT-O12 does not melt
completely. There is a mixture of the immobile and mobile states. The former is
that the long n-alkyl side chains crystallize in the all-trans zigzag conformation, and
the latter is that the long n-alkyl side chain carbons are undergoing fast exchange
between the frans and gauche conformations. At temperatures above 120°C the

Table 7-2. Observed '*C NMR chemical shifts for the side chain carbons of PBp-12 as a function of
temperature

Temperature/°C  '3C chemical shifts / ppm

OCH, ~v-CH, int-CH, B-CH, o-CH, CH,
—30 67.8 - 325 - - - 242 - 151 -
rt 685 350 328 309 283 - 243 239 153 148
40 637 349 26 307 283 - 243 238 153 147
60 688 347 326 305 281 266 240 234 153 147
80 638 348 325 303 282 269 241 236 152 146
120 - 344 - 302 - 268 - 231 - 144
140 - 323 - 300 - 267 - 20 - 144
160 - 322 - 300 - 267 - 29 - 142
1-C o Hyo(liquid) 32.6 304 233 144

(crystal) 34.6 329 249 15.0
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all-trans zigzag form completely disappears, and the terephthalate moiety initiates
to undergo rotational motion at a frequency of about 60 kHz corresponding to the
frequency of the 'H decoupling frequency in the present experiments at temperatures
above 120°C. Then, the phase transition from the columnar phase to the nematic
LC phase occurs.

PBpT-0O12 in the nematic LC phase at 160° C is mechanically stretched to obtain
highly-oriented fibers by cooling at room temperature. The nature of the channels
with a diameter of about 3 nm in polyester fibers may be expected as one of materials
with separation function. The nature of the inside of the fibers has been clarified
through the observation of the diffusion coefficients of probe small-size molecules,
methane and ethane, in direction parallel and perpendicular to the long channel by
means of pulse field-gradient spin-echo(PFGSE) 'H NMR spectroscopy [@, E]

2.3 Poly(diethylsiloxane)

Certain organic-inorganic hybrid polymers such as poly(di-n-alkylsiloxanes)
[@—@ ], poly(di-n-alkylsilanes) ], and polyphosphazenes [@ that form
the thermotropic LC phase have inorganic backbones and symmetrically di-
substituted organic side chains, but lack typical mesogenic groups. The high
molecular weight poly(diethylsiloxane) (PDES) considered in this work is one
type of such polymers. At room temperature the polymer is a two-phase system
consisting of the LC and isotropic regions. The properties of the LC poly(di-n-
alkylsiloxane) famil have been extensively studied using differential scanning

calorimetr %Slﬁ 43,4, M] optical polarizing micrograph (OPM)
@—ﬁ I Wlde angle X-ray scattering (WAXS) %5] E small an le

X -ray scattering (SAXS) ﬂ] Raman spectroscopy ﬁulse HNMR ﬂﬂ 54,

and solid state’H, '3C and ?*Si NMR Further, the structure of
the polymer in the solid phase, the liquid crystallme phase and the isotropic phase
has been characterized by static solid-state 2°Si NMR and ?°Si CP-MAS NMR
B9, lad, 61, [Z1]] and solid state 7O NMR [IZ1]].

Static solid-state ®Si NMR and 'H solid echo NMR spectral analyses. It is known
that the transition from the crystalline phase to the biphasic phase consisting of the
isotropic region and LC region occurs at 17°C [@] The LC region in the biphasic
phase changes to the isotropic phase over ca. 50°C. This transition temperature
depends on molecular weight ﬁ] Such a behavior can be clarified by using static
solid-state *Si NMR at temperatures from —20 to 50° C as shown in Figure
where the sample is not rotated in the NMR probe [EI] At —20°C, the observed
static solid-state Si NMR spectrum in the crystalline phase shows a typical powder
pattern and chemical shift anisotropy is very large as reported already. On the
other hand, the observed static Si NMR spectra at 20, 30 and 40° C appear as
superposition of a asymmetrical and sharp powder pattern and a sharp peak which
come from the LC and isotropic regions in the biphasic phase, respectively [Ia The
chemical shift anisotropy of the asymmetrical and sharp powder pattern becomes
very small because the two chemical shift components perpendicular to the long
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Figure 7-10. Observed static solid-state °Si NMR spectra of PDES at temperatures from -20 to 50°C
by single 90° pulse with high power 'H decoupling. The solid, dashed and dotted lines indicate the
observed spectra, the simulated LC component and the simulated isotropic component, respectively

axis are averaged out by fast rotation of PDES chain around the long chain axis.
The fractions of the LC region at 20, 30 and 40° C are approximately estimated to
be 0.86, 0.83 and 0.55, respectively, by computer fitting. The fraction of the LC
region in the biphasic phase decreases with an increase in temperature. Then, the
signal corresponding to the LC region disappears completely at 50° C. This shows
that PDES is in the isotropic phase.

The 'H spin-spin relaxation time (7,) values of the LC and isotropic regions
in the biphasic phase are determined together with their fractions by 'H solid
echo (Figure [Z11) and Hahn spin echo measurements [lall, 4, 0d]. The 'H free
induction decay (FID) measured by solid echo method show the presence of the
three T, components. The appearance of the three 7, components can be explained
as follows. In this temperature range, PDES is in the biphasic phase consisting
of the LC and isotropic region as seen from static solid-state 2Si NMR spectra
(Figure [7-10) [@] The fractions of the three components corresponding to the
shorter, intermediate and longer 'H T, components at 20° C are 0.50, 0.31 and 0.19,
respectively, and those at 30°C are 0.42, 0.27 and 0.31, respectively. In the LC
region, the polymer chains are strongly interacting with each other by forming the
ordered structure. In such a situation it is thought that the 'H T, values of the methyl
and methylene groups are different from each other by their different dipolar-dipolar
interactions. It may be supported from the experimental finding that the fraction
ratio of the first 'H7, component to the second 'HT, component is nearly 3:2
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Figure 7-11. Temperature dependence of 'H FID signal of PDES at 20(o), 30 (A) and 40°C(CJ) as
measured by solid echo method

and this corresponds to the ratio of their proton numbers. On the other hand, the
fraction ratio of the third 'H7T, component to the sum of the first and second
'HT, components agrees nearly with that of the LC component to the isotropic
component as estimated from static solid-state ?Si NMR. Therefore, the three 'H T,
components can be reasonably explained as mentioned above. The fractions of the
LC component in the biphasic phase at 20, 30 and 40° C are estimated to be 0.81,
0.69 and 0.32, respectively. It is shown that the fraction of the LC region is decrease
with an increase in temperature as agreed with the static solid-state 2Si NMR
results. In the diffusion experiments, the decay signal of the second 'H T, component
corresponding to the LC region is used. The 'H 7, values for the liquid crystalline
region and the isotropic region are about 0.2 and 7.4 ms, respectively. The 'HT,
value of PDES in the LC region is much shorter than that of the isotropic region.
Thus, it is thought that it is very difficult to determine the diffusion coefficient of
PDES in the LC region by PFGSE '"H NMR because of extremely short 'H 7,. On
the other hand, it is possible to the diffusion coefficient of PDES in the isotropic
region by PFGSE 'H method because of sufficiently long 'HT5,.

In addition to the use of 'H, 13C, and >N NMR chemical shifts, it has been shown
that observation of solid-state 'O chemical shifts and quadrupolar couplings adds
important information on the higher-ordered and hydrogen-bonded structures of
polypeptides and peptides in the solid state [@—@] Solid-state 7O NMR has been
shown to be useful, moreover, for determining the local structures of alkali silicates

—E]. Therefore, it is expected that solid-state 7O NMR may reveal further
dimensions of the structural and dynamic behavior of PDES in the crystalline,
biphasic, and isotropic phases, in addition to the 'H, '3C, and ?Si NMR results
reported previously. Due to the low natural abundance of 7O nuclei (0.037%), the
NMR analysis requires '"O labeling. The structure and dynamics of !7O-enriched
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PDES with a high molecular weight in its crystalline phases in the biphasic region
consisting of the LC and isotropic phases have been characterized through the
observation of 70O NMR chemical shifts and quadrupolar couplings determined
by solid-state 7O NMR spectra in combination with ab initio MO calculations

70 NMR spectral analysis and structural characterization. Figure [[-12] shows
67.8 MHz static solid-state 17O NMR spectra of !”O-enriched PDES at —80° C (a),
—70°C (b), —60°C (c), —40°C (d), —20°C (e), 0°C (f), 10°C (g), 25°C (h),
40°C (1),60°C (j), and 80°C (k). The spectra were recorded using single pulse
excitation. According to the DSC diagram, spectra (a) and (b) represent PDES in
the low-temperature 3, crystalline phase, spectra (c)-(f) in the high-temperature 3,
crystalline phase, spectra (g) and (h) in the biphasic system, and spectra (i)-(k) in
the isotropic phase [[Z1].

Spectrum (a) at —80° C shows a typical quadrupole powder pattern which is
a consequence of the combination of chemical shift and quadrupolar interactions.
Spectrum (b) at —70° C is almost the same as spectrum (a), suggesting that PDES
has a magnetically equivalent oxygen site in the 3, crystalline phase at —80 and
—70°C, and that the molecular motion is frozen. As expected, spectra (c)-(f) of
PDES at —60, —40, —20, and 0° C are slightly different from spectra (a) and (b) due
to difference in the crystalline structures, but still represent a quadrupolar powder
pattern characteristic of a rather rigid system.

The quadrupole powder patterns observed in the 3, and B, crystalline phases
suddenly disappear between 0 and 10° C, as the polymer forms the biphasic system.
This shows that PDES chains are undergoing anisotropic fast molecular rotation,
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Figure 7-12. 67.8 MHz static solid-state 7O NMR spectra of ’O-enriched PDES at -80°C (a), -70°C
(b), -60°C (c), -40°C (d), -20°C (e), 0°C (f), 10°C (g), 25°C (h), 40°C (i), 60°C (j), and 80°C (K),
acquired using single pulse excitation



194 Ando and Yamanobe

with a partial averaging of the chemical shift anisotropy and the quadrupolar inter-
action. Indeed, the fractions of the LC region are 83% and 78% at 10 and 25°C
respectively, as determined from ?°Si static NMR spectra. The linewidth in spectrum
(g) at 10° C (5460 Hz) is almost the same as that in spectrum (h) at 25° C (5430 Hz)
in the biphasic system. Although the rotation at 25° C should be more rapid than that
at 10° C in the LC region, the residual chemical shift anisotropy and the quadrupolar
interaction are no longer affected by anisotropic motion. It might therefore be
assumed that the anisotropic motion in the LC region is uniaxial free rotation. The
static solid-state °Si NMR results [@ 61l |ﬂ show that the polymer chain rotates
about the long chain axis in the LC region, too.

At 4430 Hz, the linewidth of spectrum (i) at 40° C in the isotropic phase is largely
decreased compared to linewidth in the LC region, thus implying that the molecular
motion of PDES becomes isotropic in the isotropic phase. As temperature is further
increased, the linewidth continues to decrease, becoming 3180 Hz at 80° C. On the
other hand, the 'O chemical shift moves higher frequency at temperatures above
40° C, perhaps, due to a change of the conformational distribution of the PDES
main chain.

Similar spectral changes are observed at 40.7 MHz (Figure [=13). In this case,
spectra (a)-(f) in the B, and 3, crystalline phases were recorded using the cross-
polarization (CP) method from 'H nuclei to 'O nuclei, which resulted in increased
sensitivity relative to single pulse 7O excitation. However, the CP efficiency
decreases with an increase in temperature in the {3, crystalline phase, which is
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Figure 7-13. 40.7 MHz static solid-state 7O NMR spectra of ’O-enriched PDES at -80°C (a), -70°C
(b), -60°C (c), -40°C (d), -20°C (e), 0°C (f), 10°C (g), 25°C (h), 40°C (i), 60°C (j), and 80°C (k). Spectra
(a)~(f) were acquired using 'H-'70 CP, spectra (g)—(k) were acquired using single pulse excitation
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consistent with increased mobility. The biphasic and isotropic phases could only be
observed using the single-pulse method, as fast molecular motion interfered with
the CP process.

It is also noted that the half-height linewidth (5460 Hz) in spectrum (g) observed
at 67.8 MHz (Figure [7=12) is smaller than that (5710 Hz) in spectrum (g) observed at
40.7 MHz (Figure [Z=13)). Such dependence of the linewidth on observed frequency
shows that the second-order quadrupolar interaction remains operable in the LC
region of the biphasic phase. This phenomenon supports the notion that the
molecular motion of PDES in the LC region of the biphasic phase is not isotropic,
but rather that PDES chains in the LC region have some preferred orientation.
Similarly, the linewidth in the isotropic phase observed at 40.7 MHz is larger than
that observed at 67.8 MHz, indicating that the quadrupolar interaction and short-
range order are still present. This may come from the existence of polymer chain
entanglements, as reported previously [@]

Computer simulations of selected spectra observed at 40.7 and 67.8 MHz in
the crystalline phases are shown in Figure [-14l The simulations included the
effects of the chemical shift anisotropy (CSA) as well as the quadrupolar inter-
action. The 7O chemical shifts and quadrupolar parameters of PDES determined
are shown together with those of '"O-enriched cyclic tetramer D,Et, as the
model compound of PDES in Table [[=3] These include the quadrupolar coupling
constant (Cy), the quadrupolar asymmetry parameter (7)), the isotropic chemical
shift (3,,), &cg = 833 — Bi0s 033 — Oyl > 181 — il > 1825 — 8y, |» the chemical shift
asymmetry parameter (neg = (8,, —8;,/833 — 8;,)) and the Euler angles describing

iso iso iso

., = 53 ppm

Lpg =50 ppm, M = 0.2
(844, Bpg, Bag) = (23, 33, 103) ppm
Cg=4.7 MHz, ng = 0.1
Euler Angle (-32, 85, -102)

P, crystal at 0° C

Bigq = 52 ppm

Cog =51 ppm, N =02
(84, Byp, Byg) = (21, 32, 103) ppm
Cp=4.7MHz, ng=02
Euler Angle (-28, 85, -100)

B, crystal at -60° C

Bigo = 50 ppm
Ceg =57 ppm, N =03
(B44+ Bag, B43) = (14, 30, 107) ppm
Cg=4.7 MHz, ng=03

Euler Angle (-20, 85, -85)

fiq crystal at -80° C

Jd
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Figure 7-14. 40.7 (a) and 67.8 (b)MHz static solid-state 7O NMR spectra of PDES in the crystalline
phase together with theoretically simulated spectra
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Table 7-3. Observed 170 chemical shifts and electric field parameters of PDES in the liquid crystalline,
crystalline and isotropic phases phases

Sample/phase Co/MHZz*  mgb  3,,/ppm°®  {cs/ppm®  mesb  Euler angles’
PDES/B, crystalline 4.7 03 50 57 03  (—20°,85°, —85°)
phase

PDES/B, crystalline 4.7 02 52 51 02 (—28°,85°,—100°)
phase

PDEA/at —60°C

PDES/B, crystalline 4.7 0.1 53 50 0.2 (—32°,85°, —102°)
phase

PDEA/at 0°C

PDES/liquid crystal 1.7 00 53 21 00  (0°,0°,0°)

) Quadrupolar coupling constant.

b Quadrupolar asymmetry parameter.

9 Isotropic chemical shift 8;, = 1/3(8;; + 8 +833).(1833 — 8o > 1811 = Siso] > 1822 — S0 |)-

9 Chemical shift anisotropy {cs = 833 — digo-

) Asymmetry parameter of shielding Mes = (85, —8,;)/(833 — 8io)-

f) Euler angles between the principal axes of the chemical shift tensor and the quadrupolar tensor.

the relative orientations from the quadrupolar to chemical shift tensors defined
previously [@]

The difference in spectral lineshape between the 3, crystalline phase, which does
not exhibit molecular motion, and 3, crystalline phase, is caused by a decrease in
Nos &cs and . Clearly, the oxygen sites in both phases are similarly coordinated.
The small decrease in 7O mq, &cs, and mcg values between —60 to 0°C in the B,
crystalline phase may indicate the onset of the slow libration motion of PDES chains
about a specific axis. From the static solid-state °Si NMR result [@, @, |f1|], due to
the onset of oscillations around the molecular chain axis and small conformational
transition in the B, crystalline phase, the 2Si NMR chemical shift anisotropy is
reduced by 25% compared with the B, crystalline phase. The static solid-state 7O
NMR result supports the solid-state 2°Si NMR result.

In the LC phase, the simulations could be best performed using the complete
170 spectrum, which included inner satellite signals [(—3/2, —1/2) and (1/2, 3/2)].
Figure shows 54.2 MHz spectrum of the biphasic system taken at 25° C with
1 MHz spectral width (a) and its theoretical simulated spectrum (b). As mentioned
above, the fraction of the LC region at 25°C is about 78% in the biphasic phase;
thus, the major signal comes from the LC region. The central transition and inner
satellite signals are clearly observed in the spectrum, which shows that quadrupolar
interactions still affect the lineshape in the LC phase. From this spectrum, the
Cq value of 1.7MHz and the mg value of 0 have been determined as shown in
Table[/-3] These NMR parameters have been discussed as they relate to anisotropic
molecular motion of PDES in the LC region.

Molecular motion of PDES in the liquid crystalline phase. In the observed
70 spectra of PDES in the biphasic (mainly LC) phase, the typical quadrupole
pattern of the '"O signal disappears as a result of fast uniaxial molecular rotation
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Figure 7-15. 54.2 MHz static solid-state 7O NMR experimental spectrum of PDES in the biphasic
phase at 25° C with 1 MHz spectral width (a), and its simulated spectrum with C, of 1.7 MHz (b). Note
that the horizontal scale is in kHz, rather than ppm

(Figure [-16 and [7-17)) [Iﬂ] This rotation averages both of the chemical shift
and quadrupolar interactions, such that the NMR powder pattern becomes axially
symmetrical (1 = Mes = 0), the principal axes of the chemical shift tensor and
quadrupolar tensor coincide, and the C, value decreases from 4.7MHz in the
crystalline 3, phase to 1.7MHz in the liquid crystalline region (Figure [/=13] and
Table [73).

It is possible to determine the orientation of the rotation axis in the molecular
frame that corresponds to the observed changes by considering the following
relationships between the components of the electric field gradient tensor (V) and
chemical shift tensor(d) [@, ﬁ]

(7'1) VZZ(LC) = 1/2(3 C052 BV - 1)[sz(820ryst) - 1/2(Vxx(82cryst) + Vyy(BZcryst))]

2.2
+ 3/4(VXX(B2crysl) - Vyy(B2cryst)) sin BV cos 20LV
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Figure 7-16. Directions of the principal axes of the 7O shieldings (a); directions and quadrupolar tensor
(b) of model molecule of PDES with the frans-trans conformation

(7-2) d— 8(LC) =1/2(3 cos’ Bes — ])[833([320rysl) - 1/2(811([320ryst) + 822([32(:ryst))]
+3/4(3 11 Bacrysy) — D2ap2cryst)) sin’ Beg €08 20

where the determined NMR parameters are V. = Cq = 1.7MHz,
Vo@aeysy = 47 MHZ, Vi grerysy = —2.7MHz, V oy = —2.0MHz, 8 =8 ) =
74 — 41 = 33ppm, d33grerysy = 103 ppm, )y grerysy = 23ppm, and dyy(grerysty =
33 ppm from simulated spectrum shown as Figure [/-17] The Euler angles (a, B.,)
and (ay, By) are defined for the transformation from the principal axis system of the
chemical shift tensor and quadrupolar tensor to the molecular rotating frame z-axis.
The V,,@ocrysy and B350y Parameters are aligned in a direction perpendicular
to the Si-O-Si plane from Figure so that Brg = By. Thus, the Euler angles
obtained are Beg = By =44 ~ 46, oy =0~ 71 and ag = 39° ~ 90°, respectively.
Thus, it is thought that PDES molecules in the LC region rotate rapidly around
the molecular axis, with the tilted angle of 44° ~ 46° for the normal vector of
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Figure 7-17. 67.8 MHz 70 static solid-state NMR spectra of PDES in the biphasic phases together with

theoretically simulated spectra67.8 MHz 70 static solid-state NMR spectra of PDES in the biphasic
phases together with theoretically simulated spectra

the Si-O-Si plane shown as Figure The rotational axis about the molecular
frame of the PDES molecules in the LC region can be determined from the static
solid-state 1O NMR result [ﬂ], because there exist two interaction tensors such as
the chemical shift and quadrupolar in static !”O solid-state NMR spectrum.

24 Poly(L-glutamate)s with Long n-alkyl Side Chains

It has been shown that a series of a-helical poly(L-glutamate) with n-alkyl side
chains of various lengths(PALG) form a crystalline phase composed of paraffin-
like crystallites together with the a-helical main-chain packing into a characteristic
structure if the number of methylene carbon in the side chains is longer than 10
[IE, E, El, @, E] The polymers form thermotropic liquid crystals by melting
of the side-chain crystallites above ca. 50° C. The long n-alkyl side chains play a
role of solvent to form liquid crystals. In order to obtain detailed information about
the structure and dynamics of these liquid crystals, it is very essential to study the
structures and motion of the main chains and side chains at various temperatures.
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Figure 7-18. Molecular rotation axis for PDES molecular frame and principal axis system of quadrupolar
tensor

In this section, the relationship between the LC behavior and NMR parameters of
PALGs are clarified based on the solid state NMR results. For convenience, all of
polymer samples are designated by the letter PG followed by the number of carbon
atoms in the n-alkyl side chain.

Structure and dynamics of the main chain and side chains of PG-ns at room
temperature. Figure [[-19 shows the *C CP-MAS NMR spectra of a series of PG-ns
in the solid state [@] As seen from these spectra, the *C chemical shift and the
peak intensity vary depending on the side chain length, which reflect the structure
and dynamics of PG-ns. The peak assignments are shown in Figure [Iﬁ, ﬂ]

It has shown that '3C chemical shifts of the C, and CO(amide) carbons in
polypeptides are displaced depending on the main chain conformation such as
the a-helix and (-sheet forms [@] In particular, the '*C chemical shift of the
CO(amide) carbon is not strongly affected by the amino-acid residues and thus may
be used to identify the main-chain conformation. The '*C chemical shifts of the
C, and CO(amide) carbons range from 57.2 — 58.1 ppm and 175.9 — 176.7 ppm,
respectively, within experimental errors, and are close to those of poly(y-benzyl
L-glutamate) (PBLG) that takes the a-helix conformation. These chemical shift
values are almost independent of the side-chain length, which implies that the main-
chain conformation of a series of PG-ns takes the a-helix conformation irrespective
of the n-alkyl side-chain length. Similar behavior can be applied to the chemical
shifts of the CO(ester) carbon. The *C chemical shift of the CO(ester) carbon of
PBLG with the a-helix conformation is 172 ppm. The corresponding '*C chemical
shifts for a series of PG-ns are very close to 172 ppm except for PG-1. Therefore,
the conformation around the CO(ester) carbon in PG-ns is similar to that in PBLG.
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Figure 7-19. *C CP-MAS NMR spectra of PG-ns in the solid state: (a) PG-1-PG-6, (b) PG-7-PG-12
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The conformations of the main-chain carbon and the CO(ester) carbons of the side
chains are similar to those of PBLG irrespective of the side chain length.

For PG-1 — PG-5, the number of peaks for the side-chain carbons increases with
the side-chain length and then their chemical shifts change. For example, the '*C
chemical shift values of the terminal CH; carbon for PG-1, 2, 3, 4 and 5 are 51.7,
14.8, 10.8, 14.2 and 14.6 ppm, respectively. As the CH, carbon of PG-1 is adjacent
to oxygen, the '*C chemical shift of the CH, carbon appears at a lower field than
the others. Additional chemical shift change on going from PG-2 to PG-5 arises
from the effect of the neighboring group. Similarly, the effects of the neighboring
oxygen atom and the end group influence on the '*C chemical shift of the side-chain
CH, carbons for PG-1 — PG-5.

For PG-ns with the n-alkyl side chains longer than PG-6, peaks of the CHj;,
a-CH,, 3-CH,, interior CH,(int-CH,) and B-CH, carbons appear from high
field. The '3C chemical shifts of the side chain carbons coincide with those of
PG-6 — PG-8 within experimental errors. The '*C chemical shifts of the int-CH,
carbons of PG-6 — PG-8 are similar to those of liquid n-C,yH,,. This means that
the int-CH, carbons of PG-6 — PG-8 are in the mobile state as the CH, of liquid
paraffins. The '3C chemical shift behavior of PG-9 is complex. The structure and
mobility of PG-9 seem to be sensitive to the sample preparation condition.

In PG-10 — PG-13, the averaged '*C chemical shift of the int-CH, carbons is
30.4 ppm that is very close to the '*C chemical shift for the amorphous phase
in polyethylene. It is known that peak of the CH, carbons in n-paraffins and
polyethylene appears at a higher field by 4-6 ppm if any carbon atoms three bonds
away are in a gauche rather than a trans conformation (y-gauche effect) [Iﬂ] The
int-CH, carbons for both of PG-6 — PG-8 and PG-10 — PG-13 are undergoing fast
exchange between trans and gauche conformations in the mobile state [@] The 3C
chemical shift difference of the int-CH, carbons between PG-6 — PG-8 and PG-10
— PG-13 shows the different trans /gauche fraction ratio, i.e. the gauche fraction
of the int-CH, carbons for PG-6 — PG-8 is higher than that for PG-10 — PG-13. In
Figure [7-200a) are shown the dependences of 'H T, of the side chain carbons on
the side-chain length at room temperature. As seen from Figure [-20§a), the 'H T,
increases in going from PG-3 to PG-10 and becomes almost plateau between PG-10
and PG-13. Such a behavior shows that the mobility of the side chains increases in
going from PG-3 to PG-10. In this case, the side-chain terminal gets the high degree
of freedom for mobility as the side-chain length increases. The 'H T, plateau as
observed between PG-10 and PG-13 indicates that the mobility of the side-chain
terminal carbons is restricted in the same degree. By taking the '3C chemical shift
behavior of the int-CH, and the behavior of 'H T, into consideration, it is shown
that interchain interactions between the side chains become strong in PG-n (n > 10).
In other words, the structure and the mobility of PG-ns are cooperatively governed
by interchain interactions for PG-n (n > 10), while the nature of the main-chain
governs the structure and the mobility for PG-n (n < 10).

The side-chain part of *C CPMAS spectra of PG-14 is different from that of
PG-13. The *C chemical shift of the int-CH, carbons moves downfield at about
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Figure 7-20. Dependence of the 'H T, of (a) the side-chains and (b) the main-chain of PG-ns on the
side-chain length at room temperature

33.3 ppm that is typical '*C chemical shift for the crystalline phase of polyethylene
and n-paraffins. In Figure [=21] are shown expanded *C CP-MAS NMR spectra of
PG-15 at room temperature and 53° C at which the side chains of PG-15 melt. The
side chains of PG-15 form the crystalline phase at room temperature. At 53°C, the
spectrum becomes simple like the spectra of PG-6 — PG-8, which shows that the
melting of the side chains occurs. For the spectrum of PG-15 at room temperature,
peaks of the CH, carbons in the crystalline and amorphous phases can be assigned
as follows. As the peak positions for the amorphous phase (int-CH, (A), y-CH,(A),
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Figure 7-21. 3C CP-MAS NMR spectra of PG-15 in the solid state at (a) room temperature and in the
LC state at (b) 55°C

8-CH,(A) and a-CH,(A)) are the same as those for Figure [21[b), the int-CH,
carbons in the amorphous phase are in the mobile state and undergo rapid exchange
between trans and gauche conformations. In the crystalline phase, the side chain
carbons take the all-trans zigzag conformation.

It is known that the '*C chemical shifts of the CH, carbons in the n-alkyl side
chains can give useful information about not only the conformation, but also the
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crystallographic form. The '*C chemical shift value of 33.3 ppm is similar to that
of n-paraffins taking the all-trans zigzag conformation in the pseudohexagonal
or orthorhombic form and polyethylene taking the all-trans zigzag conformation
in the orthorhombic form. Therefore, PG-ns in the crystalline state may take the
orthorhombic or pseudeohexagonal form rather than the triclinic or monoclinic form.

For the OCH, carbon, the '*C chemical shift is independent of the side-chain
length and the peak for the crystalline phase is not observed. The CH, carbons
outer from 8-CH, in the side chains, at least, contribute to form the crystallites.
For the terminal CH; carbon, only one peak is observed. However, the linewidth
becomes broad in forming the side-chain crystallites. The mobility of the terminal
CH; carbon is affected by the crystallization of the side chains. The CH, carbons
between the 3-CH, and a-CH, carbons contribute to formation of the side-chain
crystallites.

The peak intensity of '3C CP-MAS spectra is affected by molecular mobility.
As seen from Figure the peak intensity of the C, and CO(amide) carbons
changes depending on the side-chain length without change of their '*C chemical
shifts. The peaks for these carbons decrease with the side-chain length until PG-9
and disappear for PG-10 — PG-13. Such a behavior seems to be connected to the
side-chain mobility as shown in Figure [[-2I[a), i.e. the increment of 'H T,of the
side-chain carbons decreases with the side-chain length. The corresponding peaks
of the C, and CO(amide) carbons disappear in the 'H T, plateau region of the side-
chain carbons of PG-10 — PG-13. As the 'H T,s of the main-chain become short
and almost constant, the overall motion of the a-helical main chain as activated by
the side-chain motion affects the peak intensity behavior. It can be explained by
the line broadening caused by the reduced efficiency of high power 'H decoupling.
In general, the full linewidth at half height of the '3C signal (A3) can be written as

(7-3) Ao = (77'T20)_1 + (WTzc)_l + (Wsz)_l

where the first term represents the intrinsic linewidth due to the inhomogeneous
static field and so on [[79]. This term is independent of temperature. The second term
is the contribution from the distribution of the isotropic chemical shift caused by the
distribution of conformation or crystal structure. Therefore, this term is temperature-
dependent because the start of molecular motion faster than an NMR timescale can
average out the local distribution of conformation or crystal structure. The third term
arises from the 3C-'H dipolar interaction. As the high-power dipolar-decoupling
is usually enough strong to reduce the dipolar interaction between '3C and 'H, the
third term is negligible. However, if the rate of molecular motion is close to the 'H
decoupling frequency, the applied radio-frequency (rf) cannot reduce the dipolar
interactions effectively. Therefore, the third term has the maximum contribution to
the peak width if the rate of molecular motion is close to the decoupling frequency.
By taking these terms into account, it can be understood that the linewidth varies
with the frequency of the molecular motion, as shown schematically in Figure [/-22)

From Figure it is seen that the linewidth is relatively broad at slow motion
(region A) because of the first and second terms. The onset of molecular motion
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induces a broad line width due to the third term (region B). At fast molecular
motion, the peaks become very sharp (region C) as a result of diminishment of
the second and third terms. Because the intensity of one peak is a constant, the
peak height can be a good measure for linewidth. In addition to the variation in
linewidth, peak-height behavior is also shown in Figure Since the region B
corresponds to a frequency of 'H decoupling field of 60 KHz, the main-chain for
PG-10 — PG-12 is undergoing reorientation at corresponding frequency.

For PGs with n > 14, the C, and CO(amide) carbons give intense peaks at the
chemical shift position for the a-helix form. Also, a large decrease in 'H T,s of the
side chains and the main chain carbons occurs at n = 14 as seen from Figure [[-20]a)
and (b), respectively. As mentioned above, in PG-n(n > 14) side-chain interactions
are very strong enough to restrict the molecular motion and induce the formation
of the crystallites. The existence of peaks for the C, and CO(amide) carbons and
the behavior of 'HT,s of the side chain and the main chain carbons result from
formation of the side-chain crystallites.

Structure and mobility of the main chain and side chains of a series of PG-ns
at various temperatures ,Iﬁ, E] In the thermotropic LC state for PG-ns, the
side chains act as a solvent. In Figure [[=20(a), 'H Ts of the side chain carbons for
PG-ns(n > 10) are not so long compared with PG-ns(n < 10) at room temperature.
Figure [7-23] shows the dependence of 'H T, of the side-chain carbons on the
side-chain length at 80°C. From this figure, it is easy to find the discontinuity
between n =9 and 10. The side-chain mobility of PG-ns(n < 10) is much lower
than that of PG-ns with longer side chains. 'H T,s for PG-ns(n < 10) increase
slightly with an increase in temperature, while those for PG-ns(n > 10) increase
drastically. This critical difference arises from interchain interactions. In PG-ns(n >
10), side-chain interactions become strong and then can become lubricant for main-
chain interactions. In other words, at high temperature, the PG main-chain is floating

A l B C

Figure 7-22. Schematic behavior of the half height width and peak intensity of the '*C signal
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Figure 7-23. Dependence of the 'H T, of the side-chain carbons of PG-ns on the side-chain length at
80°C

in the sea of the n-paraffin-like side chains. On the contrary, for PG-n (n < 10), the
side-chains are too short to weaken main-chain interactions. Therefore, the side-
chain mobility is restricted by interactions between the main-chains even at high
temperature.

Information about the molecular mobility of all parts of PG-ns can be obtained
by 3C VT (temperature variable) CP-MAS NMR spectra. In Figure [7=24] are shown
the 1*C CP-MAS NMR spectra of PG-6 as a function of temperature. As seen from
this figure, it is easy to see drastic change in the spectra by temperature variation.
At temperatures below —60° C, all the peaks are broad. At —40° C, the intensities
of peaks for the CO(ester) and OCH, decrease and the CH, signal initiates to split.
At —20°C, peaks of the CO(ester) and OCH, carbons completely disappeared.
In addition, the intensities of the CH, peaks become very weak. Peaks for the
CO(amide), C, and methyl carbons become strong at this temperature. At 0°C,
peaks of the CO(ester) and OCH, carbons still do not reappear. Peaks for the CH,
carbons reappear with a narrower linewidth than those at low temperatures. Above
25°C, sharp peaks for the CO(ester) and OCH, carbons reappear. On other hand,
peaks of the CO(amide) and C, carbons disappear. Peaks for the CH, carbons
become stronger and sharper with an increase in temperature.

Such a behavior of the '*C CP-MAS NMR spectra reflects the molecular mobility
of the sample. Peaks as shown in Figure can be classified into three groups.
The first group is peaks for the side chain carbons except for the terminal methyl
carbon. The intensity of peaks in this group is a constant between —100 and
—60°C, and the peaks become broad. This temperature range is in region A in
Figure [/-22] The peak intensities of the side chain carbons start to decrease above
—40° C and pass through a minimum at —20 and 0° C. This temperature range is
in region B in Figure Above 0°C, the peak intensity increases rapidly and
the linewidth becomes very sharp (region C). The second group is peaks for the
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Figure 7-24. 3C CP-MAS NMR spectra of PG-6 as a function of temperature

main chain CO(amide) and C, carbons. The peaks in this group are very strong
and broad below —20°C (region A). Above 0°C, the peaks become weak and
almost disappear at 80°C (region B). Peaks for the main chain carbons do not
reappear in the measurement temperature range. Although the mobility of the main
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chain and side chain carbons may be of the same order at low temperatures, the
molecular motion of the side chain carbon is much faster than that of the main
chain carbons at high temperatures. The main-chain motion starts after the side
chain carbons gain sufficient high mobility. The '*C chemical shifts for the main
chain carbons are independent of temperature, the main chain takes the right-handed
a-helix conformation [@] It is reasonable that the n-alkyl side chains are in the
mobile state and the a-helical main chain is in the rigid state. The third group is
the terminal methyl one in the side chains. As seen from Figure the intensity
of methyl peak gradually increases and passes through a maximum. A minimum is
not observed. It is well-known that the methyl carbon rotates around the three-fold
axis. For polypropylene, it has been reported that the methyl peak disappears at
about —160° C [[74]. Therefore, the methyl carbon already is in region C. Thus, in
the side chains the terminal methyl carbon is in the mobile state, and the mobility
decreases in going from the outside to the inside in the side chain.

In Figure [7-25] are shown the '3C CP-MAS NMR spectra of PG-2 as a function of
temperature. At temperatures below —40° C, all peaks are broad. This temperature
range corresponds to region A. Above —20° C, the peaks for the side chain carbons
decrease in their intensity and reach a minimum at about 20° C. In this temperature
range, the mobility of the side chain carbons increases, and the rate of motion is
close to the 'H decoupling frequency (region B). Above 50°C, the linewidth of
peaks for the side chain carbons becomes sharp and the intensity increases with
temperature (region C).

For the main-chain carbons, peaks do not disappear even at 80° C. As the amide
carbonyl '3C chemical shift appears at about 176 ppm independent of temperature,
the main chain takes the right-handed a-helix conformation. Therefore, the main
chain is in the rigid state and the molecular mobility should be slower than that of
the side chains. The main-chain mobility of PG-2 is much lower than that of PG-6.
The longer side chains can gain higher freedom of molecular motion.

In Figure [7-26] are shown '3C CP-MAS NMR spectra of PG-12 as a function
of temperature. Below —20°C, both of peaks for the side chains and the main
chain are broad, and the mobility for them is in region A. At 0°C, the 13C NMR
chemical shift of the int-CH, carbons moves upfield and the intensity of the O CH,
carbon becomes very weak. The side chains are in region B at this temperature. The
13C NMR chemical shift of the int-CH, carbons of PG-12 moves upfield by about
3 ppm as the temperature is raised from —20° C to 0°C. Above 0° C, the chemical
shift value of ca. 30 ppm indicates that the side chains are in the amorphous phase.
Below 0°C, the 3C NMR chemical shift is about 32.9 ppm. Therefore, it shows
that the int-CH, carbons take the all-trans zigzag conformation in the immobile
state. Therefore, the drastic change in the side chains between —20 and 0° C shows
the melting of the side-chain crystallite.

Katoh, et al. have found that the n-alkyl side chains of PG-18 are in the ‘rotator’
phase like long n-paraffins in the narrow temperature range below the melting point
of the side-chain crystallite [@]. In the ‘rotator’ phase, the n-alkyl side chains are
undergoing a rapid rotation similar to liberations around the all-trans zigzag chain
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Figure 7-25. '*C CP-MAS NMR spectra of PG-2 as a function of temperature

axis. As seen from Figure [[-26] at temperatures above 25° C the main-chain carbon
peaks almost disappear, while peaks of the side chains are clearly present. This
means that the mobility of the side chains and the main chain are in regions C and
B, respectively. Compared PG-12 with PG-ns (n < 10), the transitions from regions
A to C for the side chains and from regions A to B for the main chain take place
in the narrower temperature range in PG-12.

In Figure [7-27] the schematic phase diagram of PG-ns based on the molecular
mobility is shown. In this figure, the solid and dotted lines indicate the temperature
at which the side and main chain peaks disappear, respectively. The mobility of
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Figure 7-26. 3C CP-MAS NMR spectra of PG-12 as a function of temperature

the side and main chains are in region B around these lines. As seen from this
figure, the solid line goes down with a increase in the carbon number from PG-1
to PG-9. Therefore, the motion of the side-chain for PG-n with longer side-chain
length is easily activated at lower temperature. At room temperature, the mobility
of the side-chain increases as the side-chain length increases. The side chains
are in the immobile glassy state below the solid line indicated in Figure =271
The main-chain mobility increases after the side-chain motion is activated. In PG-n
(n > 10), the temperature difference between the solid and dotted lines decreases.
The temperature range of the transition from region A to C for the side chains
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Figure 7-27. Phase diagram of PG-ns

becomes narrow as the side-chain length increases. In these PG-ns, side-chain
interactions become strong and change in the side-chain mobility affects the overall
dynamics. As soon as the side chains melts and then the side chains act as a solvent
or a lubricant for the main-chain, the overall main-chain motion is activated.

Information about molecular motion of the side chains can be obtained from
3C VT CP-MAS NNR. When peaks for the main-chain carbons disappear at any
specified temperatures, it is impossible to gain information about the mobility of the
main-chain in corresponding temperature range. 2H NMR can give it if the amide
protons of the main-chain are partially substituted by 2H as shown below [@]

In Figure [[-28|a) is shown the theoretical *H NMR spectrum in which the
asymmetrical parameter(m) is 0.5. Peak separations Av,, Av, and Av, have different
values from each other. If the symmetrical motion takes place, the molecular motion
is reflected in the observed spectrum as an axially symmetrical powder pattern.
Figure [=28](b) shows the observed 2H NMR spectrum of PG-10-N-D at 40° C, where
N-D means that the main-chain amide proton is substituted by H. The observed
spectrum shows a typical powder pattern composed of the inner peaks(Av,), the
shoulders(Av,) and the outermost wings(Av;). Therefore, this means that molecular
motion of PG-10-N-D is restricted at 40°C.

In Figure [-28|c) is shown the observed H NMR spectrum of PG-10-N-D in
10% chloroform solution. In this figure, two sharp *H peaks are observed. This
indicates that all the N-D directions to the magnetic field in the sample are unique.
In the magnetic field, it is known that PG-ns in the LC state tend to orient to the
magnetic field. The long axis of the mesogenic a-helical chain becomes parallel to
the magnetic field. This can be confirmed from the observation of the '*C NMR
chemical shift tensor components [@] The sample forms the nematic LC phase in
the magnetic field of NMR magnet. The splitting between the two peaks is about
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Figure 7-28. (a) Theoretical H NMR spectrum with 7 = 0.5, (b) 2H NMR of PG-10-N-D at 40°C and
(c) 2H NMR of 10% chloroform solution of PG-10-N-D

250 KHz. This splitting corresponds to Av,;. In the a-helix form, the hydrogen
bonded N-D direction is almost parallel to the a-helix axis within 5°. Therefore,
the outermost wings in the 2H NMR spectrum correspond to the direction of the
a-helix axis. The inner peaks(Av,) and its shoulders(Av,) can be attributed to the
axes perpendicular to the a-helix axis.

In Figure are shown the temperature dependencies of Av, and Av, for
PG-4-N-D. As seen from this figure, Av, and Av, are almost a constant in the
measurement temperature range. The typical powder pattern with % O and an
invariance of Av, and Av, shows that the exchanges between the principal axes do
not occur, in other words, the molecular motion is strongly restricted. From the '*C
CP-MAS NMR spectra, peaks of the main chain carbons decrease in the intensity,
but did not completely disappear within the measurement temperature range. In
PG-4, although molecular motion in PG-4-N-D takes place, the rate is much slower
than several tens of KHz.

In PG-12-N-D, the existence of the outermost wings is confirmed even at 100° C.
Similar to PG-4-N-D, this principal axis does not exchange with the other axes in
this sample. In Figure[/=301are shown the temperature dependencies of Av, and Av,.
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Figure 7-29. Temperature dependences of Av,andAv, for PG-4-N-D

As the temperature increases, Av, and Av, gradually increase and decrease,
respectively. These slow changes show that the molecular motion increases step by
step. At temperatures above 80° C, Av, suddenly decreases, and then Av, and Av,
become equal due to the disappearance of shoulder peaks. As the wings are recog-
nized in the spectra, molecular motion in PG-12-N-D is the rotation or vibration
around the a-helix axis. Peaks of the main-chain carbons as obtained by '3C CP-
MAS NMR completely disappeared at high temperature. This shows that the rate of
molecular motion is close to the 'H decoupling frequency of 60 KHz [Iﬂ, E] The
frequency difference between Av, and Av, is about 60 KHz. The rate of molecular
motion is estimated to be more than this frequency difference. As mentioned above,
the rate of molecular motion for the main-chain is close to the 'H decoupling
frequency of 60 MHz from the CP-MAS NMR spectra above 80°C ['le, E] The
rate of the main-chain motion obtained by '* C CP-MAS NMR and *H NMR is in
good agreement with each other. If the rate is much faster than 60 KHz, peaks in
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Figure 7-30. Temperature dependences of Av,and Av, for PG-12-N-D
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the 3C CP-MAS NMR spectra reappear. By taking such a situation into account,
the rate of molecular motion seems to be close or a little faster than 60 KHz.

In Figure [7=31] the thermal change in the structure and mobility of PG-ns is
summarized. In PG-ns(n<10), as the side-chain length is short, the occupied volume
of the side chains is reduced and the main chains are close to each other. Even
though the temperature is increased and the side-chain mobility is increased, there
is not enough space for the main chain to move fast. Therefore, only the fluctuation
of the main chain is increased with retaining the rigid rod a-helix form. In PG-
ns(n > 10), at low temperatures (Figure [=31Ib)) the side-chain crystallite is formed.
The main-chain takes the a-helical conformation and is ordered in the side-chain
crystallite. The side-chain crystallite transforms into the rotator phase below the
melting point (Figure =31k c)). Above the melting point of the side chain crystallite,
the n-alkyl side chains behave like liquid n-paraffins(Figure [Z=31(d)). Even in the
LC state, the main chain takes the a-helix conformation with rotation or vibration
around the a-helix axis at a frequency of about 60 KHz.
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Figure 7-31. Schematic representation of the structure and molecular motion of PG-ns: (a) the temper-
ature change for PG-ns(n < 10), (b) PG-ns(n > 10) at low temperature (the side-chain crystallite),
(c) PG-ns(n > 10) at temperature just below the melting point (the rotator phase of the side chains) and
(d) PG-ns(n > 10) at high temperature (the LC state)
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2.5 Poly(L-glutamate) with Unsaturated Olely Side Chains

The melting temperature of unsaturated side chains of poly(y-oleyl L-glutamate)
(POLLG) is much lower than that of saturated side chains of PG-18. Obviously, a
double bond placed in the central part of the oleyl group interrupts the crystallization
of the side chains [@] Thus, the LC nature of a-helical rods may be maintained
all the way to —40°C. In Figure is shown *C CP-MAS NMR spectrum of
POLLG in the LC state at room temperature [Iﬂ] The assignment of each peak
can be made from reference data of PG-18 and n-paraffins. The interior CH, peak
appears at 30.7 ppm. The '*C chemical shifts of the amide CO and C, carbons
are 176.6 and 57.5 ppm, respectively. This shows that the side chains are melting
at room temperature and the main chain is in the a-helix form. The amide CO
peak disappears at —20°C. It can be said that from analogy of PG-18, the main
chain in the LC state is undergoing fast reorientation at a frequency of 60 KHz at
—20°C. The '*C NMR behavior of POLLG over a wide range of temperatures is
very similar to the case of PG-18 in the LC state.
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Figure 7-32. 3C CP-MAS NMR spectrum of POLLG in the LC state at room temperature



Structure and Dynamics of Thermotropic Liquid Crystalline Polymers 217

Mohanty, et al. have studied the nature of thermotropic LC behavior exhibited
by these two polypeptides, dynamics of PG-18 and POLLG by 'H NMR relaxation
times such as 'H spin-lattice relaxation time(7;) and spin-lattice relaxation time in
the rotating frame(77,) over a wide range of temperatures [@] The '"HT, and 'HT),,
are plotted against temperature in the temperature range from —120 to 120°C
in Figures [[233] and [=34] where 'H resonance frequency is 90MHz and the
locking field H, is 1 mT. According to the BPP theory [83], T, passes through a
minimum and increases again when the correlation time 7, for molecular motion
increases further. Elevation of temperature leads to an increase in molecular
motion of polymers in the solid state (the decrease of 7,), and so 7, and
T, decrease. A minimum in 7, is reached at w,T, = 2wy 1, = 1, where o,
and v, are the resonance frequencies in radian per second and in Hz, respec-
tively, and 7, again increases. From the 7, minimum, the correlation time
7. for molecular motion atMHz frequencies can be obtained. On the other
hand, T, shows Tj-like behavior against temperature, but a minimum in 7,
is reached at w7, = 1, where w,/2m = yH,/2m = 42.6KHz [E] From the
T, minimum, the correlation time 7, for molecular motion at KHz frequencies
can be obtained. Thus, T, behaves similarly to 7, and is more sensitive
to lower frequency motions. As seen from Figure [[=34] T, of PG-18 decreases
from 700 to 350 ms as the temperature is increased from —100 to —10°C. This
means that the molecular motion is in the slow molecular-motion region; i.e.,
T, >> 1. Above —10°C, T, increases from 350 to 550 ms as the temperature is
increased from —10 to 45°C. This means that molecular motion is nearly in the
extremely narrowing region (w7, << 1). The relaxation arises from the side chain
motion, which corresponds to the vy-relaxation observed in viscoelastic measure-
ments. This can be justified from the Arrhenius plot as shown in Figure [7-33

0.6
04 r- m
v
~ T
= Y
0.2F
T
Y ¢
OF B

-20 -80 -40 0 40 80 120
Temp/*C

Figure 7-33. Temperature dependence of 1H T1 for PG-18(o) and POLLG(e) B: B-relaxation; vy, y-
relaxation; T,,, the melting point of side chain crystallite
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Figure 7-34. Temperature dependence of 'H Ty, for PG-18(c) and POLLG(e): B: B-relaxation; v,
y-relaxation; T,,, the melting point of side chain crystallite

However, T, decreases from 550 to 327 ms as the temperature is increased from
45 to 60° C and again increases from 327 to 403 ms as the temperature is further
increased from 60 to 120° C. The minimum at lower temperature depends on the
observing frequency, but that at higher temperature does not. The first minimum
comes from relaxation and the second one comes from the first-order melting
transition.

The T,, values are plotted against temperature in Figure [[34 Two distinct
minima are observed. The T, decreases from 6.0 to 3.0ms as the temperature is
increased from —120 to —80° C and increases from 3.0 and 29 ms through the first
minimum as the temperature is further increased. The 7', decreases from 29 to
21 ms again as the temperature is increased from 30 to 60° C and increases 21 to
41 ms through the second minimum as the temperature is further increased from 60
to 120° C. Further, it can be said that below —80° C the y-relaxation comes from the
molecular motion corresponding to the rotation of methyl groups in the side chains
at a frequency below ca. 40 KHz seen from the T, , minimum. The activation energy,
AE, for the vy-relaxation can be determined by using 7, = 7,exp(—AE/kT), where
T, 18 the prefactor, k is the Boltzmann constant and T is the absolute temperature.
The correlation time T, can be estimated using 7, = 1/27v_. Therefore, the activation
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Figure 7-35. Arrhenius plots of log fin PG-18(a) and POLLG(b and c) against the inverse of the absolute
temperature. f is the frequency in Hz. (a and b) from vy-relaxation. (c) from B-relaxation. 1 and 2 were
obtained from 'H 7 and Ty, and 3 was obtained from the viscoelastic data

energy A E is determined from the plots of log f (the frequency in Hz) against 1/T as
shown in Figure [=33] where the values of f for the T, and T, , minima are 90 MHz
and 42.6 KHz, respectively. The activation energy of PG-18 is 10 Kcal/mol. This
is a reasonable value for the y-relaxation and agrees with the value of 11 Kcal/mol
obtained from the mechanical relaxation by viscoelastic measurements [E]

3. DIFFUSION OF ROD LIKE POLYMERS
IN THE THERMOTROPIC LIQUID CRYSTALLINE PHASE
BY FIELD-GRADIENT NMR

3.1 Rod like Polypeptides

As mentioned above, poly(y-glutamate) with long n-alkyl side chains forms
thermotropic LC phase by melting of the side chain crystallites @] From
high-resolution solid-state '*C NMR experiments on poly(y-n-alkyl L-glutamates)
ﬂﬁ], E, ﬁ, @, @], it has been shown that the main chain of polypeptides takes
a right-handed a-helical conformation and the n-alkyl side chains take an all-trans
zigzag conformation in the crystallites at temperatures below the melting point,
and that at temperatures above the melting point of the side chain crystallites the
side chains are undergoing fast trans-gauche exchange, and then the main chain
undergoes fast molecular motion at a frequency of about 60 KHz [E] Poly(n-
dodecyl L-glutamate) (PDLG, that is PG-12) forms a typical cholesteric LC phase
at temperatures above 50° C. This shows that by melting of the side chain crystal-
lites, the rate of reorientation of the side chains is transitionally increased. It has
been reported that a-helical poly(y-glutamate)s with n-octadecyl side chains in the
thermotropic LC state are diffusing as demonstrated by PFGSE 'H NMR method,
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and further the diffusion coefficients in directions parallel (D)) and perpendicular
E%H)QEO the a-helical chain axis are determined and the diffusion is an anisotropic
IB

Further, it is well known that poly(glutamate) systems such as PBLG, poly(y-
n-alkyl L-glutamate), efc. in solvent form the isotropic, biphasic and LC phases
depending on the polypeptide concentration [@ . However, in these phases
the diffusional behavior of the polypeptides is not clarified.

Here, the preparation of highly-oriented PDLG films is described as a function
of the main-chain length and the isotropic and anisotropic diffusion coefficients
of the polypeptides as a function of temperature within the temperature range
from 50 to 80°C by means of PFGSE '"H NMR method [@Jﬁ, in order to
elucidate how the diffusion is affected by changes of the main-chain length [@ IR
The diffusion behavior in thermotropic LC phase is analyzed by the translational
diffusion equation on the basis of Kirkwood theory ] of diffusion process for
rod like polymers derived by Doi and Edwards |. Further, we discuss the
diffusional behavior of a-helical PG-18 and chloroform as solvent in the isotropic,
biphasic and LC phases by using high field-gradient 'H NMR and diffusion 'H
NMR imaging.

The self-diffusion coefficient measurements to be introduced are carried out by
using a standard PFGSE pulse sequence: (the Hahn echo sequence: /2 pulse-7-m
pulse) [@] with field-gradient pulse in between the /2 and  pulses, and in between
the 7 pulse and spin echo [El] For small diffusion coefficient measurements, high
field-gradient strength must be used (for example, more than 10 Tm~! (1000 G/cm)
[@, ]. The relationship between the echo signal intensity and pulse field-gradient
parameters is given by

(7-4)  A(G or 8)/A(0) = exp[—y*G*D&*(A —§/3)]

where A(G or §) and A(0) are echo signal intensities at t = 21 with and without
the magnetic field-gradient pulse, respectively. The field-gradient pulse width
is 8. 7 is the pulse interval, vy the gyromagnetic ratio of proton, G the field-
gradient strength, D the self-diffusional coefficient, and A the field-gradient pulse
interval. The echo signal intensity is measured as a function of &. The plot of
In[A(8)/A(0)] against y*G*32(A —8/3) gives a straight line with a slope of —D.
In the small diffusion coefficient measurements, for example, the T, A and 8 values
employed are 4, 4 and 0.001-0.4 ms, respectively. The diffusion coefficient D of
water of 2.5 x 1073 c¢cm?/s at 303K is used as the calibration of the field-gradient
strength as well-known. The experimental error for the D value is estimated to be
within 5%.

As probe molecules in the biphasic phase have two-diffusion components in
diffusion on the measurement time scale, the total echo attenuation is given by a
superposition of contributions from the individual components as expressed by

(7-5)  A(3)/A(0) = f, exp[—y*G*D,8° (A - 3/3)]
+1, exp[—y*G*D,8%(A —§/3)]
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where D; is the self-diffusion coefficient of the ith component, and f; is the fraction
of the ith component and thus f, +f, = 1. The fraction for the fast and slow
diffusion components can be determined from the intercept of the least-squares
fitted straight line.

3.2 Diffusion of Poly(n-alkyl L-glutamate)s in the Thermotropic Liquid
Crystalline Phase

The self-diffusion coefficients (D) of rod like poly(n-alkyl L-glutamate)s having
n-dodecyl side chains in the thermotropic LC state have been measured as a function
of the main-chain length (molecular weight (M,,) of 7000, 30000 and 130000),
which are corresponding to the main chain lengths (L) of ca.30, 200 and 890A,
respectively, within the temperature range from 50 to 80° C by means of PFGSE 'H
NMR method as shown in Table [7=4] in order to elucidate the diffusional behavior
of the polypeptides in the thermotropic LC state [@] It is found that at temperatures
above the melting point of side-chain crystallites in poly(n-alkyl L-glutamate) the
polypeptide forms the thermotropic LC phase, and then the isotropic diffusion
coefficients (D, ) of the rod like polypeptides are decreased with an increase in
the main-chain length. From the table, it is seen that the D” value is larger than the
D, value. Their values are decreased with an increase in temperature. These agree
with the results of n-alkanes in the rotator phase [@] The diffusion process is
analyzed by the Kirkwood theory M] of diffusion process for rod like polymers
as shown in Figure [7=36] The diffusion coefficients of PGs in the directions parallel
(D) and perpendicular (D) to the a-helical axis are determined, and the D) value
is found to be larger than the D, value.

Table 7-4. Determined diffusion coefficients of PDLG in the liquid crystalline phase at temperatures
from 50 to 80°C

D/x1077 Temperature/°C

mol wt cm?/s 50 55 60 65 70 75 80

7000 D 17.6 18.3 19.1 19.7 20.4 21.2 21.8
D, 16.7 17.3 18.1 18.9 19.9 20.6 213
D, 15.7 16.2 17.2 18.1 19.1 19.8 20.6
Dy/D, 1.12 1.13 1.11 1.09 1.07 1.07 1.06

30000 Dy 10.4 11.1 11.9 12.8 13.6 14.3 15.4
Dy, 9.21 9.96 9.51 10.5 11.6 12.6 13.6
D, 7.94 8.72 17.2 18.1 19.1 19.8 20.6
D,/D, 1.31 1.27 1.25 1.22 1.17 1.13 1.13

130000 Dy 6.33 7.33 8.44 9.31 10.6 11.4 12.1
Dy, 5.67 6.44 7.56 8.43 9.63 10.5 11.2
D, 4.77 5.65 6.78 8.43 9.73 19.8 10.8

D,/D, 1.33 1.30 1.24 1.22 1.22 1.17 1.12
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The main-chain of PG considered in this work takes the a-helical form like a
long rod. At temperatures above the melting point of the side-chain crystallites the
side chains take the liquid like phase such as liquid n-paraffins and are working
as a solvent for the main chain. The rod like polypeptide is diffusing as reported
previously. The diffusion process of the polypeptide is assumed to follow the
Kirkwood theory [I@] for the diffusion process of rod like polymers.

The derivation of obtaining the translational diffusion coefficient of rod like
polymers derived by Doi and Edwards [M] on the basis of Kirkwood theory [@],
the isotropic diffusion coefficient D, of a rod like polymer chain is followed by
the following equation.

(7-6) Dy, = (D +2D,)/3 = [In(L/b)/L]KT /37,
in which

7-7) Dy = [In(L/b)/L]KT /27,
(7-8) D, =[In(L/b)/L]KT/4mm,
where D and D, are the diffusion coefficients in parallel to and perpendicular to

the rod like polymer chain axis, respectively, L is the rod like polymer length, b is
the diameter of the rod like polymer, m, is the viscosity of the solvent corresponding
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Figure 7-36. Spin echo 'H NMR spectra of PG-18 in the thermotropic LC phase at 80°C as a function
of field-gradient pulse length d by PFGSE NMR
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to long n-alkyl side chains in the thermotropic LC state, k is the Boltzmann constant
and T is the absolute temperature.

By using the standard bond lengths and bond angles determined by X-ray
diffraction we can straightforwardly estimate the rod like main chain length and
the diameter of a-helical polypeptides. Then, the main-chain lengths of a-helical
poly(y-n-alkyl L-glutamate)s with average molecular weights of 7000, 30000 and
130000 can be estimated to be L = ca. 30,200 and 890 10&, respectively, and the
diameter of the a-helical main-chain including the ester group of side chain to
b = ca. 10 A. The diffusion process of these rod like polypeptides is expected
to follow eq. (Z=6). This equation shows that the plots of D, against In(L/b)/L
become a straight line.

Therefore, that the plots of D, against [n(L/b)/L become a straight line at any
given temperature. Here, it is assumed that the viscosity of the solvent corresponding
to long n-dodecyl side chains is independent of the main-chain length, which is
undergoing fast exchange between the trans and gauche conformations like liquid
n-alkanes. In Figure [7=37] the plots of the isotropic diffusion coefficients of PDLG
in the thermotropic LC state against In(L/b)/L are shown at various temperatures.
It is found that its plots become a straight line. This trend does not conflict with
the theoretical prediction. Therefore, it can be said that the isotropic diffusion of
rod like PDLG chains follows approximately the translational diffusion equation
of rod like polymers derived by Doi and Edwards [IEI] on the basis of Kirkwood
theory ]. Further, it seen from Figure [[=37] that the slope of the plots of D,
against In(L/b)/L is increased with an increase in temperature. This agrees with
the theoretical prediction as seen from eq. ([Z=8)) because the slope is a function of
temperature.

In this polypeptide system, by melting of long n-alkyl side-chain crystallites,
the side chains play a role solvent in LC system. Therefore, we may take into
account the case that the viscosities m,” and r,” of the solvent in parallel to and
perpendicular to the rod like polymer chain axis, respectively, may be, in principle,
different. In this case, m, in eqs. (=) and [Z=8) must be replaced by m,’ and
m,”, respectively. Then, v, in eq. (Z=6) must be replaced by (q,” + m.7)/2m,’m,”.
When m,’ and m,” are equal to each other, D|/D, becomes 2. When " and m,”
are different from each other, D;/D, becomes 2m,’/n;". As predicted from this
polypeptide system, we have v’ > m,”. Thus, we may expected D /D, <2.Sucha
situation may be associated with the degree of the orientation of the polypeptide LC
system.

Fundamental theories of diffusion for low-molecular weight liquid crystals in the
nematic phase have been studied by Franklin M] based on Oseen-Kirkwood
hydrodynamic theory for isotropic liquids. Further theories of diffusion for low-
molecular weight liquid crystals have been developed. These theories explained

artially the experimental data on D and D, . Chu and Moroi [@], and Leadbetter
| have obtained that the anisotropy ratio of the diffusion coefficients, D /D, for
low-molecular weight liquid crystals are expressed by [2y(1 —S) +2S+1]/[v(S+
2)+1—S], where y = wd /4l in which [ is the length and d of the diameter of the
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Figure 7-37. The plots of the isotropic diffusion coefficients of PG-12 in the thermotropic LC state
against In(L/b)/L are shown at various temperatures

rod like molecules. This equation shows that if S becomes less than 1, D /D, is
reduced.

From Table [7=4] it is seen that the D” value is larger than the D, value. Their
values are decreased with an increase in temperature. These agree with the previous
results of PG-18 in the thermotropic LC state. Further, as seen from Figure [7-37]
it can be said that these experimental results can be qualitatively explained by
the Kirkwood theory. Also, the experimental results agree with the theoretical
prediction. As above-mentioned, when ;" and 7,” are equal to each other, D /D,
becomes 2, when m and m,” are different, D|/D, becomes 2m/v,”, and as
predicted from this polypeptide system, we have m," > m,” and, thus, we may
expected D /D, <2. As seen from Table[7-4] at 50° C the ratio of DytoD, is 1.33
and at 80°C is 1.12. This means v’ > v,”. These values are close to those of low-
molecular weight liquid crystals m] such as PAA(p-azoxyanisole) and DMBBA
(p-methoxybenzylidene-p’-n-butylaniline) to be 1.33 and 1.44, respectively.

33 Diffusion of Poly(diethylsiloxane) in the Thermotropic Liquid
Crystalline Phase and Isotropic Phase

As mentioned in section 2.3, molecular motion of PDES has been studied by NMR
method. Nevertheless, diffusional behavior of PDES in the LC phase has never
been clarified. It can be expected that a PDES chain in the isotropic phase behaves
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as a random-coil because of the flexible main chain and, on the other hand, PDES
chains in the LC phase behave as rigid-rod and then are diffusing.

It has been shown that pulse field-gradient spin-echo 'H NMR can provide very
useful information for elucidating the diffusion process of rod like polymers in
the LC phase. Sometimes, it is difficult to determine the diffusion coefficient of
polymers with short 'H T,("HT, < 2ms) in the isotropic phase and the LC phase
by PFGSE 'H NMR because the echo signal is predominantly decayed by short T,
before decayed by diffusion. For this reason, modified pulse field-gradient NMR
techniques must be used for PDES systems with short 'H 7,. Then, the diffusional
behavior of PDES through determination of the diffusion coefficients of PDES in
the LC phase and the isotropic phase as a function of temperature by using PFGSE
13C NMR method with 'H CW decoupling and PFGSE 'H NMR method will be
introduced [@]

34 Diffusion of PDES in the Isotropic Phase and in the Isotropic
Region of the Biphasic Phase

Figure [[-38a) shows the plots of in[A(G)/A(0)] for PDES in the isotropic phase
at 50, 60, 70 and 80° C against y>G*3*(A —3/3) by changing G = 0— 1160 G/cm
at A =500ms, at 8 = 8ms and T = 11.2ms as obtained by using PFGSE 'H NMR
method [@] It is seen from these plots that the experimental data lie on a straight
line. This shows that the diffusion of PDES in the isotropic phase is a single
diffusion component. Then, diffusion coefficients D with order of 107" cm?/s
determined from the slope are summarized in Table [7=31 This shows that such
extremely small diffusion coefficients are successfully determined by using the
present PFGSE 'H method. From these experimental results, it is seen that the
diffusion coefficient of PDES is slowly increased from 6.2 to 7.4 x 107! cm?/s with
an increase in temperature from 50 to 80° C. The polymer chains are completely
in the isotropic phase. We must consider the cause why the polymer chains are
very slowly diffusing. As suggested earlier for any specified viscosity behavior for
liquid polymers and high concentrated polymer solution [@], it is thought that
extremely slow diffusion of PDES chains in the isotropic phase may come from
entanglements between the polymer chains.

Next, we are concerned with diffusion of PDES in the isotropic region of the
biphasic phase. In the biphasic phase at 20, 30 and 40°C, as above-mentioned
PDES chains are in the isotropic region and LC region, and thus PDES chains
in the isotropic region are surrounded by the LC region, and those in the LC
region are surrounded by the isotropic region. The 'H T, of PDES in the LC
region is strongly influenced by strong dipolar interactions and then the 'H T,
becomes shorter by roughly one thirty-seventh than that in the isotropic region at
same temperature. Therefore, the echo signal of the LC component in this PFGSE
'"H NMR experiment conditions disappears within the time interval 7 of 11.2ms
between the first w/2 pulse and the second /2 pulse, but the signal derived from
PDES in the isotropic region of the biphasic phase remains in the finally obtained
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Figure 7-38. The plots of In[A(G)/A(0)] against y>G>8%(A-6/3) for determining diffusion coefficients
D of PDES by PFGSE 'H NMR method: (a) for the isotropic region in the isotropic phase: at 50 (A),
60 (), 70 (A) and 80°C (o); (b) for the isotropic region of the biphasic phase: at 20 (A), 30 (A) and
40°C (o)

Table 7-5. Determined diffusion coefficients D of PDES in the liquid crystalline region in the biphasic
region by PFGSE *C NMR method and in the isotropic region of the biphasic phase and the isotropic
phase by PFGSE 'H NMR method as a function of temperature

Diffusion coefficient D/cm?/s

Isotropic component®

Temp /°C Dx10~? (liquid D,x1071° (fast D,x107!! (slow fraction®
crystalline diffusion diffusion
component) component) component)
fpr
20 9.99 2.6 1.3 0.43 : 0.57
30 759 509 2.8 35 0.39 : 0.61
40 - 2.8 5.7 0.21:0.79
50 - - 6.2 0:1
60 - - 6.2 0:
70 - - 6.8 0:1
80 - - 7.4 0:1

¥ for the isotropic region of the biphasic phase at temperatures from 20 to 40°C and for the isotropic
phase at temperatures from 50 to 80°C.

) D, and D, for the fast and slow diffusion components, respectively, at temperatures from 20 to 40°C.
9 for A =750 ms.

9 for A = 1000 ms.
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echo. The plots of (n[A(G)/A(0)] against y?G?8%(A — /3 consist of two straight
lines with different slope as shown in Figure [[-38]b). This shows that the diffusion
has two kinds of diffusion components in the isotropic regions such as the slow
diffusion component and fast diffusion component. The diffusion coefficients Ds
for the slow diffusion component and the fast diffusion component of the isotropic
region in the biphasic phase are determined from the slopes as shown in Table [7-3
The diffusion coefficients Ds of PDES for the fast diffusion component in the
isotropic region as determined from the large slope of the plots are in order of
107"°cm?/s and those for the slow diffusion component as determined from the
small slope of the plots are in order of 10~'! cm?/s. The magnitude of the diffusion
coefficient for the slow diffusion component is close to that in the isotropic phase
at 50°C.

Next, we consider whether in the diffusional behavior at 20, 30 and 40°C the
partial-restriction effect on diffusion which comes from the obstruction at the
interface between the isotropic and LC regions is important or not. The slow
diffusion component is more sensitive to the obstruction of the interface. However,
the diffusion time A of 500 ms used in this experiment is not so long that the
diffusion is hindered by the interface. For example, the slow diffusion species with
D =3.5x 107" ¢cm?/s at 30°C can diffuse only 59nm as calculated from relation
~/2DA within the diffusion time of 500 ms. This is much smaller than the domain
size of the isotropic region to be over several wm as estimated by an optical micro-
scope. Therefore, it is difficult to observe the partial-restriction effect on diffusion.
If the observed non-Fickian behavior in the isotropic region of the biphasic phase
comes from the partial-restriction effect, the slow diffusion component may be
assigned to PDES in the interface region because PDES in the interface region must
suffers strongly the partial-restriction effect in diffusion. Thus, the fraction of the
slow diffusion component must be small because the fraction of the interface region
is very small. Nevertheless, the slow diffusion component is dominantly observed.
From these experimental results, it can be said that the slow and fast diffusion
components should be assigned to the inside and outside regions of the isotropic
region in the biphasic phase. The determined D values and the fractions of the
two diffusion components are summarized in Table [7-31 From this table, it is seen
that the D values of the slow diffusion components of the isotropic region in the
biphasic phase are very largely increased with an increase in temperature, and those
in the isotropic phase are very slowly increased. The plots are abruptly changed at
50°C (not shown in figure). The activation energy E for diffusion can be obtained
from the Arrhenius plots of /nD against 1/T to be 1.7 Kcal/mol and 0.17 Kcal/mol
for the slow diffusion component of the isotropic region in the biphasic phase and
in the isotropic phase, respectively. The E value for the former is much larger than
that for the latter.

The fraction of the fast diffusion component of the isotropic region in the biphasic
phase is decreased with an increase in temperature and that of the slow diffusion
component of the isotropic region in the biphasic phase is increased. Therefore,
it is expected that PDES chains are diffusing from the isotropic region to the LC
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region of the biphasic phase through their interface and at the same time from the
LC region from the isotropic region. Its balance may be changed by temperature
change. As above-mentioned, the origin of extremely small diffusion coefficient
in order of 107'°~107!' cm?/s may be due to the entanglements of PDES chains.
In order to recognize the effect of the entanglements on the diffusion process,
the PDES concentration dependence of the diffusion coefficient of the PDES in
PDES/toluene-dg solution is measured at 50°C. Figure =39 shows the plots of the
D values determined by changing G =0—1000G/cm at A =100ms, 8§ =1 —4ms
and T = 11.2ms by using PFGSE 'H NMR method against the PDES concentration.
It is seen that as the polymer concentration is increased, the D value of PDES
chains in PDES/toluene-d; solution is decreased with an increase in the polymer
concentration, and approaches to the D value of PDES chains in the melt state.
This shows that the entanglements effect exists in the polymer system, which leads
to reduction of the translational diffusion coefficient of the polymer chains.

In order to clarify the diffusional behavior of PDES in the LC region, the PFGSE
BC NMR experiments under '"H CW decoupling are made at 20 and 30°C by
changing G = 0 — 1150 G/cm at A = 750 and 1000 ms,d = 0.5ms and T = 1.7 ms.
In these temperatures, PDES chains are in the biphasic phase consisting of the LC
region and the isotropic region as characterized by static solid-state Si NMR. The
fraction of the LC region is 0.81 at 20°C, and is 0.69 at 30°C as determined by 'H
solid echo method. The typical observed PFGSE *C NMR spectra of PDES in the
LC region at 30°C and at A = 1000 ms are shown in Figure An asymmetric
signal appears at about 6.3 ppm. This peak can be straightforwardly assigned to the
methyl carbons in side chains of PDES. In PFGSE experiments, the magnetization
is attenuated by T, during 7. The *C T, value for the methyl carbons in side chains

1074 T

105 A

1076 ¢ N

107 F A
108 00

109 F %

Diffusion coefficients (cm?/s)
(@]

10—10 L

10—11 L
1 10 100

PDES concentration (w/w %)

Figure 7-39. The log-log plots of diffusion coefficients D of PDES in PDES/toluene-dy solutions against
the PDES concentration at 50°C by PFGSE 'H NMR method: (A) 12.5, 21.1 and 26.2% w/w; (e)
33.2, 36.9, 40.3 and 47.3% w/w (slow diffusion component); (o) 33.2, 36.9, 40.3 and 47.3% w/w (fast
diffusion component); (l) 100% w/w
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of PDES in the LC region is roughly 16 times longer than 'HT, as estimated
by using the magnetogyric ratios of '*C(vy;3c) and 'H(y,y) nuclei and the BPP
theory (BCT,/'HT, ~ (yy/Visc)* ~ 4% = 16) [R3]. Therefore, it is better to use
13C nucleus in determining the diffusion coefficient as compared with 'H nucleus
by PFGSE NMR method. The echo signal comes from PDES chains in the liquid
crystalline region and does not disappear at the echo time interval during 7. 74%
of the initial magnetization is decayed by '*C T, during T and '*C T, between the
second and third w/2 pulses at A = 1000ms and T = 1.7ms. Then, the remaining
magnetization is reduced by diffusion.

The plots of In[A(G)/A(0)] for PDES as obtained from the PFGSE *C NMR
spectra against y>*G?3*(A —9/3) at 20 and 30°C and at A = 1000ms become a
straight line as shown in Figure [[=41] Thus, this shows that the diffusion is a single
diffusion component with D ~ 1078 cm?/s. The reduction of diffusion coefficient
of PDES in the LC region with an increase in A from 750 to 1000 ms shows that
there clearly exists the partial-restriction effect of the diffusion.

1150 G/cm

G=0G/cm

15 10 5 0 -5 ppm

Figure 7-40. Observed PFGSE '3C NMR spectra of PDES in the biphasic phase as a function of
field-gradient strength G at 30°C

In[A(G)/A(0)]

16 L L L L L L L x106

RG282(A-8/3)

Figure 7-41. The plots of In[A(G)/A(0)] against y>G*8*(A — 8/3) for determining diffusion coefficients
D of PDES at 20 (o) and 30°C () by PEGSE '3C NMR method
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In the case of PG-18 in chloroform-d solution in the lyotropic LC phase and
the isotropic phase [IE], the diffusion coefficient of POLG in the LC phase
(*1077cm?/s) is much smaller D value than POLG in the isotropic phase
(=107%cm?/s). It is opposite to the results of PDES in the LC region and the
isotropic region. In the case of PG-18, the polymer takes the a-helix form in both
of the LC and isotropic phases, and then diffuses as a rigid-rod. As predicted from
the fact, PG-18 chains in the LC phase may more strongly interact with each other
as compared with those in the isotropic phase. On the other hand, the PDES chain
takes the extended form in the LC region, but takes the random-coil form in the
isotropic region. For this reason, the random-coiled PDES chains have the entan-
glements in the melt state and thus diffuse more slowly compared with those in the
LC region.
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CHAPTER 8

RECENT EXPERIMENTAL DEVELOPMENTS
AT THE NEMATIC TO SMECTIC-A LIQUID
CRYSTAL PHASE TRANSITION

ANAND YETHIRAJ

Department of Physics and Physical Oceanography, Memorial University of Newfoundland,
St. John’s, NL, AIB 3X7, Canada. E-mail: anand@physics.mun.ca

1. INTRODUCTION

Continuous phase transitions are characterized by universality: thermodynamic
observables that diverge with power-law exponents whose values are governed by
symmetry considerations and are insensitive to other details of the materials ﬂ E]
The nematic-smectic-A (NA) transition, where an ordered liquid acquires additional
one-dimensional periodicity is one of the outstanding unsolved problems in this
field of study [E, . Here the critical behaviour appears non-universal. The order
of the transition has been a matter of debate. The complexity of the NA transition
arises from an intrinsic coupling between two order parameters. Indeed, even the
direct determination of mean-field parameters has been a matter of recent study. Due
to this complexity, there are still unresolved issues after more than three decades
of research. The subtleties involved have been addressed theoretically via different
approximations, leading to a rich addition to the phase transitions literature. Exper-
imentally, these subtleties have inspired precise high-resolution experiments. This
article focuses on experimental developments in the last decade that address aspects
of the nature of the NA transition.

2. BACKGROUND: THE HIERARCHY OF THEORETICAL
APPROXIMATIONS

2.1 Essential Features of the NA Transition

On cooling from the isotropic to the nematic phase, three-dimensional rotational
symmetry is spontaneously broken. The average direction of orientation is termed
the director. A smectic-A phase has, in addition, one-dimensional positional order
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Figure 8-1. A cartoon of the nematic (left) and the smectic-A (right) phase. The nematic phase has
only orientational order and no translational periodicity. The smectic-A phase exhibits, in addition,
a sinusoidal density modulation (“layering”) in the direction of the orientational ordering; this layering
suppresses, but does not remove, orientational fluctuations

in the form of layering, with the layer normals being along the director (see cartoon
in Figure [B=I). Since the layer normals must lie along the director, the onset of
smectic layering has the effect of suppressing fluctuations of the nematic director
(see Ref. [3], Chapter [[Q for a good introduction).

This intrinsic coupling between nematic and smectic-A order parameters is
crucial to the understanding of the NA transition. The nematic order parameter is a
symmetric, traceless second-rank tensor, Q;; = § (Sﬁiﬁ ;=96 j) /2, where S describes
the degree of nematic ordering and 7 gives the direction of that ordering.

The smectic phase is envisaged as a one-dimensional density wave of
the form

1
8-1 7)= 0[1+— z)| cos(gyz — i|
(8-1)  p(z) =p(0) ﬁllﬁ( )| cos(goz — @)
where f}—: is the smectic layer spacing. One can express the smectic order
parameter as a complex number (z) = |(z)|exp(i¢p) whose magnitude is

proportional to the amplitude of density modulations in the layered smectic phase
and whose phase gives the origin in a given coordinate system.
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In the nematic phase, one can induce macroscopic orientation by controlling the
surface boundary conditions. However, because nematic ordering is the result of
a spontaneously broken symmetry, fluctuations of the director 7 are a soft mode.
Indeed a macroscopically oriented nematic phase is much more turbid than a macro-
scopically oriented smectic-A phase because of light scattering from orientational
fluctuation domains. The layered structure of the smectic-A phase suppresses these
orientational fluctuations, and it is this coupling that affects the character of the
transition (see [E] for a broad survey of such phase transitions). However, smectic
phases exhibit one-dimensional orientational order, characterized by the Landau-
Peierls fluctuation of the layer spacing [B, ﬂ]. As a result, the essential features
needed to capture the NA transition are:

1. Fluctuations of the nematic order parameter S.
2. Fluctuations of the nematic director 7.
3. Phase fluctuations of the complex smectic order parameter .

2.2 Mean-field Theory and Landau—de Gennes Theory

There are several levels of approximation possible in the consideration of the
NA transition. First there is the self-consistent mean field formulation due to
Kobayashi and McMillan [E—IE] This is an extension to the smectic-A phase of the
self-consistent mean-field formulation for nematics (“Maier-Saupe theory” [‘Ill])
Kobayashi-McMillan (K-M) theory takes into account the coupling between the
nematic order parameter magnitude S with a mean-field smectic order parameter.
In Maier-Saupe theory, the key feature of the nematic phase - the spontaneously
broken orientational symmetry - is put in by hand by making the pair potential
anisotropic. In the same spirit, the K-M formulation puts in by hand a sinusoidal
density modulation as well as the nematic-smectic coupling.

In the mean-field picture one expects the phase transition to be generically second
order. However, as one adjust materials parameters to reduce the temperature width of
the nematic phase, parametrized in K-M theory by the dimensionless ratio Ty, /Ty,
the coupling drives the transition first order, with the point in material-parameter
space where this happens being termed the “Landau Tricritical Point” (LTP).

The Landau-deGennes theory is based on the formal analogy between smectics
and superconductors [Iﬂ, E] Within the context of this analogy, there are type-1
and type-2 smectics. As will be seen in the next section, there are well-defined,
testable predictions in the extreme type-1 limit. On the other hand, there is also
agreement between experiment and the results from a Monte-Carlo simulation by
Dasgupta [IE] in the extreme type-2 limit. However, the superconducting analogy is
imperfect, and in real smectics there appears to be a broad experimental “crossover”
region in between these two limits. Varying Ty,/T,y (by choosing a variety of
liquid crystal preparations with varying nematic range) takes the transition from
the small-nematic-range type-1 limit (where the transition is also first order) to the
large-nematic-range type-2 limit, where the transition is continuous.
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2.3 Thermal Fluctuations

Thermal fluctuations modify critical exponents from the values predicted by mean-
field theory [ﬁ] Based on the dimensionality (d=3) and the order parameter
symmetry (n=2), the NA transition should belong to the isotropic 3DXY
(n=2, d=3) universality class.

Thermal fluctuations have another effect that is less understood ﬁ] when two
order parameters are simultaneously present and interact with each other, the fluctu-
ations of the additional order parameter may profoundly alter the phase transition
of the underlying system. In high-energy physics, for example, such a situation
occurs in the Higgs mechanism [ﬁ @] where the fluctuations of a scalar field
can add mass to the soft modes of the underlying transition. In condensed-matter
physics, Halperin, Lubensky, and Ma (HLM) [ILd] predicted 3 decades ago that
fluctuations of an additional order parameter could force a system with a second-
order phase transition to be first order. The HLM mechanism takes into account
the coupling between ¢ and the nematic director fluctuations 6n. An effective free
energy dependent only on ¢ is calculated by integrating out the nematic director
fluctuations. The theory treats the nematic fluctuations in the Gaussian approxi-
mation but is mean field in ¢y. They noted two settings where this should occur:
the normal-superconducting phase transition in type-1 superconductors and the
nematic—smectic-A (NA) transition in liquid crystals [IE] While experiments in
superconductors are well-described by mean-field theory, the importance of fluctu-
ations in soft condensed matter makes the effect observable at the NA transition
when material parameters have been chosen so as to be in the “type-1" limit.

Order parameters that exhibit large-distance correlations can be influenced
strongly by external fields. A recent theoretical extension of the HLM study
considered a liquid crystal in the presence of an external field [@] and found that
the term in the free energy that is responsible for the HLM first-order character
can be suppressed at relatively moderate fields; i.e. 10 T for a magnetic field and
1 V/pum for an electric field. The testing of these predictions is an important recent
experimental development, discussed in the next section. It has also been shown
ﬂﬁ] that allowing for ¢ fluctuations in a type-I superconductor or a liquid crystal
always increases the size of the first-order transition. So the HLM prediction that
the NA transition is always first order is on firm theoretical ground in the type-1
limit.

With one-dimensional periodicity, the smectic phase cannot exhibit true long-
range order due to the Landau-Peierls instability [E, ﬁ] An anisotropic scaling
analysis [E] (see B] page 521 for a summary) predicts the divergence of the layer
compression modulus B o § /¢ |, thus a divergence with exponent ¢ = v —2v,.
In addition anisotropic scaling allows for three possibilities for the fixed point of
the nematic splay elastic constant: K,* = 0, implying A, = v /v, =1, K," finite,
implying A, =2, and K" infinite, implying A, > 2. The Nelson-Toner anisotropic
analysis [ﬁ] predicts A, = 2. All options imply either a strong anisotropy (A, =
v, /v, =2 orno anisotropy atall A, = v /v, = 1. Experimentally, a weak anisotropy
1.08 < A, < 1.6 is observed, in contradiction with all the above possisibilities!
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The main difficulty with the analogy to superconductors is that the the additional
length associated with the nematic splay elastic constant K, breaks gauge symmetry.
Thus the splay elastic constant does not diverge at the transition. Results based
on the superconducting(SC) analogy need to be transformed back into the liquid
crystal (LC) gauge in order to be valid. Even isotropic exponents in the SC gauge
could become anisotropic after the transformation [‘ﬁ] to the LC gauge. Patton and
Andereck ['Z_JL E] analyzed a model based on the Landau-deGennes free energy
functional without invoking the analogy to superconductors. They found that the
correlation length exponents parallel and perpendicular to the nematic director have
different renormalizations, resulting in different values for the exponents v and
v, . They found too a curious temperature-dependent crossover from weak to strong
anisotropy as one came closer the the transition. While weakly anisotropic critical
exponents are clearly the norm in experiments at the NA transition, and this is the
only theory to predict them, no quantitative test of Patton-Andereck theory has been
achieved. The theory also makes no statements about phase transition order.

Another field-driven fluctuation effect recently predicted is that the fluctuation-
induced Casimir-like force between two surfaces bounding a smectic film - one
a solid surface and the other a nematic—smectic interface - can be driven from
repulsive to attractive in the presence of an external field [‘E] Experimentally this
should manifest itself by a transition from complete to incomplete wetting at the
nematic—smectic interface on increasing an electric field from zero to 10 kV/mm.
The presence of this effect has not yet been probed experimentally.

3. EXPERIMENTS PROBING MEAN FIELD PARAMETERS

Experimental developments in the field of liquid crystals are well discussed in
a recent collection of reviews [|2_£]|] In what follows various recent experimental
developments at the NA transition are presented in a form that follows the hierarchy
of theoretical approximations within which they were analyzed, beginning with
mean-field behaviour.

Realistically, the mean-field K-M formulation is only complete when coupled
with experimentally measured values for the model parameters. NMR spectroscopy
probes local molecular order. Thus data from NMR spectra are well suited for
quantitative fitting to molecular models [Iﬁ, E]

3.1 Dissolved Solutes

Molecular order in liquid crystals has been studied extensively by NMR
spectroscopy [E, @] using dissolved solutes as probes of the local environment.
Investigations into this problem have used rigid and flexible solutes as probes of
the anisotropic environment M] as well as liquid crystal molecules themselves
[Iﬁ] The dipolar interaction, which averages to zero when the solutes are free
to tumble in an isotropic solvent, is non-zero in a liquid-crystalline (anisotropic)
solvent giving rise to complex spectra even for simple molecules ]. These
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dipolar coupling induced splittings present a wealth of information from which one
may calculate the order matrix ,IE].

The concentration of dissolved solute in NMR studies is typically 1 mole %
or larger. Such concentrations can have an effect on more subtle effects such as
phase transition order in weakly first-order phase transitions. However, it is an
excellent probe of mean-field effects, especially when the effects are probed for
different solutes and the results found solute independent. Orientational order in
some smectic-A phases changes less rapidly as a function of temperature than in
the nematic phase with no break at the phase transition —@]

Molecular order in the smectic-A phase was probed recently via a proton NMR
study of three aromatic solutes in the liquid crystal 8CB ]. The results were
analyzed in the context of a simple modification of K-M theory for dissolved
non-uniaxial solutes. The smectic solute Hamiltonian was written in the form:

(8-2) H,=-7cos(2wZ/d)+ Hy(1+ K cos(2mwZ/d))

where k" and 7’ are the nematic-smectic-A coupling and the smectic order parameter
magnitude - fit parameters in the experiment. This tested the applicability of a
mean-field Hamiltonian that accounted for both nematic and smectic-A ordering
and fully determine the Hamiltonian prefactors k” and 7'. While 7/ was temperature-
dependent and solute-dependent, the nematic—smectic-A coupling was found to
be a solute-independent liquid-crystal quantity: k& 0.9. While measurements of
the smectic order parameter have been made since McMillan [‘E] this is the first
measurement of the coupling term found by the author.

Recent optical experiments have probed the effect of flexible polymeric solutes
in both lyotropic [@} and thermotropic liquid-crystal ﬂﬁ, @] environments. Long-
chain solutes feel an average effective anisotropy, and are found to exhibit much
stronger ordering than smaller solutes. The synthesis of the bent-core mesogens

“banana” molecules) has resulted in a novel biaxial smectic-A (both pure phase
Eﬁ] and solute-induced [@]) as well as nematic phases [@, ].

An intriguing experiment with a long flexible polymer dissolved in the liquid
crystal 8CB [ﬁ] has found that while the polymer predominantly aligns along the
primary orientation direction (perpendicular to the smectic layers or along the layer
normal), a sizeable fraction (= 10%) lies in the direction perpendicular to the layer
normal. While this would not be surprising if one pictured the smectic structure as a
“bookshelf” geometry, the surprise arises because it has been well established that
the smectic density is a square-wave but a sinusoidal modulation M] The field of
solutes in thermotropics is thus seeing a resurgence.

3.2 Carbon-13 and Deuterium NMR Studies

The cleanest way to eliminate the effects of a solute is to have no solute. Recentl
a method which uses carbon-13 NMR [@] and one that uses deuterium NMR [4d]
to study the reorientation of a smectic liquid crystal has been reported. Both studies
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concentrate on macrodomain reorientation in a single phase. The carbon-13 NMR
method, which turns off and on near-magic-angle spinning in order to achieve
reorientation, can be used in both nematic and smectic-A phases, and can thus be
used as a way to probe the NA transition.

The NA transition in a series of homologous liquid-crystalline compounds, nO.m
(4-n-alkoxybenzilidene-4’-n-alkylanilines), has also been probed by carbon-13
NMR [@] The order parameters were determined by a two dimensional technique
called separated local field spectroscopy combined with off-magic angle spinning.
NMR probes local order parameters of different molecular segments, and so the
behaviour of different molecular segments can be followed simultaneously. Changes
in the order parameters of the different molecular segments were quantitatively
related to the McMillan ratio, and the Landau Tricritical Point in this series of
mixtures was located by this technique.

4. EXPERIMENTS PROBING CRITICAL BEHAVIOUR

A comprehensive review of the study of critical phenomena at the NA transition is
not attempted here. The reader is pointed to excellent reviews of this literature (see
e.g. Ref. @] and Ref. [@] and references therein). High-resolution calorimetry
results produced a consensus that the NA transition in most liquid crystals is
second order. The main issue that remained was to rationalize the large spread
in critical exponents observed on different liquid crystals with varying nematic
range (characterized by the McMillan ratio Ty, /T,y, which is a material-dependent
number), with the critical exponents approaching 3DXY values for large nematic
range. At smaller nematic range, it appeared (see [@]) that there was a broad
crossover in critical exponents from 3DXY to tricritical. The critical exponent
anisotropy A, = v /v, ~ 1.08 — 1.6 depending on T, /T,y (Figure BD).

This was qualitatively consistent with predictions by Patton and Andereck. But
the main prediction of Patton-Andereck theory was that the crossover would be
observable on approaching the phase transition in a single liquid crystal [IZI, E]
Recent high-resolution xray scattering studies have corrected for the effect of
mosaicity @] and were qualitatively consistent with previous results with minor
quantitative changes. The removal of mosaicity with a 5 T magnetic field allowed
an increase in the range of the study of critical behaviour. Contrary to the Patton-
Andereck prediction, the temperature dependence in any one experiment was still
fit well by a single critical exponent.

A possible resolution of the critical exponent anisotropy was proposed by
Bouwman and de Jeu [El'] By not holding the splay correlation length to & = c&1
in their fits to high-resolution x-ray structure factors, they find larger (and perhaps
more realistic) estimates of the uncertainties in the correlation length exponents.
Within these larger uncertainties, the spread in experimental values of critical
exponents and discrepancies with the 3DXY model are less significant. Errors
quoted in the recent experiments by Primak et al are significantly less [@] — yet
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Figure 8-2. Correlation exponent anisotropy ratio A, = v /v, as a function of the ratio Ty,/Ty-
The grey-filled squares are values from numerous experiments (tabulated in [@]) The square with the
large error bar (x-ray scattering experimental result of Bouwman and de Jeu ﬂ]) with errors modified
due to a reconsideration of the fitting procedure. The black circles with errors are from recent scattering
studies with mosaicity corrections taken into account@]. Both the 3DXY and the tricritical models
predict isotropic exponents (A, = 1). Strong anisotropy would predict A, =2

there is appreciable difference (A, = 1.14+0.03 — 1.354+0.05) in the anisotropy
measured at different Ty, /T}y-

Yet another technique, measuring ultrasonic velocity anisotropies in the vicinity
of the NA transition, however, also find anisotropies consistent with crossover
behaviour. Sonntag et al [@] studied the divergence of three elastic constants, the
bulk compression constant A, the layer compression constant B and the bulk-layer
coupling constant C. B and C have critical exponents that are unequal and are in
between that of the 3DXY values and anisotropic scaling values.

Given the above situation with static critical exponents, it is understandable that
studies of dynamical critical exponents have been fewer. Dynamical exponents
were recently measured in liquid crystals whose nematic range puts them in the
“crossover” region. Marinelli et al B] found that the thermal transport critical
exponents did not show any orientational dependence, i.e. they were isotropic. In
addition, they found [@] the values obtained to be consistent with a dynamical
model also with n =2 and d = 3.

Much recent work has addressed the vexing question of phase transition order,
reviewed in the following section. While clearly the measurements of critical
exponents is predicated on the non-existence of a discontinuity, the discontinu-
ities being argued over are small enough so as not to suppress the pre-transitional
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effects characteristic of a second-order phase transition. However, one cannot rule
out subtle effects of one on the other.

S. EXPERIMENTS PROBING PHASE TRANSITION ORDER

Discussed in this section are the effects of fluctuations and of external fields on the
phase transition. Experimentally, the NA transition is usually indistinguishable from
second order [@] however, for materials with a small nematic range, calorimetric
measurements have detected a small latent heat associated with the phase change,
which is interpreted as a mean-field, second-order phase transition that is driven
first order by the coupling to a second, strongly fluctuating order parameter. The
second order parameter is associated with a nearby transition, between the isotropic
and nematic phases (IN).

One suggested way [59, @] to compare different experimental probes of phase
transition order is to express the phase transition discontinuity in terms of the
dimensionless quantity t, = (Ty, — T*)/T*, where T,, is the equilibrium NA
transition temperature. 7* is the spinodal temperature, where the nematic phase
would become unstable. One can measure 7* via almost any physical quantity
by extrapolating to the temperature at which critical effects diverge. Because f,
is positive for a first-order transition and zero in a second-order transition, it is a
useful dimensionless measure of the strength of a first-order transition. One may
also then use ¢, to estimate latent heats, allowing direct comparison with calorimetry
experiments.

5.1 The Landau Tricritical Point and the HLM Effect

Experimental studies in the small-nematic-range limit were carried out by various
groups [E—@] Systematic measurements of the latent heat as a function of 7y, /Ty,
were possible because one can tune the nematic range by mixing two almost-
similar liquid crystals with slightly different aliphatic chain lengths. The alkyl-
cyanobiphenyl liquid crystals “8CB” and “10CB”, and alkyoxy-cyanobiphenyls
“80CB” and “100CB” have been used extensively (8 and 10 here refer to the length
of the aliphatic chain, and the series of liquid crystal with varying n is referred to as
a homologous series). In the de Gennes-McMillan theory (i.e., taking only the 6S-i
coupling into account), the latent heat should vary linearly with éx = x — x*, for
small 6x, where x is the mixture concentration and x* is the concentration where
the latent heat vanishes and is thus, in the context of this Landau theory, a tricritical
oint. By convention, x* is known as the Landau tricritical point (LTP). Brisbin et al
E] and Thoen et al @] showed that this is true well above x*. Reanalyzing data
| from mixtures of 8CB and 10CB, Anisimov et al [@] showed that the latent heat
did not go to zero at the LTP but crossed over nonlinearly to a measurable, non-zero
value. This indicated that something other than 65 — ¢ coupling was also important,
consistent with the HLM predictions. Tamblyn et al b, d] demonstrated a similar
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Table 8-1. Latent Heats measured in pure 8CB by different techniques. A comparison of
latent heats (error bars in parentheses) from Intensity fluctuation microscopy (IFM; latent
heats are estimated from the measured (7, = 1.240.1) x 107> ] and Landau parameters
in [[63]), Adiabatic Scanning Calorimetry (ASC; errors from [6d]) and Modulated differential
scanning calorimetry (MDSC; errors estimated from smaller error bar). Also listed is the
molar fraction X of 10CB in 8CB-10CB (alkyl-cyanobiphenyl) mixtures at which the latent
heat appears to vanish

Technique Latent heat Tricritical point
IFM [66] 5.25 (0.50) J/kg NONE

ASC [60, 69] 0.0 (1.8) J/kg X=0.314
MDSC [67] 0.0 (17.0) J/kg X=0.22

dependence via capillary length (ratio of the surface tension to the latent heat)
measurements on 8CB-10CB mixtures.

In addition, Anisimov et al and Cladis et al [@, @] introduced a different
technique for studying weakly first order transitions. They measured the propa-
gation speed of a NA front after a step jump in temperature. The velocity was a
linear function of the temperature jump AT. For second-order transitions, the front
propagation speed should be proportional to AT'/%. This result implied that the NA
transition was first order for all 8CB-10CB mixtures, including pure 8CB.

The above result was confirmed by Yethiraj et al [@, é] using an optical
technique that quantified intensity fluctuations in the liquid crystal. Since the
intensity fluctuations in the nematic phase are caused by nematic director fluctua-
tions, which in turn are suppressed in the smectic-A phase, this is a very sensitive
probe of the phase transition. In addition, the temperature dependence of the phase
transition was obtained optically by placing the sample in a well-calibrated temper-
ature gradient. Indeed the existence of a sharp static interface is itself a qualitative
indicator of first-order character. Not only was the transition in the 8CB-10CB
system always first order, the strength of the discontinuity was larger not smaller
than the HLM prediction. This result is consistent with a subsequent calculation by
Herbut et al which takes into account ¢ fluctuations.

Lafouresse et al [@] and Sied et al [@] have used Modulated Differential
Scanning Calorimetry (MDSC) to measure latent heats as a function of concentration
in two liquid crystal mixtures (3CB-10CB and 8OCB -100CB). In both cases, they
obtain results quantitatively differing from previous calorimetry results.

Experimental measurements of zero (or non-zero) latent heat should always be
coupled with an estimate for experimental resolution (see Table B=T). A recent
adiabatic scanning calorimetry (“ASC”) study [@] reiterates the results of an older
study @] and puts an upper bound on the NA transition in 8CB at < 2 J/kg. In the
presence of relatively large impurity concentrations (~5 mole % of cyclohexane
in 8CB) ASC does measure a discontinuity of 17 J/kg [IE] (here the estimated
errors are 5 J/kg). The stated errors in the MDSC data are large (=~ 17 J/kg as
estimated from the smallest error bar on the graph) and thus consistent with both
the intensity fluctuation microscopy (IFM) results of Yethiraj et al and the ASC
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result within errors. The ASC results are, however, clearly at odds with the IFM
results of Yethiraj et al. The source of the discrepancy is unclear. It seems safe to
say that the last word on phase transition order has not been spoken.

5.2 External Fields

External fields (surfaces, electric, or magnetic fields) can have an important effect on
liquid crystal alignment. However, strong enough fields can also have an effect on
liquid crystal phase behaviour. The work of Lelidis et al [ﬂ, E] has demonstrated
that nematic phases can be induced in a system that exhibits an isotropic and a
smectic-A phase (and close in the phase diagram to the emergence of a nematic
phase). Such a nematic phase has been termed “non-spontaneous” (NSN). It turns
out that the NSN-A transition can also be either first or second order, and that
the discontinuity can be suppressed by increasing the electric field even more!
Comparable results have been found by Basappa et al [ﬂ] who were able to suppress
the range of the smectic phase via an external electric field. In both cases, care
had to be taken to use pulsed alternating electric fields to simultaneously prevent
charge migration and prevent heating effects. The heating effects put a limit on the
experimental resolution of the measurement.

Lelidis also reports [Iﬂ] confirmation of the electric-field-assisted suppression
of the HLM effect (predicted by Mukhopadhay et al ﬂE]) with an important point
of departure. The theory predicted a critical field of 10 T (magnetic) or 1 V/um
(electric). Since this is the point when the discontinuity is completely suppressed,
one would expect to see an effect for much smaller fields. However, Yethiraj
et al found no trace of a field-induced suppression in magnetic fields upto 1.5 T,
suggesting a minimum critical field of 33 T. This would correspond to a critical
electric field of atleast 3.3V/um. The critical field reported in Ref. [|ZII] was
20V/um, i.e. an order of magnitude higher. This result is indeed experimentally
consistent with the earlier findings of Yethiraj et al. However, given the strength
of the field required, there exists a question if the effect observed is truly the
subtle HLM effect. The modified HLM theory [@] also predicts an increase in
the critical field as the zero-field phase transition discontinuity (characterized, for
example, by the dimensionless temperature f,) increases. This can be achieved
experimentally in a homologous mixture such as 8CB-10CB where increasing 10CB
concentration increases the zero-field discontinuity. Measuring the critical electric
field as a function of the concentration in mixtures might be a good test of the
HLM mechanism in this case.

6. THE LANDAU-PEIERLS INSTABILITY IN SMECTICS

A smectic-A liquid crystal is expected to exhibit algebraic decay of the layer
correlations rather than true long-range order [Ia, ﬂ]. In x-ray scattering, the smectic
Bragg peaks would be expected to be power-law singularities of the form qrﬂ’

and qf”’. Distinguishing between power-law singularities and ‘“delta function”
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peaks broadened by diffuse scattering from acoustic modes requires an instrument
with a resolution function whose wings drop off much faster than the power law/s.
Als-Nielsen et al [@] found in a high-resolution x-ray diffraction study of the density
wave of the smectic-A phase that the smectic-A Bragg peaks in the liquid-crystal
80CB were indeed consistent with the predicted power-law singularity form. While
anon-vanishing (i.e. a non-divergence to zero) of the layer compression modulus has
been reported in second-sound measurements [Iﬁ], the validity of the interpretation
of the measurements has been contested via other measurements using the same
technique [@] In addition, Martinoty et al [ﬁ] found, using dynamic compression
measurements, that the layer compression modulus exhibits a single power law
divergence (to zero) on approaching the phase transition over 4 decades in reduced
temperature.

7. SUMMARY

The nematic-smectic-A (NA) transition is one that has been studied theoretically
with fluctuations being accounted for within different levels of approximation. It has
also been studied experimentally by a diverse array of high-resolution techniques in
laboratories around the world. While much has been understood about the transition,
almost every probe of the NA transition, whether mean-field behaviour of solutes,
nature of divergences and values of critical exponents or phase transition order,
has met with conflicting experimental results. It appears that another generation of
resolution and precision enhancement is required before the complete story is told.
As remarked several years ago by deGennes and Prost [E]: “It seems that we almost
understand, but not quite”.
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CHAPTER 9

LIQUID CRYSTALLINE CONJUGATED
POLYMERS - SYNTHESIS AND PROPERTIES

KAZUO AKAGI

Department of Polymer Chemistry, Graduate School of Engineering,
Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan

1. INTRODUCTION

Among a variety of electrically conducting polymers reported so far, polyacetylene
is the most typical conjugated polymer ﬂ] and it shows the highest electrical conduc-
tivity with an order of 10* ~ to 105S/cm upon an iodine doping [[]. However, it
is insoluble and infusible, which makes it difficult to evaluate molecular weight
and chemical structure and also to process the polymer in solution such as casting.
Introduction of alkyl or aromatic substituents into the polyacetylene chain makes
the polymer soluble in organic solvents when the alkyl chain length is sufficiently
long, i.e., hexyl, pentyl and octyl groups B] Electrical conductivity of substi-
tuted polyacetylene, however, is significantly lower than that of non-substituted
polyacetylene. This is due to a less coplanarity of the main chain arising from steric
repulsions between substituents, as well as a higher ionization potential and a lower
electron affinity. In addition, even in the substituted polyacetylene the main chain
is still randomly oriented, which depresses the observed electrical conductivity of
the polymer.

If the substituent is a liquid crystalline (LC) group, the polymer would be not only
soluble in organic solvents, but also easily aligned by spontaneous orientation of the
LC group. Besides, it could be macroscopically aligned by an external perturbation
such as shear stress, electric or magnetic force field. This situation means that a
mono domain structure of the LC phase is constructed on a macroscopic level.
Under such a circumstance, the polymer is expected to show a higher electrical
conductivity, compared with the case of random orientation. At the same time,
one can control the molecular orientation and hence the electrical conductivity of
the polymers by the external force. In Figure are schematically described both
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Domain of LC ﬂ

Multi domain

External force

Mono domain

Spontaneous
orientation

Figure 9-1. Schematic representation of spontaneous and magnetically forced orientations of side chain
liquid crystalline conjugated polymer

spontaneous orientation and externally forced macroscopic alignment of side chain
type LC conjugated polymers, where the former and the latter generate multi and
mono domains of LC phases, respectively.

Currently, a series of LC polyacetylene derivatives have been synthesized and
characterized from aspects of thermal and electrical properties M] For these novel
LC conducting polymers, the macroscopic alignment has been first achieved under
magnetic force field [ﬂe]. Since a concept of LC conducting polymers is versatile, it
is straightforward to apply the concept to other kinds of conjugated polymers. In fact,
following LC polyacetylene derivatives, which are to be reviewed in more details,
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Scheme 1

various types of LC polymers have been synthesized in these decades. Scheme 1
shows representative LC conducing polymers, e.g., LC polyene derivatives ﬂa
with a six-membered cyclic backbone structures such as poly(1,6-heptadiyne) and
poly(dipropargylamine), polythiophene derivatives ﬂa] with mesogenic groups at
3-position of thiophene rings, LC polypyrrole derivatives [ﬂ with mesogenic groups
at 3-position or N-position of pyrrole rings, LC poly(para-phenylene) ﬂé] deriva-
tives, LC poly(para-phenylenevinylene) derivatives %] and LC polythienylen-
vinylene derivatives [[9] with mesogenic groups at phenylene or thiophene rings, LC
polyaniline derivatives [@ with mesogenic groups at ortho-position of aniline ring.
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«(C=CH) -
PPCHn03A, n =235 ~ 8

CnH2n+ O-(CH2)3\

-(C =CH),-
PBPrO3A, n=5

Scheme 2

Subsequently, small-band gap LC conjugated polymers [El] based on benzonoid
and quinoid resonance structures were synthesized. Subsequently, ferroelectric LC
(FLC) conjugated polymers [ﬁ] consisting of acetylene, thiophene, phenylene,
or phenylenevinylene unit cell were synthesized in order to achieve highly quick
response to an electric force field during macroscopic alignment. These FLC
conjugated polymers, however, will not be further mentioned here and reviewed
elsewhere.

1.1 LC Polyacetylene Derivatives [E—lﬁ]

The liquid crystalline substituent of the monomer is composed of the phenylcyclo-
hexyl (PCH) moiety as a mesogenic core, methylene chain linked with an ether-type
oxygen atom, -(CH,);0, as a spacer, and an alkyl chain (-C,H,,,,,n=2,3,5~8)
as a terminal group. This monomer is abbreviated as PCHn03A, where A stands
for acetylene segment. Another kind of substituent consists of a biphenyl (BP)
mesogenic, a methylene chain linked with oxygen as a spacer, and an n pentyl group
as a terminal moiety. This type of monomer is abbreviated as BPn03A (n =5).
The monomers were polymerized with Ziegler-Natta, metathesis, and rhodium-
based catalysts. The corresponding polymers are abbreviated as PPCHn03A and
PBPrn03A, as shown in Scheme 2.

The present monomers and polymers were characterized by means of infrared
(IR), UV-Vis, 'H- and '*C-nuclear magnetic resonance (NMR), elemental analyses,
DSC, and polarizing optical microscopy. Molecular weights of the polymers were
evaluated by means of gel-permeation chromatography (GPC) using polystyrene
standards, and electrical conductivities upon iodine doping for the cast films of the
polymers were measured with a four-probe method. Morphologies were examined
through measurements of scanning electron microscopy (SEM).

2. PREPARATION

2.1 Syntheses of Monomers

(i) The monomer of para-(trans-4-alkylcyclohexyl)phenoxy-1-pentyne, PCHrO3A,
was synthesized through reaction of para-(trans-4-alkylcyclohexyl)phenol
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EtOH, KI
C,H ONa + Cl(CH2)3CECH —_—
2n+1 reflux
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TBAB =tetra-n-butylammonium bromide

EtOH
3 + CICH23;C CH ——  CgH,; O O O(CH2);C =CH

Na, KI
4
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and 5-chloro-1-pentyne in sodium ethoxide by using potassium iodide
as a catalyst (Scheme 3).

(ii) Four steps of synthesis for BP503A were necessary. First, 4-methoxy-4’-
pentanoylbiphenyl (1) was synthesized through Friedel-Crafts reaction between
4-methoxybiphenyl and pentanoyl chloride in nitrobenzene using aluminium
chloride as a catalyst. The carbonyl moiety of 1 was reduced into a methylene
group by hydrazine and potassium hydroxide in diethylene glycol to yield
4-methoxy-4’-pentylbiphenyl, (2). The methoxy group of 2 was changed
into a hydroxy one using hydrogen bromide in acetic acid, where tetra-n-
butylammonium bromide (TBAB) was employed. The etherification of the
product, 4’-pentyl-4-biphenlyol (3), was carried out through coupling reaction
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with 5-chloro-1-pentyne in sodium ethoxide using potassium iodide as a
catalyst, yielding 5-(4-pentyl-4’-biphenylol)-1-pentyne (4), that is BP503A
(Scheme 3).

2.2 Polymerizations of Monomers

The polymerizations of PCHn03A and BP503A monomers were carried out by
using Ziegler — Natta catalyst [IE], Fe(acac),-AlEt;, and metathesis catalyst [IE],
MoCls — Ph,Sn in toluene for 21h at room temperature. For some monomers,
chlorine-bridged rhodium complex [|2__1|], [Rh(NBD)Cl], was also used with NEt,
as a co-catalyst, in which the polymerization time was within 6 minutes at room
temperature [4(f)—(g)]. The polymerizations were terminated by pouring the reaction
mixture into a large amount of methanol. The polymers were filtered off and
washed with methanol and then dried under vacuum. The polymerization yield and
molecular weight evaluated from GPC measurement are summarized in Table
The MoCls-Ph,Sn catalyst gave higher yields of polymers than the Fe(acac),-
AlEt, catalyst. The high number-average molecular weight of M, = 10> of the
Fe-based PPCH803A polymer is worth to be emphasized. Note that although the
Fe-based PBP503A polymer was insoluble in tetrahydrofuran (THF) and benzene
in the range of room temperature to 90°C, it became soluble into cumene by
heating up to 120°C for 30 min. The polymer dissolved has a low viscosity and
relatively small molecular weight of 3000 < M, < 4000. This may be due to
degradation during the heating process.

Table 9-1. Polymerization yields and molecular weights of PPCHn03A and PBP5S03A prepared with
Fe(acac); — AlEt; and MoCls — Ph,Sn catalysts (acac = acetylacetonate)

Polymer® Fe(acac); - AlEtg MoCls - Ph,Sn¢
Yield M, M,, M,/M, Yield M, M,, M, /M,
(%) (%)
PPCH303A 71 55x10°  2.6x10° 4.7 61 1.5x10* 34x10* 23
PPCH503A 70 45x10° 1.8x10° 4.0 67 1.4x10* 33x10* 24
PPCH803A 67 52x105 2.6x10° 5.0 73 1.2x10*  27x10* 23
PBP503A 65 35x 100 1.0x10* 29 85 75x10°  6.8x10* 9.1

 Polymerized in toluene for 21 h at room temperature. [Monomer] = 3 mmol, [Fe(acac);] = 0.01 mol/1,
[AIEt;]/[Fe(acac),] = 6, [MoCls] = 0.01 mol/l, [PhsSn]/[MoCls] =0.5.

b: Polymers are soluble in organic solvents such as CHCl;, THF, and benzene at 50 ~ 60° C. For the
measurements of GPC spectra, the polymers were first dissolved in THF with heating and then allowed
to cool to room temperature.

¢ Polymers are soluble in the same solvents as mentioned above at room temperature.
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3. PROPERTIES
3.1 Liquid Crystalline Phases of Monomers

Liquid crystallinity of the PCHn03A monomer was examined with a miscibility
test. Figure D=2] shows a phase diagram of the mixture of PCH803A monomer and
1-hexyloxy-4-(trans-4-propylcyclohexyl)benzene, PCH306. The latter is known to
have a nematic liquid crystalline phase and therefore is used as a reference.

In the miscibility phase diagram the mixture is homogeneous, irrespective of the
mole ratio between the two compounds. This indicates that the liquid crystalline
phase of the PCH803A monomer is nematic. The result is supported by the experi-
mental facts that the PCH803 A monomer shows a mesophase in DSC and it exhibits
a Schlieren texture characteristic of the nematic phase in a polarizing optical micro-
scope. Similarly, the PCHn03A monomers with long terminal alkyl chain lengths
(n =15 ~17) were also confirmed to have nematic liquid crystalline phases. It should
be noted that the above mentioned mesophases of the monomers were observed
only in the cooling process but not in the heating one, indicating that the monomers
are monotropic liquid crystals.

3.2 Liquid Crystalline Phases of Polymers

AllPCH and BP polymers with liquid crystalline groups in the side chain exhibited fan-
shaped textures and uniaxial conoscopic patterns in a polarizing optical microscope
that are characteristic of the smectic A phase. Typical fan-shaped textures of
the polymers prepared with Fe-based and Mo based catalysts are shown in Figure[0=3]

It was found that the domain size of the liquid crystalline phase increased with
lengthening of terminal alkyl chain length in the side-chain of the PCH polymer.
Meanwhile, the domain size of the Mo-based PBP5S03A polymer was larger that of

50— —————————+———50
! I | Catis O-ICHEJS‘CECH
—~ PCHB03A
%)—v 30}
© +
= |
g CsHy O-CeHm
(=9
g
&= PCH306
10 c | = N—» C
337°C  19.8°C
0 1 1 1 1 sln 1 1 1 1 100
mol% of PCH306

Figure 9-2. Phase diagram of mixture of PCH803A and PCH306 (I = isotropic; N = nematic; C =
crystalline)
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100 ym

Figure 9-3. Polarizing micrographs of PCH and BP polymers showing fan-shaped textures. (a) Fe-based
PPCHS803A polymer at 132°C; (b) Mo-based PPCH803A polymer at 130°C; (c) Mo-based PBP503A
polymer at 120°C
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the Fe-based polymer. This is consistent with the experimental fact that the latter
is thermally more stable than the former.

DSC measurements of the polymers were carried out, as shown in Figure It
has been recently elucidated that the PCH and BP polymers prepared with Ziegler-
Natta catalyst such as Fe(acac),-AlEt; assume a cis form, while those obtained with
a metathesis catalyst such as MoCl;-Ph,Sn exhibit a trans form [IE] The Fe-based
PPCHS803A exhibited a large exothermic peak due to a cis-trans isomerization at
150 ~ 190° C in the first heating process. An endothermic peak around 170° C was
hidden by the isomerization peak. In the first cooling, a peak of isotropic to liquid
crystal phase transition was observed at 146° C, and that of liquid crystal to solid
phase at 98°C. In the second heating, the liquid crystal phase was observed in
a temperature range of 100 ~ 128° C. Phase transition temperatures and enthalpy
changes of some representative polymers are shown in Table

In the PCH polymer, the enthalpy change due to the smectic to isotropic phase
increases with an increase of the terminal alkyl chain length. This means that the
liquid crystal state is more stabilized by lengthening the alkyl chain as a terminal
moiety of the liquid crystalline group.

Meanwhile, the stabilization of the liquid crystal state in the BP polymer is
relatively small compared with the PCH polymer. Mesophases in the PPCHr03A
and PBP503A polymers were observed in both heating and cooling processes.
This indicates that the polymers, irrespective of the catalyst used in the polymer-
ization, are enantiotropic liquid crystals. Here it is of interest to emphasize that
the PCHn03A monomers (n = 5 ~ 8) show nematic phases, while all the polymers
exhibit smectic phases where an order is higher than in the nematic phase. This
can be rationalized with the so-called polymerization effect, i.e., a higher order in
molecular arrangement is generated by the polymerization of the liquid crystalline
monomer.

first heating
Mirst heating
—

- firslcmling[
A —

L(—k/\,
_ * second heating

Heat flow
Heat flow

[ ——
second heating

wj’ — second cooling l
T /‘N\r

PRI .| L L
100 200 700 500
Temperature (°C) Temperature('C)

(a) (b)

Figure 9-4. DSC curves of PPCH803A polymers prepared with (a) Fe(acac); — AlEt; and (b) MoCls —
Ph,Sn catalysts. The rate of temperature change in the heating or cooling process is 5°C/ min
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Table 9-2. Phase transition temperature (°C) and enthalpy changes (J/g) in PPCHn03A and PBP503A
polymers

Cat.* Polymer First cooling Second heating
k Sa i k Sa i
PPCH303A 60 (0.7) 107 (4.5) 70 (0.7) 102 (3.3)
Fe PPCH503A 98 (1.1) 146 (6.3) 100 (1.3) 128 (6.2)
PPCHS03A 81 (3.2) 151 (8.2) 83 (3.3) 142 (5.8)
PBP503A 126 (3.2) 180 (3.1) 129 (4.9) 171 (1.0)
PPCH303A° 133 (4.2) 134 (3.7)
Mo PPCH503A" 160 (6.2) 160 (4.5)
PPCHS03A 86 (3.4) 171 (6.7) 91 (3.7) 166 (6.4)
PBP503A 132 (4.4) 189 (4.5) 135(6.7) 180 ( -)

k =crystalline s, =smectic A i=isotropic

* Fe and Mo denote catalysts of Fe(acac), - AlEt; and MoCls - Ph,Sn, respectively.

b No distinct DSC peak corresponding to the phase transition between crystalline and smectic A phases
was observed.

33 Higher Order Structure and Stereospecific Configuration

Figure shows an XRD pattern of Fe-based PPCHS503A. Two diffraction
peaks, sharp and broad ones, are observed in small- and wide-angle regions,
respectively.

Such a profile of XRD is usually encountered in a smectic LC phase. Similar XRD
patterns were also observed in other polymers subjected here. The results of XRD
analyses are summarized in Table@=3] Diffraction angles of sharp and broad peaks,
2.35 and 18.6degrees in 26, were evaluated to be 37.5 and 4.76 A, respectively.
These values well correspond to an inter-layer distance of layered structure of
smectic state and a distance between side chains, as shown in Figure 0=0(a).

These assignments were supported by molecular mechanics calculations based
on finite systems of LC polyacetylene derivatives; The inter-layer and side-chain
distances were calculated to be 41 and 5 A, respectively. The present analyses
enabled us to draw a polymer structure of Fe-based PPCH503A where the LC side-
chains are alternatively located at both sides of polyene chain to form a stereoregular
configuration of head-head-tail-tail linkage, as described also in Figure B=@(b). At
the same time, the polymer structure implies that the LC side-chains have no
tilt to the main chain, leading to a typical picture of smectic A phase. As found
in Table@=3] all of the polymers have the side-chain distances of 4.6 ~ 4.8 A.
This implies that the side-chain distances are irrespective of differences of LC
substituents. Meanwhile, the inter-layer distance increases as the terminal alkyl
chain or the methylene chain is lengthened; It increases by 6.4 A from Mo-based
PPCH503A to PPCHS03A, or by 5.6 A from Rh-based PPCH503A to PPCH506A.
This also supports the present assignment that the sharp peak at small angle region
is due to a diffraction between inter-layers of smectic A form.
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Figure 9-5. X-ray diffraction pattern of Fe-based PPCH503A

Here it is worthwhile to figure out how the above-mentioned stereoregular config-
uration is formed. The previous studies using 'H-NMR, DSC, and ESR [E(b)]
confirmed that as-prepared LC polyacetylene derivatives with Fe- or Rh-based
catalyst and Mo-based one have cis and trans forms, respectively. The cis form
is thermally unstable and is easily isomerized into the trans form during the first
heating process in DSC or polarizing optical microscope measurements. Taking
account of it, we propose a possible polymerization mechanism followed by a cis-
trans isomerization, as described in Figure It depicts that the LC-substituted
acetylene monomers approaching to a catalytically active site are polymerized with

Table 9-3. XRD results of LC polyacetylene derivatives

Polymer Tail * Spacer ® Catalyst® Isomerization © LC phase Inter-layer Side-chain
distance (A) distance (A)

PPCH503A 5 3 Fe cis — trans Sa 37.5 4.76
Rh cis — trans Sa 38.0 4.73
Mo trans Sa 40.2 4.55
(cal.) ¢ - - (~41)d (5.0)¢

PPCHS06A 5 6 Rh cis — trans Sa 43.6 4.71

PPCHS03A 8 3 Mo trans Sa 46.6 4.75

% Number of the carbon atoms in the terminal alkyl moiety or methylene spacer moiety of LC side
chain.

b Fe, Mo, and Rh denote catalysts of Fe(acac); — AlEt;, MoCls — Ph,Sn, [Rh(NBD)CI], — NEt,,
respectively.

¢ Fe- and Rh-based catalysts and Mo-based one give cis-rich and trans-rich polyacetylene derivatives,
respectively.

4 Values in the parenthesis are based on molecular mechanics calculations for finite systems.
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Figure 9-6. (a) Higher order structure of Fe-based PPCH503A and smectic A structure. (b) Structure
of PPCH503A optimized by molecular mechanics (MM) calculation on finite system. (The bowls of
red, gray, and purple indicate carbon, hydrogen, and oxygen atoms, respectively.) (¢) Comparison of
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Figure 9-7. Possible polymerization mechanism of Ziegler-Natta catalyst for LC-substituted acetylene
and cis-trans isomerization

a sequence of head-head and tail-tail linkages, yielding a stereoregular cis form. In
cases of Fe- or Rh-based catalysts, the cis form is a kinetic product and hence it
is converted into the trans form that is a thermodynamic product. In case of Mo-
based catalyst, the cis to trans isomerization should occur simultaneously during
the polymerization.

34 Absorption Spectra and Chemical Doping

Next, UV-Vis absorption spectra of PCH503A monomer and PPCH503A polymer
prepared with Fe-based catalyst were examined. An absorption band at 270 ~
280 nm, observed in both the monomer and the polymer, was assigned to the m — *
transition of the benzene moiety of the liquid crystalline group. The absorption
band at 320 ~ 330nm in the polymer was assigned to the m — 7™ transition in
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Table 9-4. Absorption band (\,,,,) and intensity (g,,,,) and proton chemical shift (3) of PPCHn03A and
PBP503A polymers

Catalyst Polymer Nmax €max )
(nm)* (x10°)" (ppm)”
PPCH303A 324 2.0 5.98
Fe(acac); — PPCH503A 325 1.9 5.97
AlEt, PPCH803A 324 2.5 5.97
PBP503A insoluble
PPCH303A 301 1.4
MoCl;s — PPCH503A 301 14 no value
Pn,Sn PPCH803A 301 1.2
PBP503A 305 2.6 5.94~6.14

% Absorption band due to m — * transition in conjugated polyene chain.
b Chemical shift of olefinic proton in cis form.

the conjugated polyene chain. Broadening of the band implies that the polymer is
composed of finite polyenes with various conjugation lengths. The results from the
absorption spectra for the representative polymers are summarized in Table

The Mo-based polymer gave an absorption band located at shorter wave length
(around 300 nm) than the Fe-based polymer, indicating that the former has a shorter
conjugation length in the polyene chain than the latter. Here it should be noted that
the microscopic UV-Vis measurement of the inside of the liquid crystalline domain
in the Fe-based PPCH803A polymer gave an absorption band at 403 nm, which is
shifted by 70 nm towards a longer wavelength, compared with the band observed
in solution of the polymer [Iﬂ] The result demonstrates that the polyene chains are
aligned owing to the spontaneous orientation of the liquid crystalline side chains,
and that the effective conjugation lengths of polyene chains inside of each domain
are longer than those in a randomly oriented case such as in solution, probably due
to an increase of co-planarity of the polyene chains. Therefore, from a view point of
enhancement of electrical conductivity, it is of particular importance to perform a
macroscopic alignment of the polymer that is a so-called mono domain structure of
the liquid crystalline state by using an external perturbation, as will be mentioned
in the next section (see also Figure 0-1J).

Absorption spectra of the Fe-based PPCH803A polymer were measured in
situ with iodine doping, for which the polymer had been cast onto an inner
wall of a quartz cell. The results are shown in Figure Since the ionization
potential of substituted polyacetylene is generally larger than that of non-substituted
polyacetylene, it might take more time to complete the iodine doping of the
polymers. Actually, there was no notable change in the absorption spectrum even
after 3 hr from an exposure of iodine to the PPCH803A polymer.

After about 5 hr, the absorption band at 320 ~ 330nm, assigned to a ™ — 7"
transition in conjugated polyene, slightly decreased in intensity. At the same time,
new bands appeared at 420 and 700 nm. Interestingly, these bands were also
observed in gas-phase doping with sulfuric acid. It is therefore evident that the
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Figure 9-8. Changes of UV-Vis absorption spectra upon gas-phase iodine doping for the cast film of
Fe-based PPCH503A polymer. (a) intact ; (b) 30 min; (¢)171 min; (d) 291 min; (e) 1131 min

two bands originate from a chemically doped conjugated polyene chain and can
be assigned to two kinds of electronically allowed transitions in positively charged
polyene segments. Thus the feasibility of chemical doping to the present polymers
was confirmed.

35 Molecular Orientation and Electrical Conductivity

3.5.1 Orientation by shear stress

Figure shows SEM photographs of the Fe-based PPCH503A polymer.
Figure 0=0(a) shows as grown randomly oriented fibrils. Figures 0=9(b) ~ (d) show
aligned fibrils that are generated by a shear stress (along the horizontal direction of
paper) in the liquid crystalline state of the polymer.

Figure 0-10Ka) shows polarizing micrographs of the Mo-based PPCH503A
polymer. It is evident that an optical texture of batonet, characteristic of a smectic
liquid crystal, is oriented along the direction of the shear stress. From these results,
we can confirm that the side chain liquid crystalline conjugated polymers are
macroscopically aligned by the shear stress as an external force.

3.5.2 Orientation by magnetic field

Electrical conductivity of the polymer was measured with the four-probe method.
The polymer was first melted by heating on the substrate where gold had been
vaporized with a form of four leads, and it was gradually cooled down to the liquid
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Figure 9-9. SEM photographs of Fe-based PPCH503A polymer. (a) no shear stress ; (b) ~ (d) aligned
with shear stress

crystalline temperature by applying an external magnetic field of 0.7 ~ 1.0 Tesla.
After the alignment of the polymer was completed in the liquid crystalline state,
the polymer was further cooled down to room temperature to give a solid sample
available for conductivity measurement. Schematic representation of magnetically
forced alignment of the polymer and current direction in the four-probe measurement
are shown in Figure where 0, and o, stand for the conductivities parallel
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Figure 9-10. Polarizing micrographs of (a) Mo-based PPCH503A polymer aligned by shear stress, and
(b) Fe-based PPCH803A polymer aligned by magnetic force field of 0.7 Tesla, where magnetic field is
parallel to the horizontal direction

and perpendicular to the direction of the polymer main chain. The results are
summarized in Table 9-5. Conductivities of undoped and iodine doped samples
were 107" ~107° and 1078 ~ 1077 S/cm, respectively. Through the magnetically
forced alignment, the conductivity of the doped sample was further enhanced by
1-2 orders of magnitude, giving a value of 107®S/cm. Especially the aligned
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Figure 9-11. Schematic representation of magnetically forced alignment of the side chain liquid
crystalline mono-substituted polyacetylene and sample cell for the four-probe method of electrical
conductivity measurement (H is magnetic field)

sample of the Fe-based PPCH503A polymer showed an increase of 10* times in
parallel conductivity, i.e., from 1078 to 107°S/cm. As to the PBP503A polymer,
the increase due to the alignment was only about 2 times.

Meanwhile, the perpendicular conductivity of the Mo-based PPCH503A and
PBP503A polymers decreased by 10?> ~ 10* as expected. However, those of the
Fe-based PPCH503A polymer showed a reverse trend; it increased by 70 times.
Such a sample dependency of conductivity resulted in a diverse of the electrical
anisotropy (0,,/0 ) ranging from 2 ~ 10°. Tt may be worthy noting that the increase

Table 9-5. Electrical conductivities (o) of PPCH503A and PBP503A polymers before and after iodine
doping; unit of o : S/cm

Catalyst ¢ Polymer Undoped Iodine doped

o Orandom 0-// o
Fe PPCH503A 107!t~ 10710 1.0x 1078 1.3x 1076 7.2 x 1077
Mo PPCH503A 1071 ~ 1077 1.3x 1077 1.5x10°¢ 1.4 x 1071
Fe PBP503 1071t~ 10~ 1.0x 1078 23x1078 1.2 x 10710

a) Fe : Fe(acac); - AlEt;, Mo : MoCls - Ph,Sn



Liquid Crystalline Conjugated Polymers 267

of perpendicular conductivity after macroscopic alignment, as mentioned in the case
of the Fe-based PPCH503A polymer, is partly due to an enhancement of coplanarity
of the conjugated polyene chain accompanied by the alignment. This suggests that
in analyzing the change of conductivity upon the molecular orientation, an in-plane
alignment of the polyene chain must be considered at the same time, as well as a
so-called parallel alignment of the polyene chain [E]

Figure 0-10a) shows polarizing optical micrographs of the Fe-based PPCH803A
polymer after the magnetically forced alignment. The magnetic field is applied to
the horizontal direction of the photograph. One can see that the texture is aligned
parallel to the magnetic field, although the alignment is not homogeneous. The
incomplete alignment is attributed to an insufficient strength of the magnetic field
such as 0.7 ~ 1.0 Tesla, which may cause a variation of the electrical conductivity
and sample dependency, especially in the case of perpendicular conductivity. In
order to achieve a complete orientation of the polymer in the highly viscous smectic
liquid crystalline state, the magnetic strength of more than 2 Tesla should be
required at least.

3.6 Spin State and Chemical Doping

Figure shows ESR spectra of the PCH and BP polymers in non-doped and
iodine-doped states ﬂEb]. The results are also summarized in Table In the
non-doped state, the Fe-based PCH and BP polymers showed no signal, meanwhile
the Mo-based PCH polymer showed two kinds of signals with g-values of 2.014
and 2.005. This is consistent with the above mentioned result that the Fe-based
Ziegler-Natta and the Mo-based metathesis catalysts produce cis and trans forms of

. ‘Nj\fv\(’c‘)/
\ﬁ,/krl JJ/\fi

3200 3300 3400 3500 3200 3300 3400 3500

Magnetic field strength in gauss —»

Figure 9-12. ESR spectra measured at room temperature. (a) I,-doped PPCH503A (Fe); (b) I,-doped
PBP503A (Fe); (c) non-doped PPCH503A (Mo); (d) I,-doped PPCH503A (Mo)
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Table 9-6. ESR results of the iodine-doped LC polyacetylene derivatives

Catalyst Polymer g-Value AH,* AH,,,/AH,, Spin density y-Value °
(gauss) (spins / g)

Fe PPCHS503A 2.006 15.1 2.05 3x 10" 0.065

Fe PBP503A 2.003 11.0 2.36 1 x 10" 0.097

Mo PPCH503A  2.014,2.005 __° © 2x 107 0.028

* AH,, means a full width at maximum slope, corresponding to a peak to peak width in differential
curve of signal. AH,,, means a full width at half maximum.

b Dopant concentration defined as [(CHCR)*+ (I;7)ylx» where R is a liquid crystal group.

“Two peaks are overlapped.

mono-substituted polyacetylenes, respectively. Namely, the cis form is a kinetically
favored product and it would be easily isomerized into a thermally more stable trans
form during a thermal heating, chemical doping, or even polymerization using the
metathesis catalyst. Such a cis-trans isomerization should cause defects in polyene
chains, giving rise to unpaired electrons responsible for paramagnetic behavior. In
practice, upon the iodine doping, the Fe-based PCH and BP polymers showed sharp
ESR signals with g-values of 2.006 and 2.003, respectively. On the other hand, in
the Mo-based polymer doped with iodine, the lower field signal (g = 2.014) slightly
decreased in intensity and the higher field signal (g = 2.005) increased, resulting in
overlapped signals as seen in Figure

The peak width, AH,,,, is larger by 3 ~ 5 times and spin density is smaller by 2 ~ 4
orders of magnitude than those of iodine-doped polyacetylene ﬂﬁ] Such a large
peak width suggests that the unpaired electrons in the substituted polyacetylene tend
to be more localized, probably due to an increase of non-planarity of the polyene
chain. From the view point of electrical transport phenomenon, it can be argued that
the present polymers have lower mobility and lower concentration of carriers. This
may account for the lower electrical conductivity of the substituted polyacetylenes
including the present PCH and BP polymers.

3.7 Orientation Behavior and Anisotropy under Magnetic Field

We measured fused state '*C-NMR spectra of side-chain liquid crystalline poly
acetylene derivatives as well as a liquid crystalline acetylene monomer in isotropic
and liquid crystalline states to elucidate their orientation behaviors and anisotropies
in chemical shifts [IE] Measurements of the fused state '*C-NMR spectra were
carried out with Bruker AMX-40 equipped with a high magnitude of proton
decoupler. The strength of magnetic field was 9.4 Tesla. Procedure of the
measurement was as follows; The sample was first melted by heating and measured
in the isotropic state. Then by applying the magnetic field, the sample was
gradually cooled down with a temperature controller and measured in the liquid
crystalline state.
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Figure B=13] shows '3C-NMR spectra of PCH803A monomer in the isotropic and
nematic phases. Upon the phase transition from the isotropic to liquid crystalline
phase, chemical shifts of aromatic carbons (C6 ~ C9) of phenyl ring shifted to a
lower magnetic field, which will be called a down-field shift. Especially, those of C6
and C9 carbons showed relatively larger down-field shifts. The results are described
in Figure On the other hand, chemical shifts of alkynyl carbons of acetylene
segments (C1 and C2) shifted to a higher magnetic field, which is called a up-field
shift. The up-field shifts are also found in alkyl carbons of terminal group and
methylene chain, although the degrees of the shifts are quite small. These tendencies

2 1
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Figure 9-13. '*C-NMR spectra of PCH803A monomer in the isotropic (upper) and nematic (lower)
states
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Figure 9-14. Carbon chemical shifts of phenylene ring of PCH803 monomer in the isotropic and nematic
states

in chemical shift become more remarkable as temperature decreases from 307 K
to 305K, indicating an increase in degree of molecular orientation. Interestingly,
the methylene carbon (C5) neighboring with the phenoxy moiety shows almost no
change in chemical shift even after the phase transition. This suggests that the C5
carbon atom might be located in an axis which forms an angle of about 53.5 A
(magic angle) to the molecular axis.

Figure shows 'C-NMR spectra of PPCH803A polymer in the isotropic
and smectic phases. The polymer in the smectic phase has a high viscosity and
low fluidity, which causes a broadening of signals. Upon the phase transition, the
phenyl carbons (C6 ~ C9) also show the down-field shifts. It is intriguing that the
down-field shifts in the polymer are larger than in the case of the monomer, as
summarized in Table

That is, the down-field shifts of C6, C9 and C7, C8 carbons of the polymer
are 48 ~ 50ppm and 19 ~ 20 ppm, respectively. Whereas, those of the monomer
are 37 ~40ppm and 15 ~ 17 ppm, respectively. The results imply that the liquid
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Figure 9-15. '*C-NMR spectra of PPCH803A polymer in the isotropic (upper) and smectic (lower)
states

crystalline state of the polymer gives a larger anisotropic environment than that
of the monomer. This can be rationalized with a difference of liquid crystalline
phase between the polymer and the monomer where the former and the latter are
respectively smectic and nematic phases. That is, higher order and hence larger
anisotropy are generated in the smectic phase, compared with the nematic phase.
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Table 9-7. Changes of chemical shifts upon transition from isotropic to LC phase for PCH803A monomer
and Fe-based PPCH803A polymer (units of ppm)

C6 C7 Cc8 c9 Terminal (Alkyl)
Oaniso 206.6 135.0 148.4 190.5 12.4
Tiso 158.3 115.8 127.7 140.2 14.1
Ac 48.3 19.2 20.7 50.3 -1.7
Ac 36.6 15.5 17.0 39.5 -05
(Monomer)
Ao = Taniso ~ Tiso
9 6
CH;3-(CH2)7 0-(CH2)a\
o 7 -(C=CH),-

PPCH803A Polymer

We evaluated chemical shifts semi-quantitatively in the isotropic and
anisotropic states by focusing on shielding tensors of di-substituted benzene,
1-alkoxy-4-alkylbenzene, used as a model compound. The calculated isotropic (o)
and anisotropic (0,,;,,) chemical shifts were 157.4 ppm and 191.3 ppm, respectively.

The difference between them, defined as Ao = o,,;,, — Ti,,» Was 39.6 ppm. The

tendency of the down-field shift and its magnitude well account of the experimental
results for the PCH803A monomer, where & of the C6 carbon for instance was
39.5 ppm. Taking account of electron density distributions of sp®, sp* and sp hybrid
carbon atoms in a cartesian coordinate and chemical shift tensors reported so far,
one can find that the largest shielding for aromatic carbons lies in the perpen-
dicular direction to the aromatic ring. For aliphatic carbons, however, the smallest
shielding lies in this direction. Such an anisotropy of the shielding produces changes
of chemical shifts observed upon the phase transition from the isotropic to liquid
crystalline states. The changes of chemical shifts indicate that the monomer and the
side chain of the polymers subjected here are oriented parallel to the direction of
magnetic field employed in NMR measurement, which means that liquid crystalline
domains are macroscopically aligned to give a mono domain structure as shown in
Figure

We also evaluated orientational orders of liquid crystalline state of the monomer
and polymer. By correlating the order parameter with the change in chemical
shift associated with isotropic — anisotropic phase transition, we obtained the order
parameter of the monomer, S,,,,, = 0.38(307K) ~ 0.49(305 K), and then derived a
conventional formulae as follows,

S

polym

=1.26-§,

mono*
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Thus, the order parameter of the polymer, S,,,,,, was calculated to be 0.62 when the
S mono = 0.49. The value of 1.26 in the above equation means that the orientational order
increases upon the polymerization of liquid crystalline monomer, and therefore this
value can be regarded as an index of polymerization effect in the orientational order.

4. CONCLUSION

We have synthesized two kinds of liquid crystalline polyacetylene derivatives by
using Fe-based Ziegler-Natta, Mo-based metathesis and Rh-based catalysts. The
polymers showed enantiotropic smectic A phases by virtue of a spontaneous orien-
tation of liquid crystalline side chain composed of phenylcyclohexyl or biphenyl
mesogenic moieties. It was found from XRD measurements that the LC side
chains are alternatively located at both sides of the polyene chain, giving rise to a
stereoregular sequence such as head-head-tail-tail linkage. Electrical conductivities
measured with the four-probe method were 10~ ~ 10~7 S/cm upon iodine doping
to the cast films of the polymers. The alignment of the main chain accompanied
with the side chain orientation using the external magnetic force of 0.7 ~ 1.0 Tesla
enhanced the electrical conductivity up to 107°S/cm and gave rise to a notable
electrical anisotropy. It was shown from the fused state *C NMR measurements
using a superconducting magnet of 9.4 Tesla that the liquid crystalline side chains
of the polymer were completely oriented along the magnetic field, giving a mono
domain structure.
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CHAPTER 10

FAST SWITCHING OF NEMATIC LIQUID CRYSTALS
BY AN ELECTRIC FIELD: EFFECTS OF DIELECTRIC
RELAXATION ON THE DIRECTOR AND THERMAL
DYNAMICS

YE YIN, SERGIJ V. SHIYANOVSKII AND OLEG D. LAVRENTOVICH

Liquid Crystal Institute and Chemical Physics Interdisciplinary Program,
Kent State University, Kent, OH 44242

1. INTRODUCTION

Liquid crystals (LCs) represent a special state of soft matter in which the anisotropic
molecules or their aggregates demonstrate a long-range orientational order but little
or no positional long-range order [EI] In the simplest case of a uniaxial nematic LC
(NLQ), the long-range positional order is absent altogether; the molecules form a
uniaxial centrosymmetric medium, as they are predominantly aligned along a single
direction called a director and described by a unit vector f (such that i = —n). The
director can be realigned by electric and magnetic fields that thus change the optical
properties of sample. The orientational dynamics of director in the applied electric
field is a fundamental physical phenomenon that is at the heart of modern display
technologies. Discovered in 1930s by Frederiks (initially for the magnetic case)
[ﬁ], this phenomenon, rather surprisingly, still poses a fundamental unanswered
question regarding the behavior of NLCs with the finite rate of dielectric relaxation.
The problem can be understood as follows.

The dielectric torque that reorients the director has the density M(7) = D(¢r) x E(?),
where E(7) is the electric field and D(7) is the electric displacement at the moment
of time ¢. In the widely accepted standard approach [EI, E, EI], the director response
is assumed to be instantaneous, i.e., the displacement D(¢) is determined by the
electric field at the very same moment D(t) = g,€E(¢), where g, is the free space
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permittivity, and & is the relative permittivity tensor. Such an approximation is
certainly valid when the director reorientation time in NLC is much longer than the
time of dielectric relaxation. However, it might be violated when the driving field is
switched quickly. The dielectric relaxation is determined by a number of processes,
some of which (electronic polarizability, intra-molecular vibrations) are very fast,
with characteristic less than a nanosecond time, while others, such as reorientation
of the permanent molecular dipoles are slow, with the typical relaxation time 7
of the order of 0.01-1000 us E, ] If the external field changes over the time
comparable to 7, then it is intuitively clear that the dielectric response should depend
not only on the present value of the electric field, but also on its past values. This
effect is well known for isotropic fluids and solid crystals, as seen, for example,
in the classic book by Frohlich ﬂ] but not for the NLCs. The effect of dielectric
relaxation in NLCs is intrinsically more complex than in isotropic fluids and solid
crystals, because the dielectric tensor changes with the applied field (as the result
of director reorientation).

Is there any experimental evidence that the phenomenon of non-instantaneous
relationship between the displacement D and the electric field E can indeed be
relevant in NLCs? Some time ago, N. Clark’s group demonstrated that the typical
nematic material pentylcyanobiphenyl (SCB) can be switched very quickly, within
a few tens of nanosecond, if the applied voltage is large (hundreds of volts) [@]
According to the dielectric spectroscopy data ,IE], this switching time is in fact
of the same order as 7 for SCB, which might suggest that the NLC response is
influenced by the dipole relaxation dynamics. A direct evidence comes from the
recent experiments with dual frequency nematics (DFNs) m, E], in which 7 is
much larger, 10-100 ws, and thus easier to study. We demonstrated that when the
electric field changes over time close to the time of dielectric relaxation, the instan-
taneous and “past” contributions to the dielectric torque can indeed be comparable;
moreover, they can cause opposite directions of the director reorientation ,E].
There is thus no doubt that the effect causes a profound influence on the way a
liquid crystal responds to the applied electric field.

The objective of this chapter is to overview the physics of time-dependent
dielectric response of NLCs. We discuss how the electric displacement depends on
the present and the past values of the electric field and director. We also discuss a
closely related problem of dielectric heating that is most pronounced in the region
of dielectric relaxation.

The review is organized as follows. Section P]introduces the basics of dielectric
relaxation and dielectric heating. A general model of the time-dependent dielectric
response of NLCs during the reorientation dynamics is described in section Bl The
model is applicable for all types of dielectric relaxations related to the reorien-
tation of the permanent molecular dipoles. We present an experiment that is well
described by the proposed theory but which cannot be described by the standard
“instantaneous” model of NLC switching. In section [l we explore the dielectric
heating effect taking into account the finite thermal conductivity of the bounding
plates and heat transfer to surrounding media of different nature.
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2. DIELECTRIC RESPONSE IN NEMATIC LIQUID CRYSTALS

Under a changing electric field, a dielectric adjusts its properties over a certain
period of time. Because of a finite speed of this dielectric relaxation process, the
electric displacement D(#) depends not only on the current electric field E(¢) but
also the past electric field E(¢'), where —oo < ¢’ < ¢. If the electric field is not very
strong, then D(7) can be represented using the superposition rule [E],

(10-1)  D(1) = goE(2) +P(2) = g E(2) + &, /j a(z, HE()dr,

where P(z) is the polarization, the tensor e(t,t’) is the step response function
describing the influence of the past field E(¢') on the current electric displacement
D(7). For solid crystals, or liquid crystals with the fixed director n(¢') = const,
a(t, 1) depends only on the time difference 1 =1 —¢/,

(10-2)  a(t, ) =a(t—1).

If, in addition, the electric field is harmonic, E(¢) = E_e~'*’, where w is the angular
frequency, then the electric displacement becomes harmonic as well,

(10-3) D(r)=¢, (I+/ a(f)e"‘”d?) E, e,
0
and can be represented as D(¢) = D, e~!, where
(10-4) D, =¢g,e"(w)E,,

and the frequency dependent dielectric permittivity tensor £*(w) is
(10-5) &' (w) =1+ / a(i)edi.
0

Equation ([0-4), the well-known dielectric response equation in the frequency
domain, is equivalent to Eq. (I0-I)) if the assumption (2) holds. However, the
assumption (2) is generally not valid for a reorienting NLC, when fi(#') # const.
There are three different mechanisms contributing to the electric polarization
P(¢) in Eq. (I0-I) and thus to D(¢): electronic polarization, molecular polarization,
and orientational polarization . These three have very different characteristic relax-
ation times [Ejﬂ . Electronic polarization is the fastest, with the characteristic
time ~ 10~13s. Molecular polarization, caused by the relative displacement of the
atomic groups within the molecule, is slower, with the characteristic time ~ 107125,
Finally, the orientational polarization, associated with the reorientation of permanent
molecular electric dipoles, is the slowest, with the time scales ranging from 1025
(for small-molecule substances in a gaseous state) to 10s (for large molecules or
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aggregates) [Iﬂ] With more than one relaxation mechanism involved, the step
response tensor function can be represented as

(10-6)  a(t,t)=Y a(1,1),

where a, (1, 1) is the step response tensor function of a certain relaxation mode;
«, (1, t')vanishes when ¢ — —oo.

If a certain relaxation process is sufficiently fast, so that both the electric field
and the director can be considered constant during the relaxation period, then

(10-7) / " (1, £)E(¢)dt = E(7) f " (1, 1)dr.

We now split «(#,1') into a “fast” component a (¢, ) and a “slow” component
a (1, 1) (with respect to the rate with which the electric field and director change),

(10-8)  a(t,t)=a(t,1')+a,1,1).

Any a,(1,1') satisfying Eq. (I0-7) is regarded as a part of the fast a(z,1')
contribution. Therefore, the electric displacement D(7) of the NLC can be written
as

t

(10-:9) D) = £oe,(NE(?) + & / (1, )E()dr
where
(10-10) &,(1) =1+/[ a,(t, )dr.

The electronic polarization (~ 107'7s) and molecular polarization (~ 107'%5s)
contribute to the fast e (%, t'). The slow part is related to the orientational relaxation,
as discussed below.

Consider first an anisometric molecule with the longitudinal p, and transversal p,
permanent dipole moments in an isotropic phase. There are two relaxation modes:
mode 1, rotations of p, around the long axis, and mode 2, reorientation of p,,
Figure [0-11 The mode 1 has a smaller relaxation time, 7, < 7,, because of the
smaller moments of inertia involved. When this isotropic fluid is cooled down
into the NLC phase, the dynamics is affected by the appearance of the “nematic”
potential associated with the orientational order along the director n. The mode
1 remains almost the same as in the isotropic phase, and contributes to both the
parallel and perpendicular components of dielectric polarization (determined with
respect to n). Mode 2 is associated with small changes of the angle between p,
and n; it contributes to the parallel component of dielectric polarization. Mode 3 is
associated with conical rotations of p, around the director (as the axis of the cone);
it is effective when the applied electric field is perpendicular to n and contributes
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Figure 10-1. Orientational relaxation modes for a molecule in an isotropic fluid (top) and in a nematic
medium (bottom)

to the perpendicular component of the dielectric polarization. Finally, mode 4
is a qualitatively different mode related with the flip-flops of p,. The molecular
reorientations in mode 4 are hindered by the nematic surrounding of the molecule as
in the middle point of the flip-flop it finds itself perpendicular to n. The relaxation
time for the mode 4 is thus significantly larger than for any other mode. Typically,
T| < Ty, T3 << T, ; T, might be as large as few milliseconds in some NLCs HE]

We now turn to the discussion of the so-called Debye model that allows one to
account for the relaxation processes with a finite 7 in the expressions for the electric
displacement and the dielectric permittivity. To obtain the explicit dependencies,
one should know the step response function which is generally unknown. Debye
assumed that, once a constant external electric field is applied, the equilibrium state
of an isotropic dielectric is achieved through an exponential relaxation, i.e.,

t—t

(10-11) a(t—1t)=a exp <_T) ,

where @ is the coefficient to be determined later. The hypothesis (10-11), combined
with Eq. (I0=3), predicts how the dielectric permittivity should depend on the
frequency of the applied harmonic field:

(10-12) & (@) = 14—

l—iwT’
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The last equation tells us that the real part of the dielectric permittivity decreases
from the “static” value &, = 14 a7 at low frequencies to ¢, =1 at @ — oco. In
reality, g, is different from 1 because of the electronic and intramolecular processes
at high frequencies. The steepest decrease of the real part of £*(w), according to
Eq. (I0=12)), should be observed near the frequency w = 1/7. The imaginary part
of &*(w) should reach a maximum at the same frequency w = 1/7. As we shall
see later, the last feature implies a maximum dielectric heating in the region near
w=1/T.

Let us now apply this Debye model to the orientational relaxation modes of a
nematic with fixed director, n (') = const, assuming that each e, corresponding
to the orientational modes in Eq. (I0=6) follows the Debye behavior (11). Using

Eq. (I0-3) and (I0-6), we find

Ag,
9
l—wT,

(10-13) &*(w) = sh+24j

k=1

where Ag;, = a7, is the maximum contribution by the kth mode to the real part
of the dielectric tensor, the summation is taken over the orientational modes 1-4
only and g, is generally different from the unit tensor, as discussed above. By
choosing an appropriate mutual orientation of the probing electric field and the
director, one can measure the dielectric relaxation spectra for the parallel geometry,
gj(w), E[n, or for the perpendicular geometry, £} (w), ELn. The relaxation
modes 1, 2 and 4 contribute to the component g; of the dielectric permittivity
tensor that is parallel to the director, and modes 1 and 3 contribute to the perpen-
dicular component. Later, & (w) and &, (w) are used to represent the real part
of the parallel and perpendicular dielectric permittivity components, respectively.
sf‘ (w) and &' (w) are used to represent the imaginary part of the parallel and
perpendicular dielectric permittivity components, respectively. Figure illus-
trates a typical frequency dependence of the dielectric components for a nematic
material.

As seen in Figure[[0-2] the relaxation frequencies correspond to the regions of the
significant increase of the imaginary part of dielectric permittivities. If the electric
field is applied at a frequency close to the relaxation one, then one would expect a
significant dielectric heating effect. The effect is caused by an efficient absorption
of electromagnetic energy through reorientation of the molecular dipoles and the
associated molecular friction mg] Although the effect is common for all types of
dielectrics, it acquires especially interesting facets for the case of a liquid crystal
dielectric, most notably dual frequency materials with large relaxation times. The
effect can greatly influence the performance of NLC devices as the NLC properties
are sensitive to the temperature. Note that the components &} and €' have different
frequency dependencies and thus the dielectric heating in the NLC should strongly
depend on the director orientation. The orientation dependent heating effect is absent
in isotropic dielectrics, and is also of no interests in solid crystals due to the fixed
orientation. However, since the director orientation of NLC can be realigned by
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Figure 10-2. A typical frequency dependence of real and imaginary parts of the components of the
dielectric permittivity tensor for a nematic material

the electric field, one might find a broader variety of interest to explore dielectric
heating phenomena in the NLC medium. The dielectric heating effect in NLC will
be further discussed in section [l

3. SWITCHING MEMORY EFFECT
3.1 Theory

Understanding the dynamics of dielectric response of nematic liquid crystals
(NLCs) at time scales typical of dielectric relaxation is a challenging problem not
tackled so far. As discussed in section ] the widely used equation to calculate the
displacement, D(z) = g,£E(r), is only a simplification of Eq. (I0-9) that ignores
the contribution of the slow step response function e,(#,¢). Such an omission
is justified when the NLC switching dynamics takes much longer time than the
dielectric relaxation process. For example, the current nematic displays have the
characteristic switching time of the order of 10 ms, which is longer than the relax-
ation time of all the relaxation modes discussed above, including the slowest
relaxation mode 4 caused by the flip-flops of the longitudinal molecular dipoles.
The industrial need, however, is to reduce the switching time by an order or two.
The much needed short response time ~ 0.1ms of the nematic cells is indeed
possible m] for both directions of the director reorientation (towards the field
and away from the field) when the dual-frequency materials are used. In the latter
case, the relaxation times and the switching times become comparable; therefore,
further understanding of the fast switching should be based on the complete form
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of Eq.(I0-9) that would predict how the reorienting torque depends on the present
and past values of the field and the director.

According to the orientational symmetry, one can divide NLCs into two types:
uniaxial and biaxial NLCs. Most nematics are uniaxial: they have a single axis (the
director 1), around which the system is rotationally symmetric. The biaxial NLC
has three orthogonal directors (fi;, fi,, and ;) [d, h], and one might expect that
the biaxial NLCs might offer a broader variety of geometries of interest to explore
and utilize the dielectric electro-optical response. We start with the discussion of a
uniaxial case.

As mentioned above, we have to determine the slow part e,(z, ') caused by
reorientation of the permanent molecular dipoles in the NLC. Let P(¢,#) be a
contribution to the electric polarization P(¢) determined by the “past” electric field
E(?), ¢ <t, namely,

(10-14) P(t,1) = gqa, (1, 1 )E(F).

The main contribution to P(z,¢') is provided by the mode 4 associated with the
molecular flip-flops of the long axes. These flip-flops occur through unfavorable
molecular orientations perpendicular to n; they thus need to overcome high potential
barriers of intermolecular interactions. Although each individual flip-flop is fast (the
typical rate is v, ~ 107s71[21]), the overall dielectric relaxation is slow because
the probability of flip-flops (or the relative number of molecules experiencing it) is
low. In a uniaxial NLC, the characteristic relaxation time T =Ty for polarization
component parallel to i is in microsecond range, 7 ~ 1 —100ps, whereas the
barrier-free relaxation of the perpendicular component 7, is much shorter, 1 —
100ns, and does not contribute to P(z, ). The potential barriers should keep the
polarization parallel to n and thus when n reorients, it drags the polarization
parallel to itself. This director-mediated rotation should not affect the reorientational
relaxation of the individual molecules. Even when the director rotation velocity
is high, O ~ 10*s~!, and approaches the relaxation rate of polarization 7'”", the
director-imposed slow rotation of all molecules with the velocity () should not affect
substantially the fast individual flip-flops with v, ~ 10”s7! . The latter assumption
implies that P(z, ') can be expressed through the step response tensor component
a(t—1') along the director, when the director is fixed:

(10-15) P(1,1') = gy (t — )0 (r) (A(t)E(r)).

Therefore, e (¢, t') in a uniaxial NLC has contribution from the relaxation mode
4 only,

(10-16) a(t, 1) = a(t —t')n(r) @A(1'),

where ® stands for the external product of two vectors: [(f) ® a(t')];; = n;()n;(¢').
In the case of biaxial NLC, we also assume that the potential barriers around
all three directors n; keep the corresponding polarization components parallel to
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these directors: When 1y, reorients, the director reorientation drags the polarization
component P;(z, t') keeping it parallel to n;(¢) all the time. Thus,

(10-17) P(1,1) = iPi(t’ 1) =g, 23: a;(1 — 1) (1) (0, (£ )E(1)),

where «;(t —t') is the diagonal element of the step response tensor along the fixed
director n;(z). The step response tensor function e, for biaxial NLC is

(10-18) a (t,1) = 23: a;(t—1)n,(r) @n,(r).

i=1

To analyze the switching process in a uniaxial NLC, we have to use Eq. (I0-9),
Eq. (I0=16), and explicit expressions for &,(r) and a;(r—1'). £,(t) contains contri-
bution of all modes except of the orientational mode 4, thus in an uniaxial NLC:

(10-19) &,(1) =&, 1+ (g, — &, ) (1) @A (r)

where &, = ¢|(w,) and &, = &, (w,,) are equal to the components of the dielectric
tensor at the frequency w,, 7' K @, < 77", 77"
We assume that the contribution of mode 4 satisfies the Debye’s model with the

exponential decay of a (7 — 1) and Lorenzian behavior for o (w) [ﬂ, Iﬁ]

e —¢€ t—t
(10-20) o (z—1) = Mexp <— ) ,

T T

&y — &n

(10-21) aj(w) = =i, ,

where €, = g (w,) is the dielectric permittivity components at low frequency w; <
T”". In this case the resulting dielectric torque density for the uniaxial NLC is:

M(z) = gon(r) x E(2)-

1022 (o)) — o)A B+ 95 ' exp (~52) () -E()dr |

The memory effect is described by the integral term of Eq. (I0=22)), which is absent
in the standard approach. Equation (I0=22) holds for a liquid crystal with a Debye
type of relaxation but it can be easily modified or generalized to other relaxation
models (such as Cole-Davidson, Havriliak-Negami and other models with different
functional forms of a (¢ — ) [, [L4]).

3.2 Experiment and Analysis

To verify experimentally the switching memory effect, the best approach is to
use a dual frequency nematic (DFN). In the DFN, the dielectric anisotropy
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Ae(f) =g (f) — &, (f) changes its sign from positive at f < f. to negative

at f > f., where the critical frequency f, ~ (2777'“)71 corresponds to the
region of dielectric relaxation of g (f) with a characteristic time 7, here f =
/27 is the field frequency. The dielectric tensor of DFN obeys the relation
€ < &, < &, which allows one to produce opposite signs of the instan-
taneous and memory contributions to the torque (10-22). It is important to
bear in mind that many conventional NLCs are actually DFNs at sufficiently
high frequencies. For example, in the most popular nematic material pentyl-
cyanobiphenyl (5CB), f. ~ 15MHz [E], while in heptylcyanobiphenyl (7CB),
f. ~9MHz [E] (both measured at room temperature). Usually in commercially
ﬁiiaﬂ?lﬁFN mixtures, f. is adjusted to be relatively low, from 1kHz to 1 MHz
,b4.B3).

The DFN material chosen to verify Eq. (I0-22) was the mixture MLC2048 (EM
Industries, NY), as its dielectric properties are well described by the Debye model,
see Refs. [ﬂ | and Figure [[0-3] The relaxation time has been determined to be
7, = 13.4ps at room temperature [ﬁl]

To test the basic feature of Eq. (I0-22)), namely, the competition between the
instantaneous and “memory” contributions to the total torque, one can trace the
director dynamics by measuring the optical phase retardation of the cell filled with
MLC2048. The dielectric torque is maximized by choosing a high value of the
angle between the director and the normal to the bounding plates, 6, ~ 45° [ﬂ E
The cell thickness was 10 pm.

The electric field reorients the director which is manifested by the change of
the optical phase retardation A¢ between the extraordinary and ordinary waves.

1 10 [ 100 1000

Figure 10-3. Real and imaginary parts of the dielectric permittivities aﬁ and &% of MLC2048 as a
function of the field frequency at 23°C. The experimental measured data of the frequency dependent
parallel permittivities sﬁ are well fitted by the Debye model (solid line)
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The latter, in its turn, changes the measured intensity / o< sin’(A¢/2) of laser
light transmitted through the cell and the pair of crossed polarizers. Figure [[0-4]
shows the transmitted intensity (top trace) versus the applied voltage (bottom
traces) at two frequencies (100 kHz and 1kHz) when the amplitude of the voltage
varies slowly with the rate 2.4 V/s. For such a slow rate, the dielectric behavior
of DFN can be regarded as a quasi-static dielectric response, where the standard
description with an instantaneous relation between the displacement and the
field is valid.

The memory effect described by the last term in Eq. (I0-22)) becomes evident
when the voltage changes abruptly, for a step-like pulse of a low frequency
1kHz, Figure [[0-3 (the behavior for 100kHz for slowly and abruptly changing
voltage is practically the same M]) The behavior is exactly opposite to what
is expected from the quasi-static model and experiment with a slowly increased
voltage in Figure [[0-4] Namely, Figure [[0-4l suggests that the light intensity should
increase when the voltage is increased at 1 kHz, while Figure demonstrates
that the light intensity actually decreases (towards point Y in Figure [[0-3)) at the
beginning of director reorientation. This anomalous decrease is not related to the
possible parasitic effects such as light scattering losses, as verified by placing an
additional 7 phase retarder is between the cell and the polarizer, which changes the
optical signal amplitude, see the insert in Figure [[0-3] Therefore, the experiment
suggests that the reason for the different response of the director to the quasi-static,
Figure [[0-4] and abrupt, Figure voltage increase at 1kHz is the dielectric
memory effect.
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Figure 10-4. Transmitted light intensity modulated by the changes of optical retardation (top curve)
vs. slowly changing voltage (bottom trace) applied at two different frequencies 100kHz (left part)
and 1kHz (right part) to the MLC2048 cell of thickness d = 10 wm. Point “O” corresponds to light
transmittance at zero voltage. Reprinted with permission from Y. Yin, S. V. Shiyanovskii, A. B. Golovin
and O. D. Lavrentovich, Phys. Rev. Lett, 95, 087801. Copyright (2006) by the American Physical
Society
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Figure 10-5. Transmitted light intensity modulated by the changes of optical retardation for the same
DFN cell as in Figure [[0=4] but now driven by an abruptly applied voltage pulse at 1kHz; at the time
scale shown, the pulse looks like a DC pulse, as the time scale is 25 ws/sqr. In the top part, the solid
line is the oscilloscope’s trace for the experimentally determined light transmittance, the dashed line
represents the transmitted intensity as calculated from the theoretical model, and dotted line represents the
standard approach with D(7) = g,€E(¢). The insert is the optical transmission when a 7 phase retarder is
inserted between the polarizer and the cell. Reprinted with permission from Y. Yin, S. V. Shiyanovskii,
A. B. Golovin and O. D. Lavrentovich, Phys. Rev. Lett, 95, 087801. Copyright (2006) by the American
Physical Society

Numerical simulations of the director response demonstrate that indeed the model
with Eq. (I0=22) describes the experimental data in Figure well. The polar
angle 60(z, ¢) and its changes caused by the field are described by the Erickson-Leslie
equation ﬂzé, @]

90(z, 1)

Ya

(10-23) = M(t)— K, sin* 0(z, ) + K5 cos® 0(z, 1) |

9%0(z, t)

922
where, 7y is the rotational viscosity, M(t) is the magnitude of the dielectric torque
density represented by Eq. (I0=22) K, and K; are the nematic elastic constants
of splay and bend, respectively. The backflow effects are neglected, as one is
interested in the very beginning of field-induced reorientation; the initial condition
is 6(z,t =0) = 6, = 45° at M(t = 0) = 0. The optical phase shift is calculated as

2 d
(10-24) Ap = - e —1]dz.

A Jo \/ni sin” 0(z, ) + n2 cos? 0(z, t)
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where n, and n, are the ordinary and extraordinary refractive indices of NLC,
respectively.

The numerical model (with the material parameters of MLC2048 determined
independently) reproduces the beginning of the director reorientation process very
well, Figure while the standard model (dotted lines) with an instantaneous
relationship D(7) = g,e€E(¢) shows a drastic disagreement. When the voltage
amplitude increases slowly, as in Figure [[0-4] the difference in the new and
standard approaches vanishes. In addition, the behavior of the DFN driven at a high
frequency 100kHz, is practically the same for the slow and abruptly increasing
voltage h].

The main conclusion of this part is that the dielectric response of a nematic
material is strongly influenced by the dielectric relaxation processes. One of the
consequences is that the sharp front of an applied voltage pulse can be perceived by
the NLC as a high-frequency field for which the anisotropy of dielectric permittivity
is different than that for the (low) frequency of the driving field, or even be of
the opposite sign. Of course, the effect should manifest itself not only for DFN,
but for all nematic materials; the difference would be only in the time/frequency
domain where the effect is most pronounced. For example, if would be of interest
to verify whether the delay effects observed by Clark’s group in Ref. ﬂé] at
the scale of tens of nanoseconds are caused by the dielectric dispersion effect
described above.

4. DIELECTRIC HEATING EFFECT

Dielectric heating is caused by the absorption of electromagnetic energy in the
dielectric medium through reorientation of the molecular dipoles and the associated
molecular friction. The absorption is especially strong when the frequency of the
applied field is close to the frequency region of dielectric relaxation, as described
in section 2l The heating mechanism in isotropic dielectrics is well known, and
the major application of the dielectric heating, namely, the microwave heating, is
used for food processing. The food exposed to the microwave at the frequency
2.5 GHz is heated effectively since f =2.5 GHz is the relaxation frequency of water.
Dielectric heating effects in the nematic liquid crystals (NLCs) are less useful since
the induced temperature changes cause the change of the liquid crystal properties
and thus affect the NLC switching behavior.

The first model of dielectric heating in NLC has been developed by M. Schadt
[E] In his model, the temperature decrease across the bounding (glass) plates of
the NLC cell was considered negligibly small. The corresponding experiment on
dielectric heating was performed for NLC cells of thickness 15um by placing a
80 pm thermocouple at one of the silver electrodes (apparently outside the cell)

]. These studies were expanded in our previous work by using a much smaller
thermocouple inserted directly into the NLC slab ﬂﬁ] Recently, Wu et al. proposed
a new, noncontact, method [29] based on the measurements of phase retardation
changes caused by the temperature-induced changes of the birefringence An of the



290 Yin et al.

NLC. This technique is applicable when the electric field causes no reorientation of
the director (otherwise the phase retardation would change because of the director
reorientation), i.e. when the following conditions are satisfied: (1) the material
has a negative dielectric anisotropy, Ag (f) < 0, (2) the cell yields a strict planar
alignment (zero pretilt angle) and (3) the electric field causes no hydrodynamics.
Because of these limitations, the technique cannot address the issue of dielectric
heating in the region of dielectric relaxation for & (f), mode 4 in Figure

Below, we explore the dielectric heating effects caused by the dielectric relax-
ation of & (f) by expanding the theoretical model to include the finite thermal
conductivity of the bounding plates. Evidently, the temperature changes should
depend not only on the electric field, properties of the NLC and bounding plates,
but also on the thermal properties of the medium in which the NLC cell is placed;
however, to the best of our knowledge, this issue has not been explored in the prior
work. To directly measure the temperature of the nematic slab in the broad range of
field frequencies, one can use the direct method with a tiny thermocouple smaller
than the cell thickness, as described in Ref. [@]

When a nematic cell is driven by a harmonic electric field E(r) = E, cos wt, the
dielectric heating power density P can be written as ﬂE]:

(1025) P = wsOE0~£’(w)-E0’
2

where €' is the imaginary part of the dielectric tensor £*. The dielectric tensor
€* and thus the heating power density P depend on the orientation of the NLC
director n. In what follows, for the sake of simplicity, we assume that the electric
field is homogeneous inside the cell. This assumption is valid when the director
field is uniform or only weakly distorted across the cell (including the case of a
very strong voltage when most of the NLC is reoriented) or when the dielectric
anisotropy of the LC material is weak. Therefore, we represent the electric field
through the applied voltage U acting across a NLC cell of a thickness d, E, = Uz/d,
so that

i 2
wfegel U

(10-26) P= =

where & = &, sin’ 0+ &jcos’ is the imaginary part of the effective dielectric
permittivity, and is the angle between n and the normal z to the bounding plates,
as described in Eq. (I0=23)).

Let us discuss now the scheme of the dielectrically-induced heat production and
its transfer in the multilayered system comprised of an NLC layer, two bounding
plates of finite thickness (but of infinite size in the two other directions), placed
into some surrounding medium of infinite extension, Figure [[0-6

The heat conduction equation for each of the layers is of a generic form [@]:

M) _ PTG D)
a dz?

(10-27) c,p + Py,
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Figure 10-6. The scheme of the dielectric heating of an NLC cell. Reprinted with permission from
J. Appl. Phys. 100, 024906. Copyright 2006, American Institute of Physics

where ¢, is the heat capacity of the layer, p is the material density, G is
the layer’s thermal conductivity, P, is the specific heat production inside the
layer. Equation (I0=27)) should be accompanied with the boundary conditions that
guarantee the heat flow balance.

For the case of the NLC layer, P, = P. The temperature drop across the NLC slab
is maximum for a stationary regime. For a stationary case, Eq. (I0-27) (with the
left hand side being zero) allows us to estimate the temperature drop as AT, -(¢) <
Pd*/8G = mfeyel U?/8G. Consider a typical situation, G ~ 0.2 W/mK 1, gl ~
1, U~50V, f~ 10°Hz, the temperature drop is less than the order of 0.05°C.
Therefore, we can assume that the temperature drop across the (relatively thin)
NLC layer is small and concentrate on the temperature changes in the bounding
plates. This small temperature difference in the NLC layer mitigates the possible
measurement error caused by the finite size of the thermocouple which is compa-
rable to the cell thickness.

In what follows, we consider the system being symmetric with respect to the
middle plane of the NLC cell and apply Eq. (I0-27)) to describe the heat conduction
through one of the two bounding plates, for example, the one located within
z€[d/2,d/24+ L] or 7 € [0, L], where Z =z —d/2 is introduced to simplify the
notations. Equation (I0=27)) needs to be supplemented by two boundary conditions
for the heat transfer, at the NLC-bounding plate interface and at the bounding plate-
surrounding medium interface. Because the NLC layer is thin as compared to the
bounding plates, one can neglect the heat stored in the NLC layer itself, so that the
heat flux from the NLC layer to the bounding plate is Q,, = Pd/2. We assume that
the heat flux Q,,, at the bounding plate-surrounding medium interface obeys the
Newton’s cooling law, i.e., Q,, = k(T (z=L,t)—T,), where T (z=1L,1¢) is the
temperature of the plates outer boundary, Tj, is the temperature of the surrounding
medium at infinity, and k is the heat transfer coefficient of the surrounding medium.
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The boundary conditions are then written as:

aTG=0,1) Pd aTG=L,1) &k
gie=0n _ 24 dR=0D Gl -T).
oz 2G oz ¢ TG )= To)

(10-28)
where T(Z = 0, t) is the temperature of the NLC-bounding plate interface. The
solution of Eq. (I0=27)), supplemented with the boundary conditions in Eq. (I0=28)
and the initial condition 7(Z =0, t) = T, is

(10-29) T(Z, 1) =Ty + AT, |:1+§(—%+1> Za cos g, — exp( ;>:|

where

- mfe,el U?

(10-30) AT, = kd

is some characteristic temperature drop; as we shall see later, AT, is the
stationary value of the temperature difference between the bounding plate’s external
boundary z = L and the point 7 — oo in the surrounding medium. The constant
& =kL/G is called the Biot number [Iﬁ] a, =2tang,/(sing,cosq, +q,) > 0
are the dimensionless coefficients with the elgenvalues q, satisfying the equation
g,tang,=¢, and 7, =, pL?/Ggq? are the characteristic time constants determining
the transition to the stationary regime. For the convenience of further analysis, we
will consider the temperature change AT(r) of NLC measured as the difference
between the temperature of the NLC bulk and the temperature 7, at infinity, 7 — oo
(which is also the initial temperature of the whole system),

(10-31) AT (1) = AT, |:1 +&— ian exp <_TL>i| ,

n=1 n

as the sum of the following two contributions,
(10-32) AT (1) = AT, () +AT, (1),

where

_ o t
(10-33) AT ()=T(z=L,t)—T,=AT, |:1 — Y a,cosq,exp (——)i| )
-

n=1 n

is the difference between the temperature T (7 =L, t) of the bounding plate’s
external boundary, and T, and AT, = T(Z =0, 1) — T,(Z = L, t) is the temperature
difference across the bounding (say, glass) plate, Figure [10-0] .
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As one can see from Eqs (I0-31)—(T0-33)), the stationary value AT, (f — oo) is
indeed equal to ATk; besides, ATg(_t — 00) = ATg = fATk. Therefore, the temper-
ature increase of the NLC slab, AT = AT(t — oo0) can also be represented by the
sum of two terms:

- - mfeoel U? kL
(10-34) AT =AT,(1+¢) = 2k <1+G).
The model above, Eqs ([0=31)—(I0-34)), suggests that one can distinguish two
regimes of dielectric heating. When & >> 1, the temperature increase of the NLC
is controlled mainly by the temperature gradient in the bounding (glass) plates. For
& << 1, the dominating control parameter is the heat transfer coefficient k of the
surrounding medium, A7(7) &~ AT,(t). Note that in the second case, the model above
and the Schadt’ model [23] predict different dynamics of the temperature increase.
Equation (I0=34)) indicates that the NLC temperature change is influenced by many
factors, including the liquid crystal’s imaginary dielectric permittivity component & _,
the electric field (voltage U and frequency f), the thermal properties of the surrounding
medium (heat transfer coefficient k), and the properties of the bounding plates (thermal
conductivity G, heat capacity c,, thickness L). Some of these predictions have been
recently verified experimentally [33]. It would be of interest to expand the experi-
ments [33] to the study of how the temperature changes affect the state of director and
vice-versa; such a work is in progress.

5. SUMMARY

Dielectric properties of nematic liquid crystals (NLCs) depend on the frequency of
the applied field through the dielectric relaxation. There are two important general
consequences of the dielectric relaxation phenomena: (1) the switching memory
effect, i.e., the non-local time relationship between the electric displacement and
the electric field; (2) dielectric heating effect.

The switching memory effect is a reflection of the fact that the electric
displacement, being the function of both the applied field and the material’s
properties, needs some finite time to adjust to the value of the electric field.
The widely accepted model of the instantaneous relationship between the electric
displacement and the electric field in the NLC is invalid when the characteristic
times of the director dynamics are close to the relaxation times for molecular
permanent dipoles. This time scale is typically in the submillisecond range which
is of great interest for modern fast-switching devices. The electric displacement
(as well as the dielectric torque density) becomes a function of the static dielectric
properties of the NLC, the present and past electric field, and the present and past
director. We discussed the recently proposed theory and experimental verification
of the phenomenon ﬂﬂ] The model in Ref [Iﬂ] should be applicable to dynamic
reorientation of other LC phases in the appropriate range of times/frequencies. In
the case of ferroelectric LCs, the theory should be supplemented by the consid-
eration of spontaneous electric polarization. A similar approach should be also
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applied to other systems, including those of biological significance, with tensor
order parameters and nonstationary dielectric properties.

In the section [ we presented an expanded model of dielectric heating effects
of NLC in an external AC electric field. This part, especially the possible interplay
between the temperature changes and director reorientation deserve further experi-
mental studies.

The work was partially supported by NSF grants DMS 0456286 and DMR
0504516 and by DOE grant DE-FG02-06ER 46331.
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CHAPTER 11
PHOTOCONDUCTING DISCOTIC LIQUID CRYSTALS

QUAN LI* AND LANFANG LI

Liquid Crystal Institute, Kent State University, Kent, OH 44242, USA
E-mail: quan@Ici.kent.edu

1. INTRODUCTION

Photoconducting discotic liquid crystals (DLCs) as a relatively new class of photo-
conductors are attracting tremendous attention since they can form unique columnar
nanostructures which exhibit remarkable mechanical, optical and electric properties.
The history of photoconducting DLCs dates back to 1993 when Haarer and his
coworkers reported that the discotic liquid crystalline hexapentyloxy triphenylene
(HAT;) showed high charge carrier mobilities although the first DLCs were
discovered in 1977 i], E] Over the past decade, great progress has been made on
these fascinating photoconducting DLCs.

For liquid crystal display application, the conductivity of liquid crystals is detri-
mental. Interestingly, liquid crystals are intrinsically conductive. This conductivity
arises from two origins: ionic contamination which is almost inevitable, and conduc-
tivity originating from the molecular structure and the phase of liquid crystal.
The liquid crystals widely used in display application are composed of rod-like
molecules in the nematic phase, resulting in low conductivity, i.e. at the order of
ionic conduction. DLCs, on the other hand, typically have a much higher intrinsic
conductivity than their display application counterpart. Instead of reducing DLC
conductivity for use in aforementioned application, they are a good candidate for use
in applications which require high conductivity. The disc- or plank-like structure of
DLC molecule, in contrast with rod-like one, can facilitate face-to-face molecular
stacking and lead to self-assembled superstructure by strong intermolecular inter-
actions. Meanwhile, similar to liquid crystals comprised of conventional rod-like
molecules, DLCs are also “soft” matter and are susceptible to external stimuli.
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2. PHOTOCONDUCTIVITY

Photoconductivity is a property of some materials in which the material becomes
more conductive upon electro-magnetic irrdiation, and the conductivity increases
orders of magnitude. The irridiation could be visible light, ultraviolet light, X-ray
or gamma radiation. Photoconductive materials are called photoconductors which
are semiconductors in nature. When light is absorbed by the semiconductor, the
configuration of electrons and holes changes and raises the electrical conductivity
of the semiconductor, or the photogenerated charge carriers appear and render the
material to be more conductive. Quantum mechanics requires the incident photon
energy to match the intrinsic energy band gap of the photoconductor. A bias voltage
is usually applied to characterize the photocurrent. The photosensitive conductivity,
in another word, photo-tunable current at constant bias voltage enables a series
of applications such as photocopying and photodetection. A classic example of
photoconductor is polyvinylcarbazole which is used in photocopying.

3. MECHANISM OF CHARGE TRANSPORTATION
IN ORGANIC MATERIALS

While light absorption is the origin of increased charge carrier density, the conduc-
tivity also depends on the transportation of the charge carriers. In photoconducting
organic compounds including liquid crystals, charge conductivity in the material
is increased dramatically as a result of light induced excitons. Excitons are bound
electron-hole pairs, and its dissociation will result in free electrons and holes as the
charge carriers. In inorganic semiconductors, incident light can directly induce free
electrons and holes. In organic semiconductors, this transient state of exciton has a
much longer lifetime and can transport itself through the material. The mechanism
of exciton transport is still not clear to date. One of the proposed theories is that
excitons transport by diffusion, another is that the transport is in the form of energy
resonance, while others indicate it is the hopping of excited states at different
sites in the material. Photoconductivity of organic semiconductors results from the
increased density of charge carriers under illumination.

There are different mechanisms of conductivity in organic compounds including
liquid crystals. The most universal mechanism is ionic conduction. No matter how
rigorously the material is purified, there always exist some ionic impurities. Under
applied electric field these ions will migrate to the corresponding electrodes and
contribute to the current. This current is characteristic of exponential increase with
increasing temperature. One needs to pay attention to decipher the contribution of
ionic conductance if the overall conductance of the sample is small.

A simplified model depicted in Figure [[I-1] can qualitatively illustrate the origin
of the conductance beyond ionic transportation. Each molecule can be modeled
as a box, or a quantum potential well confining motion of electrons. For more
conjugated molecules, charge is delocalized within a larger volume and the energy
gap is smaller, as depicted in the model as a bigger box. From a simplified quantum
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Figure 11-1. A simplified model of intermolecular charge transport in electric field. Each box represents
a molecule. The size of the boxes is determined by the conjugation of the molecule, and the distances
between boxes are the distances between molecules in macroscopic crystalline structure. The bias electric
field (E) provides a directed transportation of excitons or charge carriers generated after dissociation of
exciton

mechanics reasoning, we could infer that the bigger the box is, the smaller the energy
gap is between the ground state and the excited state. As depicted in Figure [1-1]
electrons are delocalized within each box, and the relatively bigger size of the box
allows for formation of excited states at relatively low energy input. In order to
be macroscopically conductive, these excited states need to transfer from one box
to another and dissociate. The occurrence of this transportation is mostly termed
as a hopping process. If external bias is applied, this hopping leads to directional
transport, in another word, a current.

In reality, the boxes can be of complex internal structure determined by the
molecular structure. Conjugation within a molecule determines the size of each of
these boxes and energy levels within them. For multi-atomic molecules, the energy
levels of the molecules adopt a band structure for which the most interesting energy
levels are the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). The band gap between the HOMO and LUMO deter-
mines the tendency for excitation of the molecule.

Considering intermolecular charge transport, short distances between molecules
or closely packed molecules are favorable for charge transport. Hopping occurs
more easily in this arrangement, especially for those involving quantum tunneling.
For band transport to occur, it is not only the distance between molecules but also
the degree of order that makes a difference. The more periodic the positional order
is, the more possibly a band transportation exists which will dramatically increase
the conductance. In addition to positional order, orientational order is important
because organic covalent bonds are directional, so orientationally ordered molecules
will facilitate molecular orbital overlap. This cannot be seen in our simplified box
model, but if the box is changed to a less symmetric shape, the orientation effect can
be represented. It is based on their highly conjugated structure having an aromatic
conjugated moiety as a core part that DLCs are more favorable for the purpose as
charge generating and transporting materials.

In summary, the dominant factors in determining the magnitude of the charge
carrier mobility are (1) the degree of order, (2) the size of the conjugation within
each molecule, and (3) the extent of electronic orbital overlap between adjacent
molecules. Among these factors, the structure ordering is the most important.
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The crystalline order should be ideal in a defect free situation, but unfortu-
nately it is very difficult to achieve defect free single crystals of large volume
or single crystalline film of large area. The inevitably existing grain boundaries
and defects act as deep traps and reduce the charge mobility dramatically. In
addition, polycrystalline materials are intrinsically inhomogeneous. Therefore, for
applications requiring uniformity, they are not a good choice even though the
low conductivity could be tolerated for some occasions. On the other hand, for
amorphous materials in which uniformity can be guaranteed, the lack of order
at the molecular level decreases the charge mobility and renders the material
poorly conducting. A system with large volume uniformity/homogeneity and micro-
scopic/molecular level order is desired.

Two major categories of 1-D organic conducting materials are conjugated
polymers which rely on intra-chain charge transport, and m-stacked small molecules
which depend on intra-columnar transport. In the conjugated polymer system the
charge transport is based on conjugation and electron delocalization within each
molecule, and the charge transport between different polymer chains is based on
hopping. In the w-stacked small molecule system the charge transport is governed by
the tendency of molecular excitation and the overlap of molecular frontier orbitals
between adjacent molecules.

Liquid crystals especially DLCs are a solution for this problem due to their
special properties as we will describe below.

4. UNIQUE STRUCTURES OF DISCOTIC LIQUID CRYSTALS

Liquid crystal systems are unique in their partial ordering. The absence of complete
order leaves the freedom to self-repair misorientation, i.e. defect in orientational
order. This property endows liquid crystals a self-healing property and enables easy
achievement of a large area single domain free of grain boundaries. Generally,
DLCs have a discotic core surrounded by some flexible chains (Figure [[1-2)). The
discotic core unit is usually a conjugated structure such as benzene, naphthalene,
triphenylene or perylene (Figure [[1=3). The conjugated structure is a prerequisite
for the DLC photoconductivity since it will result in a relatively small band gap
between HOMO and LUMO of the molecule which is a desirable property to
excite the molecule with a stimulus of a reasonable magnitude. It should be noted
here that porphryins and phthalocyanines among these discogens (Figure [[1-3))
have superior optic-electro properties due to their low energy band gaps between
HOMO and LUMO. The structure of porphyrin or phthalocyanine also enables
them to bind with some metal ions. The metal complexes at the center of porphyrins
or phthalocyanines can tune the molecular energy level without degradation and
sometimes can even improve the mesophase stability.

In general, the partial order increases intermolecular interaction and the partial
fluidity makes relaxation possible so as to reduce the defect and suppress grain
boundary formation.
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Figure 11-2. A general structural template for DLCs

Naphthalene Triphenylene Perylene

M = 2H or Metal

Hexanenzocoroene Phthalocyanine Porphyrin

Figure 11-3. Structure of some discotic mesogenic cores

For organic electronic materials, the higher degree of conjugation is a preferred
molecular property which corresponds to a bigger box as we modeled in Figure [[1-1]
and will result in a smaller energy band gap. Fortuitously, this is an intrinsic
structural property for most of the DLCs since conjugation is also the origin of
rigidity which is necessary for many thermotropic mesogens.

Besides molecular structure, higher ordered phase structure is also beneficial to
achieve high charge mobility. Based on the charge transport mechanism, closer
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packing and more chance of overlapping of molecular orbital are favorable.
However, this is a dilemma in the sense that higher conjugation will result in a
more viscous phase which defects are expected to occur and the resulting material
is more difficult to process.

There have been many phase behaviors and classifications on DLCs reported
[E]. Most commonly, DLCs exhibit columnar phases and discotic nematic phases
(Figure [[T=4] and [[1-3). From the molecular interaction point of view, discotic
mesogens usually incorporate a big conjugated plane (disc) which makes the inter-
action between molecules much stronger than in rod-like systems. As a result,
the appearance of the nematic phase is rare in discotic materials. Columnar
phases (Col) are more commonly observed in DLCs and are more ordered than
the discotic nematic phases. In a columnar phase, the molecules aggregate into
columns and these columns are arranged into a 2-D periodic structure. Within
each column, the molecules are fluid-like, i.e. the distance and molecular orien-
tation are fluctuating at a small magnitude. According to the degree of order, the
ordered columnar phase (Col,) and disordered columnar phase (Col,) are specified.
The most typical arrangement of columns is in a hexatic manner. However, in
the case of oval shaped molecules and oblique molecular orientation with respect
to the columns, other arrangements are possible. According to the symmetry of
this 2-D lattice, the columnar phases are classified as hexagonal columnar phase
(Col,), rectangular columnar phase (Col,), and oblique columnar phase (Col,),
etc. Columnar phases are crystal in 2-D and fluid in 1-D. The higher ordered
columnar phases are very solid, yet still feature a much smaller shear elastic
modulus than normal crystals. When the correlation between molecules in different
columns exists, the columnar liquid crystal becomes a regular 3-D crystal. The
discotic nematic phase (Np) is similar to the nematic phase formed by rod-like
molecules. The director is the molecular rotational symmetry axis, i.e. the norm of
the molecular plane. Np, is less viscous than other higher ordered discotic columnar
phases.

Figure 11-4. Molecular positions within the hexagonal columnar phase (left) and rectangular columnar
phase (right)
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I

Figure 11-5. Molecular arrangements within the discotic nematic phase

Overall, DLCs are better candidates than the calamitic liquid crystals and
amorphous organic compounds for electronic application due to their generally
larger conjugation of the molecular structure. Also, columnar liquid crystalline
phases are highly ordered phases. The preferred charge transport channel is along
the columns. A very good property of discotic columnar phases is that due to their
high viscosity at low temperature a glassy state with frozen columnar order is
usually achieved during transition from the higher temperature less ordered phase
without introducing many defects and grain boundaries, avoiding to a great extent
the number of deep charge traps.

S. CHARACTERIZATION METHOD

The most widely used experimental method to measure photoconductivity is the
time of flight (TOF) measurement. In this method, the electron and hole mobility
can be separately measured. The set-up of TOF measurement is composed of a cell
which resembles a standard liquid crystal cell with transparent or semi-transparent
electrodes sandwiching a thin layer of aligned liquid crystal material. A short pulse
laser is shed on the surface of the material to induce charge separation within the
material. A bias voltage is applied to provide a field to drive the positive and
negative charge carriers to drift to corresponding electrodes. The photocurrent after
the pulse is recorded as a function of time. By choosing the polarity of the bias
voltage the charge mobility for both sign charge carriers can be measured. If the
laser is shed on the positive electrode side, positive charge carrier mobility can
be obtained, and vice versa. The schematic diagram of the set-up is shown in
Figure

The stimulating laser needs to be of a short wavelength and narrow pulse since
the quantum transition requires the incident photon energy to match the energy gap
between molecular energy levels, which often needs blue photons or even higher
energy photons. From the shape of the photo-current vs. time graph, the nature of
the charge transportation can be determined.

TOF measurement needs the material to be aligned as shown in Figure [1=7] (left).
A schematic TOF transit is shown in Figure [[T=7 (right). The total photocurrent
comes from a superposition of all the charge transport mechanisms. Ionic conduction
contribution is universal but the value is small. Electronic conduction contribution
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Figure 11-6. Schematic diagram of time-of-flight (TOF) experiment. The incident irradiation is a narrow
beam-width short pulse laser.
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Figure 11-7. The structure of homeotropically aligned columnar phase (left); an ideal transient photo-
current in a TOF measurement in a trap-free sample (right). The fast mode is electronic conduction
including electron and hole mobilities; the slow mode is ionic charge transport

including hole transport and electron transport is a major component of the overall
conduction M]

It should be noted here that while TOF technique is widely used, there is
another experimental method to measure conductivities and mobilities, namely
pulse radiolysis-time resolved microwave conductivity (PR-TRMC) measurement
as shown in Figure

In this method, a known low concentration (micromolar) of electron-hole pairs
is created uniformly throughout the material using a nanosecond pulse of ionizing
radiation [E, ]. Microwaves are used to quantitatively probe (without the need
of electrode contacts) the radiation induced conductivity within the sample. The
mobility is determined from the end of pulse value of the resulting transient conduc-
tivity. The material does not need to be aligned.

The PR-TRMC mobility is considered to be the more basic value, however,
the electron and hole mobilities cannot be separately measured. The measured
mobility is the sum of the one-dimensional (1D) electron and hole carrier mobilities
(Zpip = B4 + 1_). In contrast, the TOF mobility is considered to be more charac-
teristic of bulk sample which is susceptible to defects, impurities and grain bound-
aries, etc. and is more relevant to real applications. Generally, the TOF mobility
is lower than PR-TRMC value.
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Figure 11-8. Brief schematic diagram of pulse radiolysis-time resolved transform microwave
conductivity

6. PROCESSING OF THE PHOTOCONDUCTING DISCOTIC
LIQUID CRYSTALS

In the previous sections it was assumed that the photoconducting DLC materials
are well aligned at the molecular level. However, the alignment of the materials is
not trivial all the time. Surface treatment, thermal treatment including annealing,
and mechanical treatment including shearing and structural modification are used
to achieve the goal of large area uniform orientation of the disc molecules.

It is known that calamitic (rod-like) liquid crystal alignment can be achieved
by well established surface treatment such as surface polymer coating to achieve
reliable homeotropic and homogeneous alignment in their nematic phase. Electric
field or magnetic field can also be used to achieve their uniform alignment. These
will not be detailed here since they are well-developed techniques over a long time.
Unfortunately, the alignment of DLCs especially with large conjugation system is
completely different from calamitic liquid crystals and is very hard to achieve. The
well established alignment technique for calamitic liquid crystals does not usually
work for DLCs because the columnar mesophases have much higher viscosity than
the calamitic liquid crystals, and accumulation of their ends at the substrate-DLC
interface might cost a great deal of entropy since the columns of disc-like molecules
are long.

The alignment of photoconducting DLCs is crucial for achieving high conduc-
tivity needed for possible applications. There are two typical alignments of DLCs,
namely homeotropic and homogeneous alignments in which the columns are perpen-
dicular and parallel to the electrode surface, respectively (Figure[[1=9). Homeotropic
alignment in columnar phases can provide a most efficient path for electrons and
holes along the columnar axis which is most favorable for high conductivity and
applications in photovoltaic cells and organic light emitting diodes. Interestingly,
most of the homeotropic alignments reported to date contain domain boundaries and
disclinations which suppress the carrier transport [ﬂ] It is a challenge to achieve the
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Figure 11-9. Schematic illustrations top: un-aligned hexagonal columnar phase; middle: homotropic
alignment; bottom: homogeneous alignment

film with perfect homeotropic alignment over a large area. A homogenous alignment
of the columnar phase of the photoconducting DLCs has potential applications such
as organic thin-film transistors.

In contrast to well studied calamitic liquid crystals, DLCs are relatively less
studied, maybe because they are not the major component for the information display
industry which boomed during the past decades. But the increasing interest of the
photoconducting DLCs as electronic materials calls for material processing method
and protocol to propel the development in this field. Application-directed efforts on
photoconducting DLCs were particularly fueled by their unique anisotropic optical
and electronic properties [E] Optical and electronic applications, however, require
a perfect alignment of the self-organizing material which is usually obtained by
utilizing interfacial forces or by applying external fields. Although alignment of
calamitic liquid crystals on surfaces or in liquid crystal cells is a well-established
technology, few of the alignment methods developed for calamitic liquid crystals
can affect the alignment of the DLCs [E] As a result, there are few reports on
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applying an external field such as magnetic, electric and mechanical fields as an
effective alignment method.

The magnetic field might be most effective on photoconducting DLCs. This
is because the large anisotropic molecular magnetic susceptibility and the highly
conjugated structure of DLCs usually result in a pronounced diamagnetic effect.
The alignment usually takes place at the transition from isotropic or less ordered
discotic nematic phase to the columnar phase when the elastic free energy and
viscosity are small. The more viscous the DLC material is, the larger the magnetic
field is needed. The uniform alignment of the less ordered and viscous discotic
nematic phase of a triphenylene derivative sandwiched in a liquid crystal cell was
achieved when a 5 T magnetic field was applied parallel to the cell surface during
the cooling process. The director was perpendicular to the surface when the cell was
coated with polyimide alignment. The quality of homeotropically aligned films was
found to be depending on the type of alignment layer [‘E] To achieve homogeneous
alignment, a rotation method can be used.

Electric field might be also an effective method for alignment of photoconducting
DLCs. The anisotropic electronic susceptibility results in the aligning effect of the
molecular plane parallel to the applied field. Similar as magnetic field alignment, the
aligning effect also takes place at the transition from isotropic to ordered mesophase.
However, due to the electric conductivity the electric field applied on the material
is restricted to a certain extent to protect the material from short circuit damage.

Based on the anisotropic rheological properties, flow alignment induced by a
mechanical perturbation of the system can be used to align the highly viscous
columnar phases. The mechanical force aligns the columns parallel to the applied
shear field, i.e. parallel to the long axis of the columns. In a liquid crystal cell,
shearing the cell in one direction might result in homogeneous alignment with the
column axis along the shear direction [|_1T1|] The homogeneously aligned sample by
a shear is shown in Figure In a similar way, carefully prolonged DLC fiber
within its columnar phase temperature could align the material with column axis
parallel with the fiber axis m]

B

Figure 11-10. Polarizing micrographic textures of a discotic liquid crystalline porphyrin P6 (A: before
shear; B: spontaneously homogeneous alignment achieved by shearing. The sample extinguishes twice
as it rotates 1800 between crossed polarizers)
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The shortcoming of the alignment by external fields is that the alignment will be
destroyed and can not restore alignment once heated to isotropic phase. Self-healing
alignment needs surface anchoring or a permanent bulk restoring force.

Surface anchoring has been successful in liquid crystal displays in which the
calamitic liquid crystals are predominantly aligned by interactions with specially
treated or prepared surfaces [E] However, surface treatments developed for
calamitic liquid crystals have surprisingly little effect on the alignment of DLCs.
There is little development on surface alignment methods for higher ordered and
more viscous discotic columnar mesophases reported. Alignment of DLCs on a
surface appears to depend very little on the nature of surface but more likely
a property of the DLC material itself. In fact, hexaalkoxy triphenylene aligns
homeotropically when cooled down from its isotropic phase, independent of the
type of alignment layer [@] More viscous DLCs such as compounds based on
phthalocyanines show small domains of more homogeneously aligned columns,
unaffected by the type of surface.

One of the successful methods to obtain monodomains of homogeneously aligned
discotic columnar mesophases is the Langmuir-Blodgett (LB) technique [IE,%E]
The approach preferentially works in DLC systems with non-symmetrically substi-
tuted molecules that have polar and non-polar side-chains at different position of
the periphery of the molecule. However, this technique results in planar alignment
with in-plane degeneracy of alignment. Flow effect introduced during the dipping
process is needed to determine in-plane molecular orientation.

Surface modified by self-assembling monolayers (SAMs) exhibited similar
properties as LB films. In a report using gold substrate and functionalized thiol
surface layer material, the cores of triphenylene derivatives with 1-2 thiols attached
to their side-chains align homogeneously and form domains of columnar stacks
with different in-plane orientation [Iﬂ] A homeotropic alignment was obtained
for derivatives with thioethers attached to the core. The situation with terminal
thiols attached to more than two side chains per molecule resulted in non-uniform
layers.

It was found that infrared laser irradiation of the hexagonal columnar mesophase
(Col,,) shown by a discotic liquid crystaline triphenylene causes alignment change
forming a new domain with uniform alignment. This phenomenon is thought to be
achieved by the excitation of the selected vibration mode of a chemical bond [IE]
Recent studies on this phenomenon have also shown that a relationship was found
for the directions of the polarization of incidence and the transition moment of
the vibration excitation. The results imply that infrared irradiation is a possible
technique for device fabrication using columnar mesophase as a liquid crystalline
semiconductor.

Mixing columnar DLCs with a low molar mass non-discotic compound gives rise
to rod-shaped phase separated discotic domains having a hexagonal cross-sectional
area. The columns are oriented preferentially along the rod-axis. Such areas may be
of considerable interest for electro-optic applications. Because an oriented matrix
can be used to orient all these domains along a given direction, the surrounding
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matrix could be later removed by melting away at a proper temperature without
jeopardizing the global alignment [@]

Watson and his coworkers reported alignment of discotic liquid crystalline hexa-
peri-hexabenzocoronene (HBC) by zone-casting technique onto a quartz substrate
(Figure [T=10) [@] They also reported anisotropic optical and electric properties
of film aligned by this technique. It is found that the conduction in the direction of
casting (columnar alignment direction) is favored by at least a factor of 10 over the
perpendicular direction. The anisotropy in its optical absorption at room temperature
is not obvious which is attributed to the close to 45° tilt of the HBC molecular plane
in the herringbone arrangement of the columns, characteristic of the crystalline
solid. [EI]

An important effort in Quan Li’s group is to develop the novel functional
DLCs capable of efficiently absorbing sunlight as well as forming spontaneously
homeotropic alignment. A series of well-defined light-harvesting liquid crystalline
porphyrins with the same basic structure of the best photoreceptor in nature, chloro-
phyll, have been designed and synthesized. Spontaneous alignment in porphyrin
based DLCs has been successfully achieved by tuning the molecular structure
(Figure [I=12) [23]. Further investigation is in progress.

For polymeric discotic liquid crystals, the alignment is different. One approach
is to polymerize aligned monomer to achieve aligned polymer. The other is to
perform polymerization first and then using mechanical force to align the polymer.
In both cases a polymerizable side group needs to be attached chemically to the
discotic mesogen. One successful example is the so-called Fuji film by Fuji Photo
Film Company in which the discotic liquid crystalline monomer was first aligned
in an electric field, and then photo-polymerized under this alignment condition to
fix the molecular orientation. This film provides exact compensation that corrects
the viewing angle problem by the calamitic liquid crystal display [@].

Another approach of aligning polymeric DLCs is to use the mechanical force after
polymerization. Cross-linked discotic liquid crystalline elastomer can be aligned by
stressing or elongating the elastomer in one direction [@] Furthermore, if a small

Slit

Figure 11-11. Schematic illustration of zone-casting alignment
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Figure 11-12. Crossed polarizing micrographic textures of spontaneous homeotropically aligned
columnar phase of liquid crystalline porphyrin P8 at room temperature (A and B with different cooling
rate. The dark areas are homeotropic alignment where the planes of the disk-shaped molecules are
parallel to the substrates. Bright domains represent areas where the molecular planes are tilted with
respect to the substrates.)

amount of polymer (typically around 3% to 10%) does not cause detrimental effect,
the alignment can be achieved by shearing polymer dispersed discotic liquid crystal
(PDDLC) as well. The cross-linked polymer network will act as a bulk restoring
force that will provide an alignment force on the discotic inclusions as shown in
Figure [1-131

It is worth noting here that highly viscous discotic columnar mesophases do
not easily form monodomain and prefer a homogeneous alignment to homeotropic
alignment. Homotropic alignment is more favorable for optic-electro applications
such as photovoltaics. As has been discussed in the previous sections, larger conju-
gated core structure will increase the electronic conducting property, but it will
also increase the viscosity of the mesophase of the material which makes the
alignment more difficult. The very viscous mesophase exhibited by phthalocyanines
and hexabenzocoronenes, for example, remains until decomposition and makes the
material very difficult to be homeotropically aligned and capillary-filled into a cell.

Figure 11-13. Tllustration of mechanical stress induced alignment of DLC in elastomer/polymer dispersed
discotic liquid crystal. The stressed polymer network will favor aligned molecular arrangement to adjust
to the mechanically deformed domains separated by the polymer strands
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7. PHOTOCONDUCTING DISCOTIC LIQUID CRYSTALS

Many photoconducting DLC systems have been studied since the pioneer work
by Haarer et al. [ﬂ] In the category of the DLCs, triphenylenes have been the
focus of research because of the facile synthesis of their analogs with various
possible structural variation, the easy alignment and their chemical stability up to
a reasonably high temperature [IE, @, ]. According to the structure-mobility
relationship discussed previously, degree of conjugation, degree of order and degree
of molecular orbital overlapping are the key factors for the magnitude of the charge
carrier mobility. Some photoconducting DLCs with different molecular structure
are shown in Figure TT-T4HIT-13]

Simple Col, derivatives such as 1 (HAT,,) give low mobilities (1, p =
1.0 x 10~*cm?V~!s~! at 60° C). The mobilities gradually increase to . = 1.9 x
103cm?V-!s~! when the chain length decreases down to pentyl group (HATS)
[Iﬁ, E, @, @] This could be counted by the increase of ordering due to the
decrease of side chain length and the resulting less fluid nature. Interestingly, there is
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Figure 11-14. Examples of photoconducting DLCs
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Figure 11-15. Examples of photoconducting DLCs

a dramatic increase in the charge mobility when the chain length decreases to butyl
(HAT,) or propyl (HAT}). This is because that HAT; (= 1.2x 102cm?> V~'s~! at
130°C) and HAT,(n = 2.5 x 102cm? V~!s7! at 80° C) have a much more highly
ordered columnar plastic phase.[@, ﬂ] When alkyoxy side chain in 1 (HAT,) is
replaced with alkylthio, a much faster carrier mobility is observed, e.g. 2 (HTT,,
p=1x10"ecm?V-'s™! at 65°C) and 1 (HAT, . =4 x 10*cm?V~-'s™! at
65° C)m] Recently Hanna et al. investigated the electron carrier transport in the
DLC 2 using TOF method and reported that the very fast ambipolar transport was
observed in the ordered columnar phase (H phase).[32] Incidentally, both electron
and hole mobilities are p. = 0.8 x 10~ cm? V~'s7! at 45°C.
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Donovan et al. reported a triblock polymeric discotic liquid crystalline 3 which
has electrons as the major charge carriers. The material is a triblock copolymer
consisting of a polymeric main chain discotic liquid crystalline triphenylene capped
at either end with blocks of poly(ethylene oxide) [EI] An upper limit of p = 8.4 x
1073 cm? V~!s7! for the electron mobility at 50° C was obtained in this system.

Larger poly-aromatic cores generally result in higher mobilities (easier molecular
orbital overlapping) and more efficient exciton formation and dissociation (smaller
band-gap). Warman et al. reported that the charge carrier mobility as high as
0.2 ~0.5cm? V~!s7! was measured by PR-TRMC in the hexagonal columnar liquid
crystalline phase of the hexabenzocoronenes 4 (HBC,,, Spu,p = 0.26cm?V~!s~!
at 133°C; HBC,,, Sp;p = 0.38cm?V~'s™! at 110°C; and HBC,,, Spp =
0.31cm?V~!s7! at 116°C) and 5 (Spp = 0.46cm>V-ls™ at 192°C) [@]
Columnar phases exhibited by phthalocyanines (6, S, = 5.1 x 1072cm?V-!s7};
and 7, Sp;p = 0.28cm?>V~!s7!) and their rare-earth metal sandwich complexes
8, Spip =0.17cm* Vs and 9, Sp,p = 0.7cm? V~'s7!) have high charge
carrier mobilities. Replacement of oxygen in 6 and 8 with sulfur results in an
increase in charge mobility [34, 33].

DLCs are not the only system which exhibits photoconductivity or high resistant
semiconductivity. Conjugated polymers and other highly ordered liquid crystals
such as smectic liquid crystals also show similar properties. By comparing these
systems, we could conclude that each system has their advantages and disadvan-
tages. Smectic liquid crystals as another category of ordered liquid crystals has
been reported that the photoconductive charge mobility is at the order of 1072 ~
10-5cm?V-'s~! 34, é, B4]. For polymeric organic semiconductor, Warman et al.
using the PR-TRMC technique compared the mobilities in the columnar discotic
liquid crystals and the conductivity of conjugated polymers [IE] The upper limit
values on the order of 10cm?V~!'s~! were measured for single-crystal polydi-
acetylenes (PDAs) polymerized either thermally excited or with small amount of
irradiation although PDAs have been found to be unsuitable for device applications.
However, for the same polymer which is typically amorphous or polycrystalline,
much lower values ranging from 0.009 to 0.125cm?>V~'s~! were observed. It
was understood that the morphology and the disorder in the polymer conjugated
backbone structure was responsible for this decrease. Large mobilities are found
for discotic materials with maximum values close to 1cm?V~!s~! in both the
crystalline solid and liquid crystalline phases owing to their self-organizing nature
and high degree of structural order, which compensates for the weaker electronic
coupling between monomeric units in the discotic materials compared with the
covalently bonded conjugated polymers.

The highest PR-TRMC (short-range) mobilities (the sum of holes and electrons)
to date reported are the DLC 9 (S, = 0.7c¢cm? V~!s7!). The highest TOF (long-
range) hole mobility so far reported is the phthalocyanine 10 (8H,Pc, Figure [[T-16))
in the columnar phase.|4d, Eﬁ] The mobility is 2 x 107" cm? V~'s~! at 100°C on
cooling form the Col,, phase to the Col, although there is no obvious X-ray evidence
for high order.
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Figure 11-16. Molecular structure of photoconducting DLC 1,4,8,11,15,18,22,25-octaoctyl-
phthalocyanine

Similar as inorganic semiconductors, impurities are an important factor that can
change the energy level and the charge transport properties in organic semicon-
ductors including photoconducting DLCs. The effect of the impurity, i.e. the other
component of the system, depends on the nature of the impurity.

Investigation of the influence of charge trapping impurities on the charge
mobility shows that even trace amount of such impurities will ruin the charge
transport property of the liquid crystal material. The electronic transportation can be
completely destroyed leaving only ionic conductance. The presence of impurities,
even of very small amount, will change the charge transportation at orders of
magnitude.

While charge trapping impurities are undesirable for improving charge mobility,
selectively doping an electron donar with an electron acceptor and vice versa will
result in improved properties in a controlled way if the energy band is aligned. Chen
et al. investigated the compound system of copper tetra-(octyl-alkoxy-carbonyl)-
phthalocyanine 11 (CuPc-Cg, p-type) and 3.,4.,9,10-tetra-(octyl-alkoxy-carbonyl)-
perylene 12 (Pery-Cy, n-type) (Figure [I=17). [4d] The novel 11/12 composite
was prepared by the solution-blending method. Atomic force microscopy (AFM)
demonstrated the formation of the bulk heterojunction structure in their cast-coated
films. Enhanced photosensitivity was observed in the photoreceptor made from
the 11/12 composite, which was understood to be a result of the large interfacial
area between the two components due to the existence of the bulk heterojunction
structure.

Besides doping, the hetero-junction formed by semiconductors of different
nature can enhance charge transfer. Savenije and his coworkers using the “flash-
photolysis time-resolved microwave conductivity” technique (FP-TRMC) studied
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Figure 11-17. Examples of photoconducting DLCs

the bilayer system of porphyrin and TiO, thin film, i.e. free base tetra-para-
octylphenyl porphyrin (13, H,TOPP, Figure [[T-13)), spin-coated onto a smooth layer
of TiO, [é] The freshly spin-coated double layer consisting of 50 nm thick shows
an incident-photon-to-charge-separation efficiency (IPCSE) of 10% on excitation at
430 nm. They concluded from the amplitude and the temporal shape of the photo-
conductivity transients that electron injection occurs both from the singlet and the
triplet excited states for the freshly spin-coated double layer. These triplet states
can travel by energy transfer over distances of at least 9.6 nm. However, by heating
the sample above the crystalline-discotic-lamellar phase-transition temperature of
13, the alignment of the molecules was changed to homogeneous aligned lamellar
phase (with molecules edge-on TiO, layer) and the IPCSE drops to about 1% as the
molecules are dominantly random after spin-coating. This drop of mobility could
result from the anisotropic charge mobility.

A mixture of photoconducting materials can act synergistically and provide
improved photoconducting properties compared with single component. Rybak et al.
reported the mixture system of a DLC (14, hole transport material) and perylene
derivative (15, electron transport material) with photoconducting copolymer 16
using surface potential decay technique (Figure [I=19) [44]. In pure DLC only
very weak photogeneration in the visible range was observed, and in pure perylene
derivative only negative mobile charge carriers were photogenerated. However,
when these two compounds are mixed together, a synergetic effect of photogener-
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Figure 11-18. Molecular structure of photoconducting DLC 5,10,15,20-tetrakis(4-n-octylphenyl)
porphyrin

ation of both positive and negative mobile charge carriers was observed. This is
because the excitons photogenerated at perylene derivative dissociate into electron—
hole pairs, and then electrons are transported via perylene derivative while the holes
are transferred onto the DLC molecules.

8. APPLICATION

Due to many unique properties of photoconducting DLCs, they offer tremendous
new possibilities in applications such as organic photovoltaics, organic light emitting
diodes, organic photosensors, and organic image receivers. Regardless of the photo-
response in conductivity, the DLCs with reasonable conductivity can also be used
for field effect transistor application. Among all the promising application areas,
photovoltaic (PV) is of significant importance since it is related to energy generation
which is the most important scientific and technological issue facing humanity in
the 21st century.

First used in about 1890, the word photovoltaic is a compound word made of
two parts: photo, derived from the Greek word for light, and volt, relating to the
electricity pioneer Alessandro Volta. Therefore, photovoltaics could literally be
translated as light-electricity. A photovoltaic device or solar cell can convert directly
the absorbed photons into electrical charges that are used to energize an external
circuit. In principle, a PV material is a semiconductor in nature, characterized by its
band-gap. Quantum mechanics determined the input energy in the form of a photon
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Figure 11-19. Molecular structures of 14 (HBC-PhC,, as hole transport material), 15 (PTCDI as electron
transport material) and Copolymer 16

needs to have the energy of the band-gap energy to effectively excite the valence
band electron. Crystalline silicon has a bandgap energy of 1.1eV. The bandgap
energies of other effective PV semiconductors range from 1.0 to 1.6 eV. The photon
energy of light varies according to the different wavelengths of the light. The entire
spectrum of sunlight, from infrared to ultraviolet, covers a range of about 0.5eV to
about 2.9 eV. The power conversion efficiency of this process is defined as the ratio
of the electric power provided to the external circuit to the solar power incident on
the active area of the device and is typically measured under standard simulated
solar illumination conditions.

There are many challenges to overcome before organic photovoltaics become
technically practical and commercially viable. The excitation efficiency is deter-
mined by the intrinsic properties of the material such as HOMO and LUMO.
Although theoretical efficiency for organic PV material can be expected to reach
a power conversion efficiency as high as crystalline silicon devices, i.e. around
20 ~ 30%, the actual efficiency is quite low at this stage with recently reported
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results around 3% [@, @] From the point of view of both material property
and device fabrication, band alignment at the interfacial property and microstruc-
tures are also an important issue to consider. Moreover, contact resistance needs
to be minimized as much as possible. The charge mobility affected by random
arrangement of molecules in amorphous semiconducting materials is still far below
that in crystalline semiconductors.

The crystalline silicon photovoltaic cells, though efficient, are far too expensive
to compete with primary fossil energy. The organic PV technology would hold the
promise for the cost reduction since the organic PV materials are potentially cheap,
easy to process, and capable of being deposited on flexible substrates and bent where
their inorganic competitors, e.g. crystalline silicon, would crack [@] However, the
organic solar cell efficiency based on a currently widely used organic PV material
Cu phthalocyanine (CuPc) was reported as about 3% E] The major impedance
of cell efficiency is that the polycrystalline materials suffer from the scattering
of excitons and charge carriers at the grain boundaries of the small crystals. So
a challenge for organic PV with the possibility of significant cost reduction is
to make them in a desired macroscopic order to improve charge generation and
transportation [@, [ad, @] Thus the photoconducting DLCs capable of efficiently
absorbing sunlight as well as being homeotropically aligned will be a desirable
candidate to meet the challenge for PV.

Macroscopically ordered microscopic structure can facilitate the hopping process
in which the charge carriers are transported in most organic semiconductors, and
even make possible a quasi-band transportation in a reduced dimension lattice.
This ordered structure can be implemented by columnar mesophases as described
earlier. Also, it has already been well established that a liquid crystal, provided
with effective alignment method, is capable of forming a large volume single
domain (much larger than what could be achieved for a crystal), or large area single
domain thin film (the structure of liquid crystal display). Improved charge transport
properties should be expected in such systems.

Porphyrins and phthalocyanines are commonly used as organic photoconductors
which might be best used for photoconducting devices and related applications
due to their intense absorption between 300 and 800 nm and their relatively small
HOMO-LUMO gaps (1.5-2.0eV). Their unique energy levels and big m-conjugated
structure make them good candidates as DLCs. These materials can on one hand
serve as a high efficiency photovoltaic material determined by the molecular
structure, and on the other hand the oriented molecular ordering due to their liquid
crystalline property and the ability of self-assembling could retain a large area single
domain to suppress charge carrier scattering which has been a major challenge in
current OPV devices.

It is worth noting here that the efficiency of the charge-generation process is
usually low when a single material forms the organic layer (Figure [[I=20)). This is
because in conjugated materials the binding energy of the lowest singlet exciton
(i.e., the strength of the Coulombic attraction between the electron and hole) is
significant; this makes excitons (electron and hole) rather stable species. As a result,



Photoconducting Discotic Liquid Crystals 319

QS

C——

I___-—-rqb

Figure 11-20. Schematic diagram of the prototype homeotropically aligned photovoltaic cell (A: trans-
parent ITO electrode; B: Au electrode or other electrode)

current organic solar cells reply on either blends made from an electron-donor
component and an electron-acceptor component or multilayer structures. Porphyrin,
which is the basic structure of chlorophyll in nature, is a superior electron donor
(p-type semiconducting material). A suitable n-type material for use therewith may
be photosentive dye, carbon nanotube, and/or Cg, (fullerene). For example, Cq,
is an excellent electron acceptor, so semiconducting liquid crystalline porphyrin-
Cq, blends will be a perfect marriage. The discotic liquid crystallineporphyrin
absorbs the light and transfers an electron from its excited state to n-type material
(e.g. Cgy, Cy derivative or carbon nanotube).

9. OUTLOOK

The past century has seen a boom in electronics and organic chemistry: both
of which improved people’s lives dramatically. Now the age is coming when
electronics and organics will merge and develop a new and better life for people in
the near future.

From a molecular point of view, enlargement of conjugated system such as
porphyrin systems should be favorable to the charge carrier mobility; however
the photoconducting DLCs with large conjugated structure are very difficult to
be spontaneously homeotropically aligned on the electrode surface. As a result, a
very important research challenge is to focus on the development of the photo-
conducting DLCs capable of forming homeotropic alignment as well as showing
excellent optic-electric properties. New organic PV materials capable of efficient
solar energy absorption and new approaches based on engineered nanostructurs can
revolutionize the technology used to produce solar electricity [Iﬂ]; however the
availability of such new materials with tailored properties has undoubtedly posed
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a bottleneck to the OPV technology. A breakthrough of new material development
is urgently needed to boost the excellence and prevalence of OPV technology. A
single revolutionary application of the fascinating photoconducting DLCs especially
on photovoltaics will open a spectacular picture overnight just as the development
of cyano biphenyl LCs greatly accelerated the advancement of LC displays over
thirty years ago.
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