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Abstract

Novel polycatenar bent-core Schiff-base metallomesogens from
derivatives  of  1,10-phenanthroline  ([MCL(L™™"™]),  2,2-bipyridine
(IMCL(LP™™]) and 5,5°-dimethyldipyrromethane  ((tc)-[M(L?™™)] and
ex-[M(L°™™)]) have been investigated in this body of work. The
mesomorphic properties of these first- and second-row transition metal
complexes have been studied. Further to the examination of the compounds in
the liquid crystalline state, single crystal X-ray studies of short chain analogues
were performed to determine the coordination geometry and the degree of self-
assembly of the molecules in the solid state.

Chapter 1 introduces the field of liquid crystals and metallomesogens,
with a focus on thermotropic liquid crystals and their nomenclature, physical
properties and applications. The historical background of the field is briefly
explored and previous research on bent-core metallomesogens from the
Schroder group in Nottingham has been reviewed. The characterisation of
liquid crystalline mesophases, namely by polarised optical microscopy,
differential scanning calorimetry and X-ray diffraction, are described. Further
discussion is dedicated to the X-ray diffraction patterns generated by columnar
mesophases. The chapter finishes with a description of the aims of the project.

Chapter 2 commences with an introduction to liquid crystals derived
from 1.10-phenanthroline. Following this is a description of the synthesis and
characterisation of mesomorphic metal-free ligands, L™ (n = 10. 12. 14, 16).
four novel series of metallomesogens and two non-mesomorphic series of
complexes derived from 1,10-phenanthroline, [MCLy(L™™™)] (M = Mn*", Fe™,

Co". Ni%*, cu’t. Zn**; LM = 2 9-bis-[3".4".5 -tri(alkoxy)phenyliminomethyl}-



1,10-phenanthroline: n = 8, 10, 12, 14, 16). Structural determination by single
crystal X-ray diffraction of the analogous methoxy complexes [MCly(L™" ]
(M = Mn*", Co**, Ni*", Zn*"), and the complex without any lateral aliphatic
groups [CuCly(L™"%)], revealed the metal(Il) complexes to have either
distorted trigonal bipyramidal, square pyramidal or octahedral coordination
geometry. The mesomorphic behaviour of the complexes [MCL(L™™"™] (M =
Mn**, Co**, Ni**, Zn*"; n =8, 10, 12, 14, 16) and the metal-free ligands L""""
(n =10, 12, 14, 16) is columnar (with the exception of the non-mesomorphic
[CoCl(LP*"¥)]), and the 2D symmetries of these mesophases vary between
hexagonal, rectangular and éblique.

Chapter 3 is introduced with a discussion of liquid crystalline
compounds derived from 2,2’-bipyridine. Subsequently. the synthesis and
characterisation of four new series of metallomesogens and two non-
mesomorphic compounds derived from 2,2’-bipyridine, [MCL(L®™™)] (M =
Mn®, Fe*', Co™ Cu’™" and n = 16; M = Ni**, Zn** and n = 10, 12, 14, 16;
LBP = 6,6°-bis-[3’,4",5 -tri(alkoxy)phenyliminomethyl]-2.2’-bipyridine) are
detailed. Single crystal X-ray diffractometry revealed the coordination
geometry - of [MnCL(L*™™)], [CoCLILP™MN] and [NiCLL*™"] to be
octahedral, whereas [ZnClL(L®™™)] is distorted trigonal bipyramidal. The
complexes [MCL(L®P™)] (M = Mn*". Co*" and n=16; M = Ni*", Zn*" and n =
10, 12. 14, 16) exhibit mesomorphic character and again generate columnar
mesophases.

Finally. Chapter 4 begins with a discussion on pyrrole-derived liquid
crystals. Consequently. the synthesis and characterisation of hexacatenar

compounds [M(L"™™)], (M = 2H. Zn*", Pd"": n = 10. 12, 14, 16: x = 1. 2).
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tetracatenar compounds tc-[M(LP™ %)}, (M = 2H, Zn*, Pd*"; x = 1, 2) and
extended dicatenar compounds ex-[M(L"™™)], (M = 2H. Zn**, Pd&*"; x = 1. 2)
are described. Characterisation by X-ray diffraction of single crystals of
[Zn(LP™ ], ex-[Zn(LP™1)], show they exhibit a distorted tetrahedral
geometry, forming double stranded helical structures, while ex-[Pd(L""™")] has
a distorted square planar geometry. The metal-free ligands HoLP™™ (n = 10.
12, 14, 16) and complexes [Zn(L°P'%)], and [PA(LP™™)] (n = 12. 14, 16) all
exhibit narrow mesomorphic temperature ranges and unidentified mesophases.

The tetracatenar compound tc-[Zn(L°"'®

)]> generates a columnar hexagonal
mesophase and the complex tc-[Pd(LP™'%)] generates an unidentified liquid
crystalline phase, whereas the metal-free ligand te-H,LP™ ' has no
mesomorphic character. Finally, two of the extended dicatenar compounds

ex-Ho,LP™ 1% and  ex-[Zn(L°™'%)), are non-mesomorphic, while

ex-[Pd(L""™'%)] was found to have a smectic A phase.
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Chapter 1 - Introduction to Metallomesogens

1. INTRODUCTION

1.1 GENERAL CONCEPTS: LIQUID CRYSTALS

1.1.1 States of Matter

The liquid crystalline state has often been referred to as "the fourth state
of matter"' after the solid, liquid and gas phases. This unique state of matter
actually lies between the solid and liquid states. Consequently, molecules that
are liquid crystalline share properties from both. The fascinating properties
displayed by liquid crystalline molecules have captured the imagination of
numerous research groups over the last century, generating an intriguing array

of results.

Figure 1.1. Molecules in the liquid crystal phase. The dashed arrow (director) shows the

direction of preferred orientation. 0 is the angle each molecule makes with the director (shown
here for one molecule).

In the liquid crystal phase, molecules do not occupy fixed positions but
are oriented in approximately the same direction. The average alignment 1s
represented by the director, n (Figure 1.1). Such materials are fluid due to the
lack of positional order, but also are anisotropic due to the presence of some

orientational order. Consequently liquid crystals are described as

b2



Chapter 1 - Introduction to Metallomesogens

mesomorphic, coming from the Greek meaning between two states. The
dominant forces promoting this orientational order are anisotropic dispersion
forces,” and the extent of alignment along the director is given by the order
parameter, S = %(3cos’0 - 1), where 0 is the angle a molecule makes with the
director. The order parameter decreases as temperature is increased, i.e. the
more energy in the system, the more randomly oriented the molecules.
Organic compounds displaying this phenomenon are described as liquid
crystalline, whereas metal-containing species are often defined as

metallomesogens.’

1.1.2 Classification of Liquid Crystals

Mesophases (liquid crystal phases) are only formed by -certain
molecules under a specific set of conditions. They can be categorised into two
main groups depending on the mode of phase generation. Thermotropic liquid
crystals’ generate mesophases that are stable within a specific temperature

range.

Crystalline Liquid Isotropic
Solid Crystal Liquid

Figure 1.2. Schematic illustration of the solid, liquid crystal and liquid phases of thermotropic
molecules.

At the melting point there is sufficient energy to disrupt the rigid

positional and orientational order present in the solid state (Cr) resulting in a
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liquid crystal phase. If the material is polymorphic further heating will result in
the generation of more mesophases. At the temperature known as the clearing
point all order is completely lost and the isotropic liquid (I) is formed (Figure
1.2). Generally, thermotropics form mesophases both on heating and cooling
and are termed enantiotropic. However, thermotropics that only exhibit
mesophases on cooling from the isotropic liquid are metastable and are termed
monotropic.

The second class of liquid crystals are the lyotropic liquid crystals.’
Lyotropic liquid crystals form mesophases as a function of surfactant
concentration with a solvent that is usually water. The molecules are
amphiphilic, composed of hydrophilic and hydrophobic groups. Therefore, the
difference in solubility properties of the component parts determines the
arrangement of the amphiphilic molecules in both polar and non-polar solvents.
Two examples of lyotropic liquid crystals, sodium stearate’ and a

phospholipid,” are shown below in Figure 1.3.

(a) (b)

Figure 1.3. Two lyotropic liquid crystals (a) a soap, sodium stearate® and (b) a phospholipid,
dipalmitoylphosphatidyIcholine,7 plus their schematic representations.

Both the soap and the phospholipid have a polar 'head' attached to a
hydrocarbon 'tail' group. In a polar solvent such as water, the molecules will
arrange themselves so that the hydrophilic heads are in contact with the water
and the hydrophobic tails are shielded from it (Figure 1.4). Soap molecules

assemble to form micelles and phospholipids assemble to form vesicles.
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-89 SRl
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(a) (b)

Figure 1.4. Cross-sectional diagrams of (a) a micelle and (b) a vesicle.

At concentrations above the critical micelle concentration the micelles
and vesicles form larger arrays, which are the lyotropic mesophases. In the
hexagonal phase long cylindrical rods of amphiphilic molecules are arranged
with the long axes of the rods in a hexagonal array. At higher concentrations
the (less common) cubic phase may form. This is composed of spheres of
amphiphilic molecules that arrange themselves into a cubic lattice, while at
even higher concentrations a lamellar phase is generated in which flat bilayers,
separated from each other by solvent, are formed. In all lyotropic phases the
molecules are free to move and diffuse, but they retain orientational and
sometimes positional order.

There are some molecules which exhibit both thermotropic and
lyotropic behaviour and these are termed amphotropic liquid crystals.® Since
our research concerns liquid crystals that are generated as a function of

temperature only, the following discussion is focussed solely on thermotropic

liquid crystals.
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1.1.3 Categorisation of Thermotropic Liquid Crystals

Thermotropic liquid crystals can be categorised into two principle
classes based on molecular shape (Figure 1.5). The first class is described as

rod-like or calamitic molecules (Figure 1.5a),” and have one elongated

molecular axis.

OC1oHzs

60 CeH1a
H13Cg0O 72-—
0 0 0. 0 CsH13
| 0
o~ :
MezP—Rt—PMe; (}—<
H H12Cé (0] —O, O \

0 CeH13
X
\ ao e
H13Cg0 o d g o
\rko —i CeHi3
C

s
_/
= %/

<

: H;3Cs0 £
Ho5C 12
i A
&
X = Y=g Xx<y=z
@237 SmiAas L7738 N 1797 Cr <-20 Col, 149 1
(a) (b)

Figure 1.5. Examples of structural anisotropies in thermotropic liquid crystals: (a) is a
calamitic molecule, a tertiary phosphine complex of Pt", which has an extended x axis relative
to z and y;'o (b) is a discotic molecule, a B-diketonate complex of Pd", which has a shortened x

: : 11 ot S
axis relative to zand y. ~ Transition temperatures are given in °C.

The general structural requirements for a calamitic molecule are that the
rigid core comprises two or more aromatic (or heteroaromatic) rings connected
by groups that may preserve the conjugation of the system in a linear
arrangement. Terminal groups may either be identical,'” such as alkyl or

alkoxy groups to promote structural anisotropy and to lower the melting
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temperature, or different,’® for example one alkyl/alkoxy group plus a polar
group.

The second class is disk-like or discotic (Figure 1.5b)."* These have
one short molecular axis and were not identified until 1977.' They are
comprised of a rigid core, which is planar or almost planar, with the core
surrounded generally by six,'® but sometimes eight'’ or four,'® long-chain
substituents.

The types of mesophase generated by thermotropic molecules are
largely dependent on their structural anisotropy. The classification scheme
used today to describe the different liquid crystal phases was first proposed by
Freidel in the early 1920s.!” Calamitic molecules (Figure 1.6) broadly generate
two types of mesophase: nematic (N) and/or smectic (Sm) mesophases. The
nematic phase is the most disordered of the mesophases, with the long
molecular axes of the molecules aligned on average in the direction of the
director, n. The molecules are free to rotate about their long axes, and the
phase is very fluid because there is one-dimensional orientation order along the
unique long axis but no positional order. Smectic phases are more ordered,”
and involve both orientational order together with partial positional ordering of
the molecules into layers. Despite this the molecules are free to diffuse
between layers, promoting fluidity. There are several types of smectic phase
with the simplest being the smectic A phase (SmA),*" in which the long axes in
each layer of the molecules are aligned approximately in the same direction
perpendicular to the layer normal. If these molecules are tilted at some angle.

6, to the layer normal a smectic C phase (SmC)? is produced.



Calamitic Liquid Crystals

Nematic, N

S

J

Figure 1.6. Categorisation of mesophases
generated by calamitic liquid crystals. The nematic
phase is the least ordered, whereas the five smectic
phases are more ordered with their molecules
arranged in layers. The layered representations of
SmA, SmC and SmB are side views. SmB, Sml
and SmF have hexagonal symmtery, which is
illustrated by their above views. Sml and SmF are
tilted versions of SmB; Sml is tilted towards the
edge of the hexagonal net, whereas SmF is tilted
towards the vertex of the hexagonal net. This is
represented by arrows on the diagrams.
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Discotic Liquid Crystals

Nematic

Columnar

|
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Figure 1.7. Categorisation of mesophases generated by discotic liquid crystals.
Of the columnar phases, one side view (of the Col, phase) is given. The other
phases are shown as views from above, with ellipsoids representing tilted

disks.
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The smectic B (SmB)> phase is generated by further modification of the
smectic A phase, whereby t/he overall positional order of the phase is increased
relative to the smectic A phase by the hexagonal symmetry featured in each
layer. Two further smectic phases, smectic I (SmI)** and smectic F (SmF),”
are tilted versions of the smectic B phase.

Discotic molecules may also generate two main types of mesophase,
which are nematic and/or columnar (Figure 1.7). Within the nematic category
discotic molecules may produce discotic nematic (Np) mesophases that have
only orientational order,”® like the calamitic nematic. Very occasionally a
columnar nematic phase (N¢o;) is formed.”” In contrast to the calamitics these
molecules are correlated along their short molecular axes and it is more
common for discotics to form columnar mesophases.”® In columnar phases
molecules stack in columns that can be arranged in hexagonal (Coly).”
rectangular (Col,),>® or obligue (Col,)*' two-dimensional lattices.

These mesomorphic categories that are derived from and related to the
molecular shape of the calamitic and the discotic molecules are generalised and
may be misleading. There are in fact rod-shaped molecules that form columnar
mesophases3 2 and disk-shaped molecules that generate smectic mesophases.™
Moreover, there are also mesogens whose molecular structure fulfils neither
the calamitic nor the discotic criteria.”*

One example of a molecule that does not belong in the calamitic or
discotic categories is the polycatenar liquid crystal.*> A polycatenar molecule

consists of a long rod-like rigid core ending in two half-disk moiecties — a

hybrid of the aforementioned categories (Figure 1.8).

10
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R3 1

Figure 1.8. Schematic representation of a polycatenar molecule. In hexacatenar molecules, R,

= R, = R3, where typically R = alkoxy chain. In tetracatenar molecules, generally R, = H; R, =
R :

Generally, the polycatenar core consists of four or five rings and the
half-disks are composed of the terminal phenyl rings with two or three terminal
paraffinic chains grafted on in meta and/or para positions. These molecules
are of particular interest because they may sometimes exhibit behaviour
crossing over from calamitic-like to discotic-like mesogens, ie. they may
produce both smectic and columnar mesophases, either within a single
homologue series®® or as a function of temperature from a single
compound.3 1A%

Tetracatenar compounds exhibit the richest variety of mesomorphic
behaviour. Generally, at short chain lengths nematic or smectic mesophases
are formed®>® whereas at long chain lengths the compounds exhibit columnar
phases.38’3 > The competition between lamellar and columnar mesophases can
result in the formation of a frustrated phase at intermediate chain lengths. Then
the cubic phase arises due to the segregation of aromatic and aliphatic parts of
the molecule, effectively resulting in an amphiphilic molecule.”” One type of
molecule capable of such seemingly contradictory behaviour is shown below,
in Figure 1.94  This tetracatenar compound exhibits smectic C, cubic and
columnar hexagonal mesophases.

As implied above, mesophases generated by polycatenar liquid crystals

are generally dependent on the length of the aliphatic chain.*® This is as a

consequence of the segregation of molecular parts, which results in curvature at

11
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the aromatic-aliphatic interface. Thus, as the length of the chain is increased so
too is the curvature, resulting in the stabilisation of the columnar mesophase at
the expense of the lamellar mesophases.*'**® It is the delicate balance of rigid

and fluid moieties that determines the mesomorphic character of polycatenar

molecules.
H23C14
/NOO i
H23C11 >_<:>_< / OC11H23

OC14Hz23
Cr 135 SmC 140 Cub 147 Col}, 158 1

Figure 1.9. Tetracatenar mesogen exhibiting polymorphism. Also included are the phase
transition temperatures in °C.*

35(a)

A model proposed by Guillon and co-workers accounts for the

formation of the columnar phases by polycatenar molecules (Figure 1.10).

RS
f
5‘5.)"s ]
_— £
fga*‘é-f ;! S fj

(a)

Figure 1.10. Schematic to show the transition from the SmC phase (a) through an intermediate
(b) to the Col, phase (c)_35(a)
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In the smectic C phase (Figure 1.10(a)) the interactions between
adjacent planes are very weak due to the presence of the bulky aliphatic chains.
When heated (and when the number of carbon atoms in the chain is increased)
the interactions between the planes are weakened even more allowing the
planes to undulate (Figure 1.10(b)). This creates discrete clusters of molecules
and voids, which are filled by the sliding of adjacent layers resulting in a
columnar-type arrangement (Figure 1.10(c)).

The recently discovered family of banana liquid crystals represents a
new sub-field of the area.* These molecules are so called because of their bent
molecular shape, and significantly, these achiral molecules can pack in such a
way to induce chirality in the smectic layers and generate ferro-, ferri- or
antiferroelectric properties.  Additionally, some of these phases can be
switched by application of an electrical field. These smectic phases are not
miscible with the classical smectic phases and are termed B phases. At least
seven different types of B phases have been discovered since 1996 and
chronologically assigned as B; — B;.*®*9* However, liquid crystals with a

bent molecular shape were prepared as far back as the 1920’s.

HsC,0 Cr 252 X 256 1 OC,Hs

Figure 1.11. Schroter’s bent molecules.” The phase transition temperatures in °C are
included. where X = an unidentified mesophase.
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In 1925 Schréter (from the research group of Vorlinder, whose significance is
discussed later on) synthesised five-ring molecules that exhibited an
unidentified mesophase above 250°C (Figure 1.11).** However. it was not until
1996 that the unusual ferroelectric switching properties of banana molecules
were observed by Watanabe and co-workers.” The molecule shown in Figure

1.12 was the first observed ferroelectric banana liquid crystal, and it generated

what came to be known as B; and B, mesophases.

o/@\o
0 0

\ \

7 gH17
Cr72.7T B3, 139.9 B, 158.1 1

Figure 1.12. Wanatabe’s banana molecules.”” The phase transition temperatures in °C are
also included, where B; and B, are banana mesophases.

The most widely studied of all the banana phases is the B, phase. This
is a tilted antiferroelectric polar smectic (SmCP4) phase with either synclinic or

anticlinic structures. The sterically induced packing of the B, phase is shown

\
;|\

Figure 1.13. Representation of the B, phase. The front view is given in schematic (a), whereas
the two possibilities for the side view are given in schematic (b).

below in Figure 1.13.

14
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Banana molecules generally consist of five, six or seven aromatic

rings.””®  The bend in the molecule, the types of linker groups and the

presence or absence of substituents all have profound influence on phase

42(a)

behaviours. The influence of the terminal chains on mesomorphic

behaviour is more difficult to judge, because phase behaviour relative to the
length of the terminal chains is not comparable to that of calamitic liquid
crystals. Calamitic molecules tend to have decreasing transition temperatures
with increasing chain length up to a limiting number of carbon atoms. After
this point the transition temperatures rise again as a result of excessive van der
Waals intermolecular forces of attraction.*® Conversely, the clearing
temperatures in a homologous series of banana liquid crystals can be nearly
independent of the number of carbon atoms in the aliphatic chains,*” or it may

8

increase,” or even decrease® with increasing number. To the best of our

knowledge banana-shaped metallomesogens have yet to generate B phases.

1.1.4 Physical Properties and Applications of Liquid Crystals

Liquid crystals are structurally anisotropic, and therefore the resulting
physical properties are also anisotropic. It is these properties and their
interaction with the surrounding environment that generate phenomena unique
to the liquid crystalline state. The physical properties responsible for the novel
characteristics of liquid crystals are birefringence, polarisability, dielectric
permittivity, diamagnetism and viscosity.”® In addition to these properties
banana molecules (as mentioned above) as well as some chiral and discotic

compounds can be ferroelectric.”’  All of these properties are extremely

i
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sensitive to external stimuli and hence can be exploited in applications such as
display devices.

Liquid crystal display (LCD) devices are probably the most renowned
applications for liquid crystals.”*> LCD’s in watches and calculators are usually
twisted nematic, whereas LCD’s in televisions and computers are usually

active matrix displays that incorporate dichroic dyes.>

Other applications of
liquid crystals include optical devices such as cameras and electronic books,™
and temperature sensors such as thermometers and “battery tester” strips.’
Polymer dispersed liquid crystals (PDLCs), in which liquid crystal droplets are
embedded in a solid polymer matrix, have found application in switchable

56

windows as a consequence of their light scattering properties.” Pictorial

examples of some of these devices are shown below in Figure 1.14.

() (b)

(c)

Figure 1.14. Some practical applications of liquid crystals (a) LCD clock, (b) laptop with a
LCD, (c) non-invasive thermometer, (d) switchable windows.

16
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1.1.5 Physical Properties and Applications of Metallomesogens
Metallomesogens also display anisotropic physical properties in
common with organic liquid crystals. However, the key difference between
metallomesogens and organic liquid crystals is the ability of metallomesogens
to enhance common physical properties and introduce novel, interesting and
useful ones. For example, the incorporation of a metal into the system may

7 58 c . 59
colour,”™ redox activity”” and a greater geometry

introduce paramagnetism,’
range.®’ The high density of polarisable electrons at the metal centre increases
the overall polarisability® of the molecule and consequently enhances

623® and dielectric permittivity.'' Furthermore, the metal may

birefringence
impose liquid crystalline behaviour on otherwise non-liquid crystalline
ligands.®’

One undesirable property of metallomesogens can be high melting
temperatures resulting from strong intermolecular interactions.”®-"7(-64
However, the contribution of the d-orbitals from a metal atom to intermolecular
interactions is an important factor in stabilising mesophases and can produce
mesophases that exist over wide temperature ranges of 100-150°C (or larger).®®
Despite this, high melting and clearing temperatures can be problematic due to
the lack of thermal stability in many metallomesogens.64“')’65(‘”’66 Hence, this is
one of the considerations that must be taken into account when designing
metal-containing systems.

Another potential problem for metallomesogens is the high viscosity!!
of the materials in comparison to their organic counterparts. which would limit

their application in fast-switching display devices. However. high viscosities

are probably responsible for the glass transitions detected in many metal-

17
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containing liquid crystals. The glassy states are mesophases that freeze below
their melting temperatures preserving macroscopic mesophase structure. This
increases the range of control over molecular order opening up the opportunity
for application in nonlinear optics.®’

Currently, for reasons mentioned above, the applications of
metallomesogens are more limited than those of liquid crystals. Nevertheless,
as a consequence of their colour, metallomesogens have been employed as

3{a).68

dichroic dyes in host-guest devices. Non-chiral metallomesogens have

8 .
6 (b), whereas thermochromism in non-

also found application in thermometers
chiral organic liquid crystals is rare. Columnar metallomesogens have
potential to act as one-dimensional conductors® due to the ability of the metal
centres and the delocalised n-systems to interact and create pathways for

charge transport. With continued research and logical molecular design the

applications of metallomesogens are certain to increase.

1.2 HISTORICAL PERSPECTIVE

1.2.1 Early Work on Liquid Crystals

The discovery of the liquid crystalline state is usually attributed to
Reinitzer. In 1888, the Austrian botanist stated that cholesteryl benzoate
(Figure 1.15) appeared to have two melting points, first melting at 145.5°C to
an opaque liquid and then to a clear liquid at 178.5°C.7®  Reinitzer's
observations were investigated by the German physicist Lehmann. Lehmann
believed that the opaque phase was a uniform phase of matter and noted that

this exceptional phase affected polarised light in ways associated with solid

18
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crystals but had the flow properties of a liquid. He termed this phase the liquid

crystalline state.”'

: O
@)
Cr 145.5 N* 178.5 1

Figure 1.15. The term ‘liquid crystalline state’ originated from the observed phase behaviour
of cholesteryl benzoate.” Included above are the transition temperatures in °C.

Despite this field of research extending back 116 years, it has only been
the last four decades that have witnessed the explosion in growth of liquid
crystal research. This can be attributed to the successful commercial
exploitation of the physical properties, giving rise to applications in devices
such as electrooptical displays. In 1968 scientists at the RCA corporation in
Princeton demonstrated the original liquid crystal display (LCD).”* Thus,

1.”* showed that a thin layer of liquid crystal was capable of

Heilmeier ef a
switching from cloudy to clear on application of an electrical voltage.
Research to overcome the flaws of the first LCD (high voltage required, too
much power consumed, poor quality displays produced) reached a break-
through in 1972, when Gray and co-workers discovered the family of cyano
biphenyl liquid crystals (Figure 1.16).”  These compounds have stable

mesophases at around room temperature, requiring low voltages, consuming

little power and producing high quality displays.

RCN R=CsHy: Cr 22.5 N 35 1

R = CpHopt

Figure 1.16. Cyano biphenyl liquid crystals produced by Gray er al. Also ingjuded are the
room-temperature transition temperatures in °C of the compound with R = CsH;.”

19
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Over the last few decades the development of liquid crystals for display
devices has progressed to include devices displaying more information over a

wider range of environmental conditions.”*

1.2.2 Early Work on Metallomesogens

The first metallomesogens were in fact observed some 30 years before
Reinitzer and Lehmann's publications. In 1855 a report published by Heintz"
detailed the unusual melting behaviour of an alkaline earth metal soap, which
experienced a second melting point. However, Heintz did not elaborate further
on the significance of his observations and so it took another three decades for
this unique state of matter to be recognised. It is broadly accepted that the first
report dealing with metallomesogens appeared in 1910,” when Vorlinder’’
discovered that the alkali-metal carboxylates, R(CH,),COONa, formed
classical lamellar phases on heating. In 1923 Vorldnder also found that the

diarylmercurials (Figure 1.17) formed nematic and/or smectic phases.”

N Hg N\
\_@ganZnH

R=C,Hs: Cr 204 N 272 1

Figure 1.17. Vorldnder's diarylmercury complexes.”® The phase transition temperatures in °C
of the complex with R = C,Hs are also included.

Furthermore, Vorlinder was the first to observe that a single substance
could possess more than one liquid crystal phase.” His work led him to
perceive what kinds of substances were likely to be liquid crystalline. His
recognition that a linear molecular shape was of importance®’ influenced

theoretical and experimental work for years to come, and the first well-
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characterised organotransition metallomesogens appeared in the literature some
50 years later, when in 1976, Malthéte and Billard®’ reported ferrocenyl Schiff

base derivatives (Figure 1.18) exhibiting nematic phases.

<4
M i
o%i}—(omwm1

C5H11§ Cr 182 (N 155) I
CgHy3: Cr 164 (N 143) 1
CgHj7: Cr 152 (N 135) 1

OCgH;7: Cr 153 N 167 1
Oclonli Cr 143 N 159 1

Figure 1.18. Ferrocene Schiff base derivatives synthesised by Malthéte and Billard.”
Transition temperatures are given in °C.

However, the work credited with truly starting systematic research into
metallomesogens is that of Giroud and Miiller-Westerhoff in 1977. Their study
of dithiolene complexes of nickel(I) (Figure 1.19),** and subsequently
complexes of platinum(Il) and palladiurn(II),83 showed that whilst the nickel
and platinum complexes both displayed smectic and nematic phases at
moderate temperatures, the palladium complexes were not mesomorphic. Such

work stimulated research into the study of mesogens containing d-block

elements.

S
| 8
Ho +1Cn—©—@-/

n=8: Cr 109 SmC 184 1
n=9: Cr 106.5 SmC 188 I

Figure 1.19. Nickel(Il) dithiolene complexes studied by Giroud and Miiller-Westerhoff.*
Transition temperatures are given in °C.
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Consequently, metallomesogens containing an extremely diverse range
of metals and ligands have subsequently been prepared and studied. Selected
examples are shown in Figures 1.20 — 1.26 and discussed briefly below.

Calamitic metallomesogens derived from monodentate alkoxystilbazole
ligands have been studied extensively. One example of a silver(I) complex™ is
shown in Figure 1.20. 4-Alkoxystilbazole-derived ligands have also been
complexed to palladium(Il) and platinum(Il),* as well as rhodium(I) and

DA 86 . . : :
iridium(I),” generating either nematic or smectic mesophases.

H7C3 \ — ——

\ / N_Ag_N\ / \ OC.H, C12H25S04

Cr 146 N 159 1

Figure 1.20. Example of a 4-alkoxystilbazole silver(I) complex, prepared by Bruce and co-
workers.**@ Transition temperatures are given in °C.

Another highly significant class of metallomesogens is the
salicylaldimine-derived group. These ligands act as bidentate chelating groups,
forming six-membered rings with the metal centre. The liquid crystalline
properties of metal-salicylaldimine complexes up to 1998 have been reviewed

by Hoshino.”*® and an example of a branch of this class of metallomesogen is

given in Figure 1.21 ke

O
H21C1oo’—®—<
@)

\

N—C3H7

/

O-l/\ji—o

H7C3__N

\‘-—<‘ >——O

H >—OC10H21

Cr 163 N 200 1 O

Figure 1.21. Example of a salicylaldimine-derived nickel(II) complex, synthesised by Hoshino
et al. ¥ Transition temperatures are given in °C.

¥
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For example, salicylaldimine ligands are highly suitable in
metallomesogen systems due to their ability to form stable complexes with a
wide range of transition metal and lanthanide cations. A range of
vanadyl(IV),*"®#7# chioroiron(IIT),** nickel(I),*® copper(I1)’7© 08890 g
palladium(11)”"’ metallomesogens have been successfully prepared, as well as a
variety of lanthanide(IIl) complexes.”

Research into macrocyclic metallomesogens has most commonly
focussed on porphyrin and phthalocyanine-derived ligands, where columnar
mesophases are prevalent (the reader is referred to Chapter 4, Section 4.1.1 for
further discussion on porphyrin and phthalocyanine metallomesogens).
However, alternative macrocyclic metallomesogens have also been
developed.()3 Research in the Schroder group generated thioether S-donor
crowns complexed to palladium(II) cations.”® These compounds were
oligobenzoate derivatives of (RO),[14]aneS; and (RO),[16]aneSy. Figure 1.22

%@ The metal-free ligands were non-mesogenic,

provides one example.
whereas complexation to palladium(II) conformationally locks the macrocyclic
ring providing sufficient rigidity to enhance anisotropy and induce

mesomorphism. The mesomorphic complexes generated either smectic or

nematic mesophases.

_2+

H17Cao—©—< _C >—®—‘OC8H17 2BF4
il

Cr 222 (SmC 164) 1

Figure 1.22. Example of a macrocyclic metallomesogen synthesised by Schrider and co-
workers.” @ Transition temperatures are given in °C.
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B-Diketonate and related molecules form another class of ligands that
are utilised in metallomesomorphic compounds. The molecules generally form

bis-ligand complexes with a variety of metals that can take up square planar

10125 11.34(a).95

geometries, such as palladium(II), copper(1I) and square pyramidal
vanadyl(IV)." Swager et al. synthesised unusual tetrakis-f—diketonate
zirconium(IV) metallomesogens that are eight coordinate,”’ and one example is
given in Figure 1.23°' These complexes exhibit columnar hexagonal
mesophases at room temperature, and related tris(diketonate) octahedral
metallomesogens with iron(Ill), manganese(Ill) and chromium(IIl) centres

have also been synthesised by Swager.”

The more typical bis-fB-diketonate
complexes of palladium(Il), copper(Il) and vanadyl(IV) generate either
columnar, smectic or nematic phases, although this mesophase formation is
highly dependent on the substitution about the B-diketonate molecule. For
example, complexes with two pairs of p-substituted phenyls situated 1.3- on

each diketone, plus a total of at least eight peripheral aliphatic chains are likely

95
to generate columnar mesophases.

R R
R ™0 %
\z{/ g R=4QOC1OH21
o [ \"o

g8\

R'_</—( OC1oH24
i R
R

Figure 1.23. Example of a B-diketonate-derived metallomesogen prepared by Swager and co-
workers.’! Transition temperatures are given in °C.

COlh 45 1

Orthometallated metallomesogens can be broadly categorised into two

groups, which are bridged dimeric complexes and monomeric species. The

3(a).(b).9(a)

bridged dimeric complexes tend to incorporate palladium or
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occasionally platinum® ™7 binuclear centres. Planar compounds result when
the ligands are derived fi b ' )’ imi
g are derived from azobenzenes (Figure 1.24(a))”’ or arylimines

(Figure 1.24(b))*® and metal centres linked by dihalogen bridges.

R

R' 0
> ¢ )—0CgHs7
X=N,R=R'=—

N '
X% N el (a) Cr 149 Cr' 250 SmC 331 I
Pd_ Pd
\Cl \N4X
R' X=CMe,R= C]OHQ], R'= OCIOHQ_]
(b) Cr 112 SmC 135 SmA 238 I

Figure 1.24. Examples of (a) an azobenzene-derived metallomesogen’’ and (b) an arylimine-
derived metallomesogen.”® Transition temperatures are given in °C.

Despite the disk-like shape of the core the complexes generate nematic and/or
smectic mesophases, since the distribution of the cores is insufficient to

stabilise columnar mesophases.

CnHzn+1
CnHan+1
N
(a) R=Me, n=10 j\ ﬁ
Cr 132 SmC' 151 1 N
O oL/
/Pd\ /Pd
Me X (@) 0
N
= d n=10
®) R=—f, \ T
Cl A
Cr 102 SmC* 119 SmA 149 1
CnH2n+1
CnHZn-M

Figure 1.25. Examples of diarylazine-derived metallomesogens synthesised by Espinet and
co-workers (a)” and (b).” Transition temperatures are given °C.

Diarylazine-derived ligands can generate a more unusual molecular

shape (Figure 1.25(a) and (b)).““‘)'gs‘qg and p-carboxylato ligands can constrain

o
N
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the molecules to be non-planar, generating butterfly-shaped molecules. These
bridged dimeric complexes also give rise to mesophases associated with rod-
like shaped compounds, namely nematic and smectic phases, despite their
unprecedented molecular shape. Chirality may be introduced by the means of
chiral carboxylates, and the trans isomer of the compound in Figure 1.25(b) is
known to generate a related ferroelectric smectic C* phase.”’

Mononuclear orthometallated liquid crystals may incorporate higher-
coordinating metals, specifically manganese(I) and rhenium(l) as studied by

Bruce and co-workers®"@®*1% (Figyre 1.26).

O
//,"‘ \\NO

OCgH
C/ \ )@’ g7

Cr 154 N 176 1

Figure 1.26. Example of a mononuclear orthometallated metallomesogen synthesised by
Bruce et al.*®® Transition temperatures are given in °C.

However, these orthometallated imine ligands (Figure 1.26) must be
extended relative to the arylimines used in the binuclear species (Figure
1.24(b)). This is due to the reduction in structural anisotropy as a consequence
of the introduction of further ligands about the metal centre. Accordingly, the
anisotropy of the imine ligand must be increased to compensate for this effect.
The octahedral orthometallated complexes of manganese(I) and rhenium(l)

60(a).(b),100

only generate nematic mesophases. This is in contrast to both the

metal-free ligands and the binuclear species in Figure 1.24(b), which also form
smectic phases, the suppression of the smectic phases being due to the

perturbation of anisotropy. An additional consequence of the octahedral

coordination geometry is reduction in mesophase stability.
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The possibilities facing the development of metallomesogens are vast,

and the aforementioned complexes illustrate a range of different

metallomesogens incorporating various metals and ligands, but this discussion

1s by no means exhaustive.

1.2.3 Bent-Core Metallomesogens Prepared Previously in the Schroder
Group

The study of bent-core metallomesogens in the Schroder group was
initiated by Finn'"' and explored further by Morale.'” The three ligands they

investigated incorporated pyridine- and phenol-based cores as shown in Figure

1.27.
H2n+1CnO OCnH2n+1
H2n+1Cn0O OCpH2n+1
Hon+1CrO (a) CnH2n+1
Hon+1CrO |\|l ) lN CnHan+1
tM/ fo
cr el
H2n+1CnO OCpH2n+1
H2n+1CnO (b) OCnH2n+1
| | e
H33C160 N_ O.. .-N OC16H33
zi H
c e
H33C160 OC1gHa3
H33C160 C1eHss
(c)

Figure 1.27. Bent-core metallomesogens previously’studied in the Schroder group: (a)
[MCL(L*™)], where M = Mn>’, Co’', Ni"" and Cu™, and n = 8,? lO-,u}?& 14, 16; (b)
[MCI:(L""")]. where M = Mn’" and Zn"’, and n = 16; and (¢) [ZnCl(L° i L
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Finn instigated the group’s study of bent-core metallomesogens with
the synthesis and investigation of two complexes [ZnCl(L™"'®)] and
[ZnCl(L* ")), while Morale extended this study to complexes [MCI(LP™)].
with M = Mn*", Fe*’, Co™", Ni**, Cu®* and Zn*", and n = 8, 10, 12, 14 and 16.
as well as complexes [MCLy(L*™], with M = Mn*" and Zn*'. and n = 16.

The results of these studies are summarised in Tables 1.1 and 1.2 and
an outline of the findings is given in the discussion below.

Finn’s preliminary results indicated that the bi-compartmental complex
[ZnClz(Lor'lé)] generated one unidentified columnar mesophase at 35°C and
cleared into the isotropic liquid at 133°C. The increased thermal stability of
the pyridine-based complex [ZnCly(L?'®)], which melted into one columnar
mesophase at 62°C, a second at 179°C and the isotropic liquid at 230°C, led to
further investigation of complexes of the type [MCI(LP™)].

Morale found both the [FeCly(L™™)] and [CuCly(LP™)] series of
complexes to be non-mesomorphic. However, the [MnCly(LP”™)],
[CoCL(LP™)], [NiCLy(LP®™)] and [ZnCly(L™™)] series were all mesomorphic
and displayed excellent thermal stability. The dependence of the mesomorphic
behaviour on the length of the alkoxy chains was illustrated in general by the
slight decrease in clearing temperature on going from n = 8 to n = 16. The
trend for the melting temperatures was different, at first decreasing from n = 8
to n = 10 followed by an increase from n = 12 onwards. All complexes
generated two or more columnar mesophases with the exception of

[MnClz(Lp-\"H)] and [MnClg(Lp-"lé)]. which both displaved one columnar

mesophase only.
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Table 1.1. Results obtained for the previous bent-core metallomesogens prepared in the
Schroder group derived from pyridine, [MCLy(LP™)].

[MCI,(L™™)]
M n (Transition Temperatures, °C)
Zn 8 Cr 111 Col,; 138 Col;; 237 Col,3 270 Col,, 285 |
10 Cr 52 Col; 235 Col,, 285 1
12 Cr 48 Col; 170 Col;, 262 1
14 Cr 63 Col, 145 Col, 248 1
16 Cr 65 Col; 105 Col;, 235 1
Co 8 Cr 78 Col, 151 Col, 275 Col;, 303 1
10 Cr 60 Col, 210 Col, 281 1
12 Cr 46 Col, 175 Col, 256 1
14 Cr 48 Col; 170 Col,, 258 1
16 Cr 65 Col, 125 Col, 2551
Mn 8 Cr 83 Col, 185 Col, 3151
10 Cr 46 Col; 143 Col, 290 1
12 Cr 55 Col, 120 Col,, 280 |
14 Cr 52 Col, 278 1
16 Cr 61 Col, 248 1
Ni 8 Cr 148 Col,; 210 Col, 293 1
10 Cr 90 Col,; 125 Col,; 249 Col,, 2651
12 Cr 57 Col,; 105 Coly; 190 Coly, 256 1
14 Cr 48 Col, 175 Col, 243 1
16 Cr 62 Col; 155 Col, 240 1

Hexagonal columnar symmetry was prevalent throughout the study of

[MCI,(LP*™)] with the only exception being [NiCL(L™®)]. Accompanying the

columnar hexagonal mesophase in all examples, apart from the monomorphic

[MnCL(L™")] and [MnClx(L

symmetry (Coly).

py-16

)] complexes. was rectangular columnar

In addition [CoCly(LP®)] also generated an oblique

columnar phase (Col,) at temperatures below the columnar rectangular phase.
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The general conclusion drawn from these results was that as »n increases the
stability of the hexagonal columnar phase increases at the expense of the
mesomorphic range of the rectangular mesophase.

The influence of the metal on the melting points of the complexes
appeared to be negligible for all but the compounds [NiCL(L™™)], because
complexes with identical » had similar melting points, and the complexes
[NiCL(L™™)] showed the highest melting temperatures on average. However,
the clearing temperatures were more metal-dependent. Thus, the complexes
[MnCI(L*™)] and [CoCly(L™™)] generally cleared at higher temperatures than
the analogous transitions of the complexes [NiCly(L"™)] and [ZnCL(LP™)].
Overall, mesophases of the same symmetry and with the same chain-length had
different temperature ranges and thermodynamic stabilities and hence were
metal-dependent.

Preliminary investigations into the mesomorphic behaviour of bi-
compartmental complexes [MnClL(L*"'®)] and [ZnCL(L*"'%)] revealed the
metal-dependent nature of the mesomorphism. [MnClz(L°1'16)] melted into one
columnar mesophase at 41°C and cleared into the isotropic liquid at 285°C,
thus demonstrating its greater thermal stability over the [ZnCly(L°'®)]

analogue, which melted at 65°C and cleared at 152°C.

Table 1.2. Results obtained for the previous bent-core metallome?,ogens prepared in the
Schroder group derived from phenol, [MCI-(L°™)] and [MCL(L®" ™).

[MCI,(L*")]

M n (Transition Temperatures, °C)
Mn 16 Crd1 Col 2851
Zn 16 Cr65Col 1521

[MCL(L"™)]
(Transitton Temperatures. °C)

Zn 16 Cr35Col 1331

(9]
o
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The influence of the ligand core is apparent from comparing the three
complexes [ZnCly(L°'%)], [ZnCL(L"™"®)] and [ZnClL(L™"'®)] (Figure 1.27).
The phenol-based complexes generated only one columnar mesophase,
compared to the two generated by the pyridine-based complex. In addition,

thermal stability was far greater for the pyridine complex.

1.3 CHARACTERISATION OF MESOPHASES

There are three main techniques employed in the characterisation of
liquid crystal mesophases: polarised optical microscopy (POM),'” differential
scanning calorimetry (DSC)'™ and X-ray diffractometry (XRD)."” POM and
DSC are mutually complimentary techniques, while XRD provides

unambiguous mesophase assignment. A discussion of each technique follows.

1.3.1 Polarised Optical Microscopy

Characterisation using polarising optical microscopy is dependent on
the birefringent nature of liquid crystals, because identification requires the
interpretation of characteristic interference patterns. A simplified schematic of

the microscope is shown below in Figure 1.28.

A Observer

g AT
g Sample on Heating Stage
S
B ik Polariser
Light Source

Figure 1.28. Schematic representation of a polarised optical microscope.
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Plane polarised light is shone through a sample placed between cover
slips on a microscope with a controllable heating stage. Above the sample is a
second polariser (the analyser), which is at 90° to the first polariser, and
therefore any light that passes through the analyser is observed.

Isotropic liquids appear black because plane polarised light passes
though unaffected and is consequently absorbed by the analyser. Liquid
crystals, however, are birefringent and therefore plane polarisation of light is
lost and becomes elliptically polarised. Thus, there are two refracted rays that
become out of phase to give an interference pattern. The appearance of this
texture is dependent on the symmetry of the mesophase, and is therefore a
method of phase identification.

The beautiful brightly-coloured regions of texture are also accompanied
by dark areas. These disclinations are regions where the director is undefined
because it points in many directions in an extremely small area. In other
words, the orientation of the director changes abruptly at that particular point.
These disclinations are defects and it is these that determine the appearance of

the liquid crystal phase between crossed polarisers.
e , ~y i

(b)

7 ‘ , - (c)
Figure 1.29. (a) Schlieren texture of a nematic phase, (b) focal conic texture of a smectic A
phase and (c) dendritic texture of a columnar phase.
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Examples of liquid crystalline textures include the thread-like Schlieren texture
of the nematic phase, the focal conic fan textures of smectic A and C phases

and the dendritic textures produced by columnar phases (Figure 1.29).

1.3.2 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique that detects
phase transitions by measuring changes in heat capacity as a function of
temperature. Hence, when a sample undergoes a phase transition the enthalpy
and entropy changes accompanying that phase change are observed in the DSC

trace (an example is given in Figure 1.30).

] Sample: NiBipy14 File: C:...\NiBipy 14.001

Size: 57570 mg DSC Operator: Kelly
Method: Baseline @ 10°C/min Run Date: 28-Apr-04 12:39
glass transition temperature . . isotropic-mesophase transition
Col, —» : g monotropic mesophase- I Col
ek — 9
3365° mesophase transition ’_\ 164.82°C
| C0|2 i COll 132.96°C ] /
| \
‘ 3 b |
140.69°C 165.62°C
34,99°C 18.26J/g 5120J/g
12.10J/g 17.56 % crystallized  4.923 % crystallized

11.63 % crystallized

\ t
‘\ |
\

\ ; \
Sr et 170.75°C

\ 26.12J/g
\ 112.8J/ |
\‘\ 1085 %g crystallized 2512 % <:rystallnzedL

Heat Flow (mW)

172.55°C

melting transitio?/ e clearing transitiU
Cr—»Col Col —> I

20 40 &0 80 100 120 140 160 180
Exnllp Temperature (°C)

Universal V2 5H TA Instruments

Figure 1.30. Example of a DSC trace for [NiCL(L®™'*)], as prepared by ourselves and
discussed further in Chapter 3, Section 3.2.6.2. The heating trace is shown on the bottom,
where the melting and isotropic transitions are visible. The cooling trace is shown on top and
includes a peak for a monotropic phase transition.

Phase fypes cannot be identified by DSC, so the technique is used in
conjunction with POM. However, the magnitude of the enthalpy change
associated with a transition is related to the degree of structural change that

oceurs, so inferences can be drawn from the size of an enthalpy change and
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confirmed by POM. For example, melting enthalpies (solid to liquid crystal)
are much larger than mesophase-to-mesophase or mesophase-to-isotropic
liquid transitions and are typically around 16-48kJmol™”, compared to 0-
SkJmol™ for the latter two transitions.'®® DSC compliments POM since not all
changes in optical texture may correspond to a phase transition.

In the differential scanning calorimetry experiment between 5-10mg of
the sample is sealed in an aluminium pan and placed in a microfurnace. A
reference pan is placed in a separate microfurnace, which is connected to the
other by two control loops. The loops control the heating rate and ensure that
the temperature of the two pans always remains the same. Therefore, if the
sample melts more energy must be supplied to the sample to keep it at the same
temperature as the reference. The extra energy required 1s measured and the
change in enthalpy of the transition is calculated. Therefore, as a sample is
heated and cooled the change in heat capacity as a function of temperature is

recorded.

1.3.3 Small-Angle X-Ray Diffraction

Small-angle powder X-ray diffraction is the definitive technique in the
characterisation of liquid crystal mesophases. This technique is based on
Bragg's Law, nA=2duusind, which states that when X-rays of wavelength. A,
are reflected from adjacent planes separated by a distance, dpk, at the same
angle, 0, they will interfere constructively if the path difference (2dnksing)
between them is an integer multiple of the wavelength used.

The illustration in Figure 1.31 provides a diagrammatic representation

of the Bragg equation, with the three crystallographic planes separated by a
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distance, d, described with Miller indices /4kl. If three incident X-ray beams
are reflected by each plane with an angle of reflection, 0, the wave reflected
from the second plane will travel further than the wave reflected from the top
plane by a distance of ABC. Similarly, the wave reflected from the third plane
will travel an additional distance of DEF. Therefore, waves 2 and 3 are phase
retarded with respect to wave 1 causing interference. If the distance ABC is
equal to one wavelength, A, it follows that the distance DEF is equal to 2A. If
we assume that the waves were initially in phase with one another, then when
ABC = A all waves will emerge in phase resulting in constructive interference

and hence diffraction.

l ]l

2 2'
Ry 0 D) hkl
3 A/ 14 \e 3
o, B A
D £ F
hkl
E

Figure 1.31. Diagrammatic representation of the Bragg equation.

Liquid crystals diffract due to their periodicities, and when Bragg’s
Law is satisfied. constructive interference occurs and a peak is observed.
These Bragg peaks provide information on inter-planar distances and
molecular organisation, giving conclusive characterisation of the mesophase.

The four basic parts of the instrumentation required for powder X-ray
diffraction are shown in Figure 1.32, and the X-ray source is often a generator
using a sealed tube. The polychromatic beam of X-rays then enters the

monochromator (often a quartz crystal), which selects a single wavelength of

(8 )
N
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radiation. The monochromatic beam then passes through the sample in the
sample chamber, which is temperature controlled. Finally, the diffracted rays

reach the detector set at a predetermined angle of 26 and known distance to the

sample chamber.

S detector

monochromator

(e.g quartz crystal) \ )
sample chamber

(temperature controlled)

X-ray source

Figure 1.32. Basic instrumentation required for powder X-ray diffractometry.

The detector is usually either a two-dimensional detector or an image-
plate.  The output from the detector will normally provide sufficient
information to determine the 2D symmetry of the liquid crystal phase, because
the terms of the Bragg equation, ni = 2dsinf, are all known except for the
spacings, d, between the periodic lattice planes. Once the d spacings are
derived, the 2D symmetry is known and the lattice parameters a and b can also
be calculated, which describe the unit cell dimensions of the mesophase.

An example of a powder X-ray diffraction pattern is shown in Figure
1.33, with the wide angle (WAXS) and small angle (SAXS) regions of the data
revealed. It is necessary to observe both these regions because sharp
reflections from liquid crystals corresponding to the characteristic long
periodic spacings, d., occur in the small angle region. This is due to the inverse
relationship between d and 0 in the Bragg equation, which means that widely-

spaced periodic planes will diffract X-rays at small angles. In the wide-angle
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region, a broad peak is present typically at 4.5A corresponding to short-range

correlations between the molten hydrocarbon chains. It is the presence of this

halo that confirms the liquid crystallinity of the sample at a given temperature.
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Figure 1.33. Powder X-ray diffraction pattern for a columnar hexagonal mesophase. The
sharp reflections in the SAXS region correspond to the Bragg peaks, or d spacings, whereas the

broad reflection in the WAXS region corresponds to the hydrocarbon chains and provides
evidence of liquid crystallinity.

Image plates generate the same information, albeit in a different format.
The film shows (Figure 1.34) the reflections in the SAXS region as a series of
sharp ri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>