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This Thesis describes a range of liquid crystal research which concerns the microscopic properties
of liquid crystals such as their orientational order, macroscopic properties such as the phase
symmetry and the rate at which their field-induced alignment occurs. The main investigative tool
employed is Nuclear Magnetic Resonance spectroscopy (NMR).

The first orientational order study involves a new class of solute known as iptycenes, and
dramatically whose orientational behaviour in a nematic host is essentially solvent-dependent.
While there is no appreciable pattern to link the values of the order parameter to the molecular
structure of the liquid crystal host, the deuterium NMR results show very dramatic behaviour of
the probe. One particularly significant phenomenon is the behaviour of two iptycenes, with Dy,
symmetry, which behave like Biaxial molecules in their liquid crystal hosts.

The effect of a gelator on the macroscopic orientational ordering of a nematic liquid
crystal has been studied. The NMR results suggest that the director order parameter increases
with the concentration of the gelator, implying that the spacing between the fibres decreases. In
addition, the deformation of the director in the gelled liquid crystal causes the nematic — isotropic
transition temperature to decrease.

One of the latest debates in liquid crystal science concems the existence of the
thermotropic biaxial nematic phase. Our phase symmetry study is our contribution to this hot
discussion to show how the phase symmetry can be unambiguously identified using NMR
spectroscopy. For this, we have chosen the crystal E phase as our model because its biaxiality is
not in doubt. Our results show that the phase symmetry is very sensitive to the probe molecule
used but that the biaxiality is found to be high.

The director dynamics in the nematic phase is well-studied and understood, but not its
smectic counterpart. An extensive study of the alignment process of the director in the smectic A
phase of 8CB-d>by a magnetic field has been undertaken. The NMR spectral pattern and, hence,
the alignment process, have been found to be dependent on the angle the director makes with the

magnetic field in its initial state.
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Chapter 1

Liquid Crystals: The Phase with an Attitude

1.1 Introduction

The term liguid crystal is literally an oxymoron, contradictory, but nonetheless the
designation is appropriate to depict this particular state of matter. Indeed, a liquid
crystal is a unique state of matter which possesses both the anisotropic characteristic
of a crystal and the flowing characteristic of a liquid. While we are very accustomed
to the three states of matter — solid, liquid, and gas, the liquid crystalline state is still
foreign to many. In fact, liquid crystals play an omnivital role in our life.
Biologically, cell membranes are made up of liquid crystals to suit the functionality of
intercellular transportation. Perhaps, a more apparent use of liquid crystals is in
electro-optical visual displays where they have a wide and lucrative commercial
application [1]. The complexity of having certain properties of a crystal and a liquid
simultaneously is in fact a gift to the field of display technology and has resulted in
liquid crystal displays found in numerous consumer everyday items such as watches,
calculators, stereos, mobiles, personal organisers, and laptops. Further, liquid crystals
have also found applications in detergency and cosmetics where soaps, cream and
lotions are some of the products.. Another useful and remarkable exploitation of
liquid crystals is in the production of Kevlar® [2], a synthetic fibre which is five times
stronger than steel per unit weight, and is very heat-resistant, decomposing above
400°C. Kevlar® is used in bullet-proof vests, fire suits, extreme sporting equipment
(e.g. windsurfing sails), composites for aircraft construction, fibre optic and
electromechanical cables. This almost schizophrenic characteristic of liquid crystals
to complement the delicate functionality in the biological system [3] to the robust
application in Kevlar® does somehow reflect the versatility of liquid crystals as the

phase with an attitude [4].

Just like most great discoveries that of liquid crystals was also accidental. It was

fortuitously discovered by an Austrian botanist, Friedrich Reinitzer (see Figure 1), in



1888, when he encountered a strange phenomenon in the material he was studying,
namely cholesteryl benzoate. He discovered that cholesteryl benzoate had two
melting points - at 145.5°C, the solid melts into a turbid liquid, and at 178.5°C, the
turbid liquid becomes clear [5]. This phenomenon is also reversible. The turbid
liquid between the solid and the liquid phases was, of course, the liquid crystal phase.
Not understanding this strange behaviour of the material, Reinitzer sought help fromn
Otto Lehmann, a German crystallographer who was actively studying the
crystallisation properties of various materials using a polarising microscope equipped
with a heating stage, which he had ingeniously constructed. When Lehmann observed
Reinitzer’s material under the microscope, he noted some similarity in behaviour to
some of his own samples, namely organic crystals. He first referred to the phase as
Fliessende Kristalle (flowing crystals) and later, still indecisive, he replaced the name
with Kristalline Fliissigkeit (crystalline fluid). Gradually, he became convinced that a
chemically uniform substance had been discovered. The turbid liquid was, in fact, a
uniform fluid phase that also affected polarised light in a manner typical of crystals.
Eventually, he coined the term Fliissige Kristalle (liquid crystals) which we use to the
present day [6,7,8 and references therein]. However, occasionally, the term
mesophase, meaning intermediate phase, is used interchangeably with liguid crystals.
In addition, compounds which are capable of forming liquid crystal phases are called
mesogens and molecules constituting such compounds are known as mesogenic

molecules.

Figure 1 History in the making - Friedrich Reinitzer (top right), Otto Lehmann (top left), and a
molecular model of cholesteryl benzoate (bottom).



1.2 Molecular Prerequisites for Liquid Crystal Phases

The most fundamental characteristic of a liquid crystal lies in the existence of its long-
range orientational order [9]. Another important and related feature of liquid crystals
is that they are formed by molecules with high geometrical anisotropy in their shapes,
such as rod- or disc-like objects. Figure 2 shows a schematic illustration of a liquid
crystal phase, namely, the nematic phase, formed by rod- and disc-like molecules. A
nematic .phase is the simplest liquid crystal phase; further details of nematics will be
addressed in Section 1.3. Although the rod- and disc-like structures are the
established molecular shapes to form liquid crystal phases, other unconventional
molecular shapes are also plausible like V-shaped molecules [10], as well as a
combination of the rod- and disc-like molecules [11]. These unconventional
molecular shapes are especially significant in searching for the elusive biaxial nematic

phase, which will be described in detail in Chapter 7.

Figure 2 Schematic illustration of the nematic phase formed from conventional rod- and disc-
like molecules.

Molecules which deviate from the spherical shape may exhibit three types of order in
the bulk, giving rise to different liquid crystalline phases [12]; they are orientational
order, positional or translational order, and bond orientational order. Briefly,
orientational order indicates that there are long-range orientational correlations
between the molecules even when separated by large distances. The second type of
order, positional order, refers to the extent to which molecular positions are correlated
even though separated by large distances, often resulting in a layer structure [13]. The
third is bond orientational order, where the “bonds” are the vectors that join the
centres of mass of the nearest neighbouring molecules [14]. If the orientation of these

bonds is preserved over a long range, then the system is said to possess bond



orientational order; this will certainly exist if there is long-range positional order but
can also occur when the positional order is just short-range. This phenomenon is
encountered in a category of smectic phases called the hexatic smectics. In these
phases, the molecules within a smectic plane possess bond orientational order and
since the molecules can best pack in a hexagonal fashion, locally the orientation of the
bonds possess six-fold symmetry [12]. We shall discuss the smectic phases further in

Section 1.3.

In a crystal, both positional and orientational order are present, such that the
molecules are constrained both to occupy specific sites on a lattice and to align their
molecular axes in specific directions. In marked contrast, the molecules in a liquid
are distributed randomly throughout the sample container. When a crystal, which
consists of anisotropic molecules is heated to the melting point, the following

possibilities exist [15] (see Figure 3):

Plastic Crystal Liquid Crystal
Figure 3 Schematic illustration of the molecular organisation in crystal, liquid, plastic crystal
and liquid crystal.

§ Both types of long-range order, positional and orientational, disappear
altogether in the isotropic liquid but these correlations are present at short
range;

§ Only the long-range orientational order disappears leaving the positional

order intact, to give a plastic crystal phase;



§ The long-range positional order disappears, either fully or partially, while
some long-range orientational order is maintained, the resulting phase is
called a liquid crystal or mesophase. Some mesogenic compounds are
polymorphic, i.e., they exhibit more than one liquid crystal phase between

the crystal and isotropic phases.

In the liquid crystal phase, the assumed molecular symmetry axes are on average
parallel to a well-defined spatial direction, n, also known as the director, where n is
identical to —n (see Figure 4). This definition is valid so long as the molecules
approximate to cylindrical symmetry. However, for many mesogenic molecules this
is not the case and for mesogens formed from such molecules a more appropriate
definition is given by Frank [16] in terms of a macroscopic second-rank tensorial
quantity such as the dielectric tensor, €. For most liquid crystals the tensor is

cylindrically symmetric and the symmetry axis is correctly identified as the director.
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Figure 4 Schematic molecular arrangement in a nematic phase showing the director.

A quantitative way to define the orientational order in the liquid crystal is via the
second-rank orientational order parameter, E, defined using the average of the

second Legendre polynomial [17]. In some liquid crystal textbooks, this orientational

order parameter is denoted by S, following the Russian scientist, Tsvetkov [18], who

introduced this scalar order parameter for liquid crystals. In essence, P, is defined for



apolar molecules with' D, symmetry (or C_, for polar molecules), with n =3, and is

expressed as

= [3cos’B-1
o)

in which the brackets denote an average over many molecules at the same time, or
the average over time for a single molecule; the equality of these assumes ergodic

behaviour. The angle between the molecular symmetry axis of an individual

molecule and n is . This definition is convenient, since in a disordered liquid, P,

vanishes, whereas conversely, in an ordered crystalline state, P, takes the limiting

value of unity.

In addition, the orientational order parameter is typically a function of temperature

such that it decreases with increasing temperature, and vanishes in the isotropic phase
[19]. Figure 5 shows the typical temperature dependence of P, for a nematic liquid
crystal. Usually, an upper limit of 0.8 is observed at low temperature (T/T,, = 0.8)
and a lower limit of ~0.3-0.4 is found at the nematic-isotropic transition (T/Ty, =1.0);
here T/T,, is known as the reduced temperature. The nematic-isotropic transition is
a first-order transition, hence, P, exhibits a jump from the nematic to the isotropic

phase, as shown in Figure 5.

1.0
P 2
0.5
0 b
1.0
T/ TNI
Figure 5 The A typical temperature dependence of the order parameter, P, for a nematic phase;

here T/Ty; is the reduced temperature and Ty is the nematic (N) - isotropic (I)
transition temperature.



The orientational order parameter, P,, can be measured in various ways including

diamagnetism, optical birefringence, and nuclear magnetic resonance (NMR). The
basic principle of these methods is that they yield a value for some anisotropic
property which, when scaled with the value for the crystal, i.e., for perfect
orientational order, gives a measure of the orientational order. In this Thesis, NMR
spectroscopy has been employed to determine the order parameters, and so a more
comprehensive discussion of the order parameters and the NMR technique will be
given in the following two chapters. In addition, higher rank order parameters can
also be defined, but are more difficult to measure. For example, the average of the

fourth Legendre polynomial could be used, where

s = g 2)

5 - <3500s4 B -30cos’ [3+3>
As forﬁ2 , E takes the limiting value of zero in the isotropic phase and unity in a
perfectly ordered crystalline phase. The measurement of E is not straightforward but
it can be achieved using Raman scattering and with ESR spectroscopy; in addition
these techniques also give the second rank order parameter. Values of P, are

important because they provide a more detailed characterisation of the phase structure

and so give a more detailed test of theories and simulations.
In general, the odd Legendre polynomials can also be used to define orientational

order parameters and these provide a measure of the polar order for the phase. For

example, the first odd Legendre polynomial is

P, (cosp) = cosp. (3)

However, the nematic phase is apolar, that is the directions n and —n, are equivalent

and so the averages of all of the odd Legendre polynomials vanish.



1.3 Thermotropic Liquid Crystals

Liquid crystalline materials are generally divided into two broad categories, the
thermotropic mesophase and the lyotropic mesophase. In the case of the thermotropic,
the prefix therm- originates from a Greek word thérme, which means heat. As the
name clearly suggests, the thermotropic mesophase refers to a liquid crystal where the
transition into the mesophase is brought about by a thermal process i.e., by heating.
The other class, lyotropic liquid crystal, is such that the transition into the mesophase
is solvent-driven. A lyotropic mesogenic molecule consists of a hydrophobic group
and a hydrophilic group, which make it capable of forming ordered structures in both
polar and non-polar solvents. These result because the amphiphile first forms
micelles which may be anisotropic and it is the anisotropic interactions between these
that lead to the formation of a liquid crystal phase. Thus, we see that the micelle for a
lyotropic plays the same role as the molecule does for a thermotropic liquid crystal.
However, this Thesis is focused only on thermotropic liquid crystals; for that reason,

nothing else will be said about the lyotropics.

Thermotropic liquid crystals are generally further classified with respect to the
molecular shape of the constituent molecules, being called calamitic for rod-like, and
discotic for disc-like molecules as mentioned in Section 1.2. The following
subsections will elaborate more on these two extremes although a wide range of other

anisotropic molecular shapes are also capable of forming liquid crystal phases.
1.3.1 Calamitic Liquid Crystals

Calamitic liquid crystals are liquid crystals consisting of elongated rod-like molecules,
in which one molecular axis is much longer than the other two and such materials are
the most numerous. The length-to-breadth ratio found to be necessary for the
formation of a liquid crystal is ~ 3:1 or greater. The criterion of having an elongated,
linear molecule to form liquid crystals is called Vorldnder’s Rule [20]. These rod-like
molecules possess some rigidity at some portion of their length since it must maintain
an elongated shape in order to produce anisotropic interactions that favour

orientational order. Two common liquid crystal phases are the nematic and smectic



phases, in which the nomenclatures for the different phases of liquid crystals were

proposed by the French chemist, Georges Friedel [21].

Nematic Phases

Nematic liquid crystals are named after the dark threads (from the Greek word, vyua
(n€mat-) — “thread”) visible in a typical nematic texture under a polarising microscope.
These dark threads are a consequence of the differences in the director distribution
caused by defects in the director field, known as disclinations [19]. These
disclinations appear dark due to the optical extinction caused by the crossed polarisers.
In order for this optical extinction to occur the director must be aligned in the
direction of either of the two polarisers. These disclinations can meet at points, which
give rise to defects known as brush defects, the most common of which is the four-
brush defect. A nematic texture observed when the sample is in planar alignment is
known as the Schlieren texture (see Figure 6), a colourful birefringent texture with

dark threads.

Figure 6 A Schlieren texture of a nematic film with four-brush defects [22].

As we have seen, the nematic phase is the simplest and most common type of liquid
crystal, in which the moleculeé possess only long-range orientational order, and no
positional order. Most nematics are uniaxial (N, ), which means that second-rank
tensorial properties such as the dielectric anisotropy are cylindrically symmetric about
the director. The existence of the biaxial nematic (N ) phase has also been predicted

[23], and in this phase, the three principal components of, for example, the dielectric



tensor will be different. In addition, the principal axes associated with the principal

components define the three directors for this phase which are denoted by 1, m and n.

Figure 7 Schematic illustration of the molecular organisation of a uniaxial nematic phase, Ny,
and a biaxial nematic phase, Ng.

The biaxial nematic are made up of block-like molecules (see Figure 7), although
other molecular shapes are also plausible, like the V-shaped molecule [10, 24, 25].
For the block-shaped molecules the preferred orientations of the molecular symmetry
axes can be used to identify the directors but for many biaxial molecules there are no
symmetry axes and for these the tensorial approach is clearly preferred. The pursuit
of the biaxial nematic has proven to be challenging, especially in characterising the
existence of the phase unambiguously [26]. While the existence of the biaxial
nematic phase in the lyotropic system [27] is irrefutable and the biaxiality is large [28],
the biaxiality for the thermotropic system is invariably a matter of debate [24]. The

biaxial nematic is further discussed in Chapter 7.

Smectic Phases

The word smectic is derived from the Greek word, ounyua (sméktikds), which means
“soap”. Unlike the nematic phase, the smectic phase possesses both orientational and
positional order. They have layered structures with a well-defined interlayer spacing
which can be measured via X-ray diffraction. The interlayer attractions are usually

weak compared to the lateral forces between the molecules, and so these layers are
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able to slide over one another relatively easily, hence their name, giving the fluid

property of the system [15].

The smectic A (SmA) and smectic C (SmC) phases are the two most common smectic
phases. In the SmA phase, the director, n, is perpendicular to the layer planes,
whereas in the SmC phase, the director is tilted by an angle with respect to the layer

normal. The schematic representations of the SmA and SmC phases are shown in

0000000
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phases, SmA and SmC.

The Hexatic Smectic Phases (SmB, Smi, SmF)

In this category of smectic phase, within a layer, the translational order is locally
hexagonal but at long range, this positional order vanishes. However, the bonds,
linking the molecules in the local hexagonal arrangement, are correlated at long range,
so that there is long-range bond orientational order. Figure 9 shows the insertion of a
defect in the hexagonal lattice that destroys the long-range positional order, while the

bond orientational order is preserved across the defect [14].

SN STL L @
SR T o
0O 0 O° e o
C 9 0 O o
Figure 9 The schematic illustration of bond-orientational order in hexatic smectic phases. The

closed circles represent the defects in the hexagonal net.
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The orthogonal hexatic smectic phase, comparable to SmA but now with bond-
orientational order, is called the SmB, and has the director pointing along the smectic
layer normal. The tilted versions of the hexatic smectic phases, Sml and SmF, only
differ in their tilt direction. In the SmlI phase the molecules are tilted towards the apex
of the hexagon, while in the SmF phase the molecules are tilted towards its side, as

shown in Figure 10.

SmB

7aVAYAVAVA
LVAvAVAﬂvA
TAVAVAYAYAY

Sml

‘AWA"AVAV
AWA AVAVA SmF
VAVAVA'V'A'V'

AVAVAVAVA

Figure 10 The idealised structure of the molecular organisation in the SmB, Sml, and
SmF phases [14, 19].

The Soft Crystal Phases (B, J, G, E, K, H)

The structures of the soft crystal phases, B, J and K, shown in Figure 11; they are very
similar to those of the hexatic phases, SmB, Sml and SmF, respectively. However,
they differ in that they exhibit long-range positional order within the layer, which is
only short-range for the hexatic smectic phases. The crystal B phase exhibits an
orthogonal orientation of the molecules, in which the molecular long axis is parallel to
the layer normal. The director in the crystal J phase is tilted towards the apex of the

hexagon, while for the crystal G phase it is tilted to the side of the hexagon.
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Figure 11 A plan view of crystals B, J, and G [19].

The crystal phases, E, K and H, exhibit the so-called herringbone structure. The
crystal E phase has an orthorhombic unit cell, and is the orthogonal phase of the three.
The respective tilted phase is called the crystal K phase, with the molecular long axis
tilted to side a, while the crystal H phase, has this axis is tilted to side b (see Figure
12). Both crystal K and crystal H phases have a monoclinic unit cell. Plan views of
the crystals E, K and H are shown in Figure 13. It is of interest that although there is
a smectic analogue of the crystal B phase, so far the smectic analogue of the crystal E

phase has not been identified.
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Figure 12 The model structure of the crystal E phase with a herringbone molecular organisation.
The crystal K phase has its molecular long axis tilted towards side a, while that of the
crystal H phase is tilted towards side b [14].
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Figure 13 A plan view of crystals E, K, and H [19].
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Table 1 summarises the structural features of the different smectic and soft crystal

phases mentioned in this Section.

Phase Range of bond Range of positional Orientation of
orientational order order within a molecular long
layer axis
SmA short short orthogonal to layer
SmC short short tilted to layer
SmB long short orthogonal to layer
Sml long ] short tilted (to apex)
SmF long short tilted (to side)
B long long orthogonal to layer
J long long tilted (to apex)
G long long tilted (to side)
E long long orthogonal to layer
K long long tilted (to side a)
H long long tilted (to side b)
Table 1 A summary of the general characteristic of the structural features of smectic

and soft crystal phases [14].

1.3.2 Discotic Liquid Crystals

It was found that the feasibility of occurrence of mesogenicity is not restricted to rod-
like molecules as suspected by Vorldnder [20], but applies also to flat, disc-like
organic compounds, known as discotics, a term introduced by Billard et al. [29].
Discotic liquid crystals were first discovered by Chandrasekhar et al. in 1977 for the
hexa-alkanoyloxy benzenes [30, 31]. The two most common discotic mesophases are
the discotic nematic, Np (see Figure 2), and the ordered hexagonal columnar, Colye
(see Figure 14). The discotic nematic phase has a long-range orientational order of
the discs, but with no long-range translational order. The director denotes the
preferred direction of orientation of the symmetry axes of the discs; just as in a
calamitic nematic it is also the symmetry axes that are orientationally correlated.
However, these axes are sometimes referred to as the short and long axes, respectively.
Although this usage is quite common it should be avoided because it masks the
similarity between the nematic phases formed from rod-like and from disc-like

molecules. Just as rods can form liquid crystal phases with translational order, that is
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the smectics, so too can discs. The translationally ordered phases formed by the disc-
like molecules are the columnar phases so called to indicate that the discs are arranged
in columns. The columns can then be organised within a plane perpendicular to the
column axis to give a two-dimensional lattice. Several columnar structures have been
identified with different arrangements of the columns, such as hexagonal, rectangular,
and obliqhe. In some cases, the columns are liquid-like, i.e., the centres of the
molecules within the column are irregularly spaced, while in others they are arranged
in a regular, ordered fashion [32]. In addition, there are other discotic mesophases
including the tilted disordered columnar, and tilted ordered columnar phase as shown

in Figure 14.

n
n
disordered hexagonal columnar tilted disordered columnar
Figure 14 Schematic representation of the molecular organisation in ordered hexagonal

columnar phase (Coly,), tilted ordered columnar phase (Coly,), disordered hexagonal
columnar phase (Colyg), and tilted disordered columnar phase (Coly).

1.4 Synopsis of Thesis

This Thesis is entitled Liquid Crystals: Order, Symmetry and Dynamics for a very
good reason. By the employment of Nuclear Magnetic Resonance Spectroscopy
(NMR), which is a well-known and powerful tool, widely differing liquid crystal

projects have been studied. The first three chapters in this Thesis serve to introduce
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the liquid crystal systems under investigation, and the primary technique used to study
these systems, which is NMR. In this Chapter, we have briefly discussed the
historical background and the different classes of ]jqﬁid crystal phases of particular
relevance. A more quantitative approach can be found in Chapter 2, where the long-
range orientational order, the essence of the liquid crystals, is described in detail. The
discussion of the NMR technique employed in the studies will follow in Chapter 3.
The last four chapters describe the results and their interpretation for the experiments
we have conducted. Chapter 4 discusses the results obtained for the orientational
order of the iptycenes, a new class of probe molecule for liquid crystal studies. The
effect of gelators on the director distribution and the orientational order in the liquid
crystal can be found in Chapter 5 on liquid crystal gels. This is followed in Chapter 6
by the investigation of the dynamics of the field-induced director alignment in the
SmA phase of 8CB-d,. Finally, the phase symmetry investigation of the crystal E
phase can be thought of as our contribution to help unravel the mystery of the

thermotropic biaxial nematic phase; details can be found in Chapter 7.
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Chapter 2

Long-range Orientational Order of Liquid Crystals

2.1 Introduction

The defining characteristic of a liquid crystal phase is its long-range orientational
order. For rod-like mesogenic molecules, the molecular symmetry axes tend to be
correlated over large distances and are, on average, parallel to the director [1]. In
general, the extent of the molecular alignment with respect to the director can be
described by an infinite set of orientational order parameters. However, in Chapter 1,

only the second-rank order parameter, P,, was used to describe quantitatively the

degree of such alignment in a uniaxial liquid cfystal, like the nematic phase. On the

other hand, when the mesogenic molecule deviates from cylindrically symmetry, as is
true for all cases, the single order parameter, P,, must be replaced by an ordering

matrix which we shall discuss in this Chapter. Similarly, the description of the
ordering when both the molecule and the phase deviate from uniaxial symmetry also

becomes both rich and complicated, as we shall see.
2.2 The Orientational Order Parameters

In dealing with a case where the flexibility of the molecule is ignored, the orientation
of a rigid molecule with respect to an arbitrary laboratory frame can be specified by
the three Euler angles, o, B, and v, collectively denoted as Q. These three angles are
shown in Figure 1 where XYZ denotes the laboratory frame, and xyz is the molecular
frame; the Euler angles, B and a, can best be visualised as the spherical polar angles
made by the molecular z axis in the XYZ frame and f§ and vy as the spherical polar

angles made by the laboratory Z axis in the xyz frame.
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Figure 1 The Euler angles, «, f§ and v, relating a molecular frame (Xyz) to a laboratory frame

XY2).

- The distribution of molecular orientations in the liquid crystal phase is described by
the singlet orientational distribution function, f(Q), which gives the probability
density for the orientation of the molecule. In other words, f(€2)dQ is defined as the

probability of finding a molecule with an orientation between € and Q + dQ2. By

definition, the distribution function is normalised, i.e.,

]'f(Q) sinQdQ =1. ¢))

a

It can be expanded in a basis of Wigner rotation matrices [2]:
£(Q)= 2f,, Dy, (), ©)
Lmn

where fing are, as yet, unknown expansion coefficients. However, as we shall see,
these lead to the definition of a complete set of orientational order parameters related
to the molecular symmetry and that of the phase. The expansion coefficients are

obtained from the orthogonality of the Wigner rotation matrices,

. 812
DY DY . dasinBdpdy =
[ (eBy) Dy, (ay)dasin pdpdy =~ ——

5 & & 3

mm'” nn" LL'?

and so, the expansion coefficients are found to be
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where the avérages DX represent a complete set of order parameters which define
f(Q) and the orientational order of the molecule in the phase. Rewriting Equation (2),

we now have the general singlet orientational distribution function as

f<n)=uz_n(2“1)ﬁ,&;n;<m - )

8n?

Equation (5) can be simplified by considering specific symmetries of the mesophase
and its constituent molecules. In the following subsections, we shall look at different
cases of molecular and mesophase symmetries in defining the singlet orientational
distribution function, and more importantly, the orientational order parameters. Our
discussion begins with the simplest case, i.e., uniaxial molecules in a uniaxial phase

such as the nematic or smectic A phases.

2.3 Uniaxial Molecules in a Uniaxial Phase

For an ordering tensor of a given rank L, D~ , there are a total of (2L +1)’
components since n and m each take 2L +1 values from —L..L. This number can be
drastically reduced by exploiting the symmetry properties of the mesophase and of its
constituent molecules [2]. We shall first treat the case of a uniaxial molecule in a
uniaxial mesophase and define the symmetry axis of the phase, the director, to be
along the Z laboratory axis. Thus, rotating the sample about the director does not

change the singlet distribution function. This means that the probability for a
molecule to have orientation (aBy) should be the same whatever the angle, a, is, since

a describes a rotation around the laboratory Z axis (see Figure 1). In addition,
because the molecule also possesses uniaxial symmetry, the distribution should be
independent of the angle, v, which is defined as a rotation around the molecular z axis

[3] (see Figure 1) so that £(Q) can now be simplified to f(B), which gives the
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probability of finding the molecule at an angle between cosP and cosp+dcosp with
respect to the director. The normalisation condition (see Equation (1)) for the
distribution is

[£(B)sinpdp =1. (6)

0

f(B) can be expanded in terms of a complete basis set of Legendre polynomials,

P, (cosB), which gives the singlet orientational distribution function as

f(ﬂ)= ZfLPL (COSB)’ @)
L=0 '
where f| are the expansion coefficients. The first few Legendre polynomials are

P,(cosB)=1,

P, (cosp) = cos(B),

P, (cosp)= (?’CLS;B_—l), ®)

(50053 B—3cos B)

P, (COS B) ) )

(cosB) = (350084 B—30cos’ B+ 3)

P, 3

However, the rank L is restricted to even values due to the mirror plane orthogonal to

the director for apolar phases, which requires

f(B)=f(xn-p), - 9

21



so that the odd expansion coefficients must vanish. The even expansion coefficients

are obtained from Equation (4) for the general case by setting m and n equal to zero,

using the fact that D, = P, and integrating out the dependence on a and y; the result
is

2L+1-

f,=—"h. (10)

Here, the averages of the Legendre polynomials, P, completely define the

orientational distribution function and so constitute an infinite set of orientational
order parameters when all ranks are considered. They are all zero in an isotropic
liquid, while in a perfectly ordered system the order parameters take the limiting value

of unity. There is also another limiting form of interest and that is when the molecules

are orthogonal to the director but randomly distributed in this plane. Then P, is —1/2,
P, is 3/8 and P, is —5/16. Rewriting Equation (7), the distribution function for a

uniaxial molecule in a uniaxial phase is given by

()= > 2B, (cos),

0
1

5 9
=2+ EPZPZ (cosB)+ 5P4P4 (cosB)+...

(11

The first non-trivial term contains the second-rank order parameter, P,. This order
parameter, introduced by Tsvetkov [4], is easily measured and so is often used to
quantify the orientational order in liquid crystals; sometimes P, is denoted by the

letter S. It is worth stressing that Equation (11) is only exact as an infinite expansion,
but that, in practice, it does not give a very good approximation to the distribution
when we truncate it after the first few terms, except in the limit of low order. For

example, if we have P, =0.5, f (B), as given by the expansion truncated at the
second-rank level, is shown in Figure 2. We see that f(B) constructed in this way can
even become negative, which is certainly not physical since f(B) is a probability

density and so must be positive. P, is calculated correctly using this form for f (B),
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however, for higher order parameters calculated with the second-rank approximation

are zero because of the orthogonality of the Legendre polynomials. Thus, the

approximation is exact for P,, but tells us nothing about the higher order parameters

[3].

£6)
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Figure 2 The orientational distribution function corresponding to P, =0.5 obtained from the

expansion in Equation (11) truncated to the second rank.

A different approach in finding an approximate form for the orientational distribution
is provided by the maximum entropy (ME) principle [5, 6]. When a measurement of
an arbitrary observable, A, is made in a uniaxial macroscopic system, it results in an

ensemble average

TA@)E(®)sinpap

0
=A,

(A(B)

(12)

in which f (B) is the orientational distribution function. According to the ME method,

the best form for f(B) is given by

£(B)=2" exp(-aA(p)), (13)

where Z is the normalisation parameter
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Z= ]‘exp(— aA(B))sin pdp . v (14)

0

The parameter a, is found by fitting the experimental value, A, to the right-hand side
of Equation (12). For example, we might take A to be P, and assume P, =0.5, a

typical value for a nematic phase close to the nematic-isotropic transition

(T/Ty; =1.0). Then by employing the principle of the ME method, it is found that

the most probable distribution consistent with this, is

2

fB)=2" exp[— a[wﬁ , (15)

with Z = 3.62, and a =-2.32. This function is displayed in Figure 3.

]
1] 45 90 135 180

B/e

Figure 3 The singlet orientation distribution function in Equation (15) obtained from the
maximum entropy theory.

From the plot in Figure 3, it is apparent that the probability of finding a molecule at a
certain angle between the director and the molecular symmetry axis is largest for f =
0 and B ==, i.e., when the molecule is oriented with its symmetry axis parallel or anti-
parallel to the director as might have been expected. The comparison between the

truncated orthogonal expansion and the maximum entropy theory for the singlet
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orientation distribution function is shown in Figure 4. It is apparent that although

both distributions give the same value of P,(=0.5), the distribution from the

truncated expansion is unrealistic and that from the maximum entropy principle is not.

Figure 4 Combining Figure 2 and Figure 3 to compare the orientational distribution obtained
from the truncated orthogonal expansion (points) and from the maximum entropy
principle (continuous line).

2.4 Biaxial Molecules in a Uniaxial Phase

When a mesogenic molecule or one dissolved in a uniaxial phase, deviates from
cylindrical symmetry, we need two angles, B and y, collectively denoted by ®, to
define its orientation with respect to the director. P is the angle between the molecular
z axis and the director, and as stated earlier, vy is the angle of rotation of the laboratory
Z axis around the molecular z axis (i.e., the azimuthal angle). The probability density,

f(w), of finding the molecule at a specific orientation between ® and ® +dm, can be

expanded in a complete set of modified spherical harmonics, C,, (o). Thus, we find

f((D) = Z anCLn (0‘))’ (16)
Ln
where L is an integer denoting the rank of the spherical harmonic and n=-L..L,

giving a total of 2L + 1 components for the expansion coefficients, f, . When n is
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zero, the modified spherical harmonic is independent of the azimuthal angle y, and

hence, is equal to the Legendre polynomial of the same rank, i.e.,

P, (cosB) = Cy, (BY) o, a7

The first few modified spherical harmonics are

Coo (BY) =1,

Cio (BY) = cosp,
Cia (BY) = \/g sin Bexp(i iY),
Cyo(By) = (Boos? B-1)/2,

Cou (BY) = i\/g sin B cos BeXP(‘T' iY)’

Cm(Bv)=\E sin” Bexp(Fi2y) | (18)

As seen previously, the expansion coefficients can be obtained from general results in
Equation (4) by setting m =0 and integrating out the dependence on «; this gives the

expansion coefficients, f;, as

2L +1_,
f, = i CL.

19)

The averages of the modified spherical harmonics, C;, which are equal to that of the
Wigner rotation, D;., allow a complete set of orientational order parameters to be

defined. Hence, rewriting Equation (16) we have

2L +1=.
0)= X7 CLCu (o) 0)
Ln T
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In addition, it is important to note the limiting values for the order parameters. In the

isotropic phase, all of the order parameters, C,, vanish, while in uniaxial liquid

crystals, only the even values of L remain for apolar phases. At the other extreme in
the limit of complete order, in which the molecular z axis is perfectly ordered (parallel
to the laboratory Z axis), but with the x and y axes random in the XY plane to

preserve the uniaxiality of the phase, we get

. =5, 1)

n*

For example, for perfect order where the molecular axis z is aligned parallel to the

director, C,y=1 .  The other components with n not equal to zero, vanish
(C,yy =C,,, =0) because they are all proportional to sinB, as seen in Equation (18).
The molecular field theory prediction of the variation of C,,(=C,_,) with C,, for a
molecule with D,, or C, symmetry is shown in Figure 5. The figure shows that the
biaxial order parameter C,, vanishes when the major order parameter C,,is zero or

unity. In between these limiting values, the C,, increases, passes through a

maximum, and then decreases again. The molecular field theory predicts that these

curves terminate at the N-I transition as indicated by the dotted lines in the figure [1].

Figure 5 The dependence of the biaxial order parameter 622 on the major order parameter

C,, predicted for different values of the molecular biaxiality parameter, A. The solid
lines end at the N-I transition [1].
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Relationship of the Modified Spherical Harmonics to the Saupe Ordering Matrix

Sometimes a Cartesian representation of the ordering tensor is preferred because it is
relatively easier to understand the physical significance of the various components of
this tensor as compared to the irreducible spherical tensor approach [1]. The second-

rank quantities, C,_, are the spherical tensor analogues of the definition of the order

2n°
parameters introduced by Saupe [7], S.,, which simply differs in the language used to
define the molecular orientations. The Saupe ordering matrix which represents the

orientational ordering at the second-rank level is defined by

30,4, -5
S, {—a E ] (22)

where a,b denote general molecular axes, and £, is the direction cosine between the a

axis and the director. Since there are three axes, the Saupe ordering matrix contains
nine elements which are not independent from its definition (see Equation (22)); the

matrix is symmetric and traceless, i.e.,

S, =S, (23)
and
D8, =0. (24)

This reduces the number of independent elements of the Saupe ordering matrix to five.

Their relationship with the second-rank modified spherical harmonics is
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S,, =C,»

3 _
Sxx ...Syy :J;(CZZ +C2_2
Sxy :1\/%((:2—2'"(:22) ; 5 e e @)

S, = %(Ez-l _Ezll

.13 —
Sy, = 1\/%(621 + CZ—I)

Since the ordering matrix is real and symmetric (see Equation (22)) , a principal axis
system can be found in which the off-diagonal elements vanish, leaving only two

independent elements; these are taken to be the major order parameter, S,, and the

biaxial order parameter, (S oS ) The convention for labelling the axes is such that
(s, —Syy)> 0, and |S,,|> (s, —Syy), i.e., z is near the symmetry axis for S. In the
high order limit, when the z-axis is parallel to the director n, S,, is unity and the

biaxial order parameter, (SXx -S,, ) , 1s zero.

In this Thesis, we are mainly concerned with measuring these two independent order
parameters for solutes dissolved in liquid crystals. By employing the deuterium NMR

technique, we can measure S_, and (Sxx —Syy) through the quadrupolar interactions

of each deuterium atom in the molecule. In Chapter 4, we shall make use of the two

order parameters when we discuss the orientational ordering of iptycenes.

2.5 Biaxial Molecules in a Biaxial Phase

We now discuss the general case of a biaxial, rigid molecule confined in a biaxial
mesophase such as a biaxial nematic, biaxial smectic A or a crystal E. In a biaxial

phase, at the macroscopic level, the three principal components of a second rank
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tensor denoted by Qn,Qm, QI would all be different. The three directors, 1, m, and n,

correspond to the symmetry axes of the phase and hence, the principal axes for
tensorial properties, such as the dielectric susceptibility. Unlike the situation for the
uniaxial nematic where the director is uniquely associated with the symmetry axis of
any second-rank property, the labelling of the axes in a biaxial nematic is a matter of

convention [1] as for the labelling of the principal axes for a biaxial molecule. For

example, the Z axis could be identified as that about which Q approximates to

sz| > (QXX —QYY), where X and Y are chosen such that

cylindrical symmetry, i.e.,

the biaxiality in Qis positive. With this convention, n would be identified with Z, m
with X, and 1 with Y. However, we should note that this assignment of the principal
axes may vary with the choice of the tensorial property used to determine the

principal axes.

The orientation of a molecule with respect to an axis system fixed in a biaxial phase
now depends on all three Euler angles, a, B, and vy, collectively denoted as €2, as we
have seen in Section 2.2. The singlet orientational distribution function can be
expanded in terms of the Wigner rotation matrix elements. This expansion is given in

Equation (5) as

The complete set of orientational order parameters is given by the average quantities,
DY . D¢, describes the orientational order of the molecular z axis with respect to the
director m; it is non-zero in both the uniaxial and biaxial nematic phases. Similarly,
the order parameters, ﬁgn , which measures the biaxiality in the ordering of the

molecule with respect to the director m, are also non-zero in both uniaxial and biaxial
nematic phases. This occurs because they are independent of the Euler angle, o,

which is the azimuthal angle for the molecular z axis in the director frame. On the

other hand, the order parameters ]5;0 (m # 0) which measure the biaxial ordering of

the molecular z axis in the director frame, vanish in the uniaxial nematic phase but are
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non-zero in the biaxial nematic. The order parameters, T)_,';m , where both m and n are

non-zero, vanish in the uniaxial nematic but not in the biaxial nematic. The
characteristics of these order parameters for the uniaxial and biaxial phases are

summarised in Table 1.

Order Parameters Uniaxial Phase Biaxial Phase

D, #0 20
DL (@ #0) #0 #0
Bko (m #0) 0 0
DL, (m#0, n#0) 0 #0
Table 1 A summary of the behaviour of the order parameters Bf;m based on the Wigner

rotation matrices in the uniaxial and biaxial nematics.

To understand further the order parameters, we take the example of a second-rank

ordering tensor, ﬁfm , because unlike the higher rank order parameter, they are
available experimentally. In principle, D2, has twenty-five independent components

because both n and m take values from 2 to -2 in steps of unity. However, if the
principal axes for both the molecule and the nematic phase are known, the number of

the independent components can be reduced to four. The four principal second rank
order parameters are DZ,D2,,DZ%, and D2, where D2, and D2, are non-zero in
both the uniaxial and biaxial nematic phases (see Table 1); they are essentially

equivalent to those for a biaxial molecule in a uniaxial phase as discussed in Section

2.4. In the high order limit when the molecular z axis is parallel to the director n, the

major order parameter, D, is unity while the molecular biaxial order parameter, D, ,
vanishes, as we have seen. The other two order parameters, D2, and D2,, vanish in
the uniaxial phase, but not in the biaxial phase. In the limit of complete order, D2 is

zero, while D2, takes the value of unity. These results follow from the fact that the

three Euler angles relating xyz and XYZ are zero in the high order limit and from the
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definition of the Wigner rotation matrices [2]. Since the major order parameter is
expected to be high in a biaxial nematic phase because the phase is expected to occur

at a low reduced temperature, it would seem that a property with a strong dependence

on D2 is needed in order to observe the phase biaxiality [1].

Saupe Representation of Ordering for a Biaxial Nematic Phase

The orientational order in a biaxial nematic can also be described with a second-rank

Cartesian supermatrix, S, i.e., a matrix of the matrices. The elements of the

supermatrix are defined by

Sf — (SEaAE sz_ aabaAB ), (26)

in which the capital and the lower case letters represent the laboratory and the
molecular axes, respectively [8]. This supermatrix contains eighty-one elements, but
this number can be reduced in the phase and molecular principal axes, in which the

only surviving elements are the nine diagonal elements, S®*. These nine diagonal

elements are not independent because ZS;A andZ:S;:A are both zero, which, thus,
a A

leaves us with just four independent elements of the ordering supermatrix [9]. These

four independent elements of S2* used to describe the second rank orientational

ordering of a biaxial molecule within a biaxial nematic phase are
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o stz -y Lo )

B 2

S# and (Sf —Sf) which are the major and biaxial order parameters, respectively,

are the order parameters for the molecule measured with respect to the director n. In
both the uniaxial and biaxial nematic phases, these values are non-zero. The
remaining two order parameters vanish in the uniaxial nematic phase but are non-zero
in the biaxial nematic. The order parameter, (szx —SZ{ZY), which measures the
biaxiality in the ordering of the molecular z axis with respect to the laboratory X and
Y axes, is zero in the uniaxial nematic phase, but not in the biaxial nematic phase.
The same is true for the final order parameter, (S’ff -SY¥ )— (Sg —S, ) which
measures the difference in the phase biaxial order parameter for the molecular x and y
axes. In the limit of high order where the system is completely ordered with the
molecular axes x, y and z parallel to the laboratory axes X, Y and Z, respectively, the

order parameters are

SZ =1,
2z _
SZ -§% =0,
(28)
ST —S¥Y =0,

2 -7 (57 -s7)=3.

Yy
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Finally, we shall end this Chapter by giving the relationship between the principal

components of the ordering matrix S2* and the ordering tensor D2 . They are

SZ —SZ =6 ReDy,,
(29)
SXX _sYY = [6Re D2,

(S)xix _SX)_(S)y(yX —Sf)= 3Re(5222 +]_5322)'
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Chapter 3

NMR Spectroscopy: The Informative Tool

3.1 Introduction

While Chapter 1 provides an overview of the liquid crystal systems which we are
studying and Chapter 2 discusses their long-range orientational order, the key
characteristic of liquid crystals, this Chapter will address the‘technique we use in
order to obtain important information such as the orientational order, director
dynamics and phase symmetry of the systems we are investigating. Our most
valuable investigative tool is nuclear magnetic resonance spectroscopy (NMR), whose
impact on the field of liquid crystals has been significant [1]. The rapid growth in its
applications to study both liquid crystals and solutes dissolved in them has made
NMR an unrivaled technique as a mean of probing the behaviour of the molecules in
mesophases as well as the macroscopic properties. This Thesis will explore various
aspects of liquid crystal behaviour, particularly concerning orientational order, phase
symmetry, and field-induced dynamics of the director using deuterium NMR
spectroscopy. The objective of this Chapter is, therefore, to provide an overview of
the importance of NMR in the investigation of liquid crystals, and so allow us to

appreciate why this technique is one of the most valuable tools for such research.

3.2 NMR Spectroscopy of Liquid Crystals

In general, NMR spectroscopy is a very useful tool to extract information on the static
and dynamic properties of the systems being studied, and so, we have been able to
explore both of these properties of liquid crystals. For example, for the static property,
we will discuss the orientational order of iptycenes in Chapter 4, and for the dynamic
property we will describe the field-induced reorientational process of the director in
the SmA phase of 8CB-d; in Chapter 6. Although there are other techniques such as

Raman [2] and fluorescence [3] spectroscopies which can also be employed in the
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investigation of liquid crystals, they, however, only measure a single averaged
component of a tensor, KZZ. This, however, is not sufficient to characterise the
orientational order of the mesogenic molecules as these molecules are neither rigid
nor are they highly symmetrical. In contrast, NMR has been proven to be particularly
useful as it allows the investigations of not only the ordering along different
molecular axes such as the major order parameter S,, and the biaxial order parameter
(Syx —Syy) of the major and minor molecular axes, but for the case of non-rigid
molecules also the order of different rigid subunits, like the order of the methylene
groups along the alkyl chains of flexible molecules [4]. In addition to the microscopic
properties, NMR spectroscopy can also be used to study the macroscopic properties
such as the phase symmetry of the liquid crystals, and this topic will be discussed in
detail in Chapter 7 which deals with the crystal E phase. Despite its many
contribution in the liquid crystal research, NMR spectroscopy has the disadvantage of
measuring only partially averaged second-rank tensor, and therefore only provides
information on second-rank order parameters. For higher rank order parameters, it is
necessary to employ other technique such as the fluorescence [3] and ESR

spectroscopies [5].
3.2.1 Interactions in NMR Spectroscopy

The nuclear magnetic resonance spectra of molecule in a partially oriented liquid

crystal phase are dominated by the second-rank tensorial properties such as the
dipolar couplings, ﬁij and quadrupolar interactions, §;. These properties are partially
averaged by the anisotropic molecular tumbling to an extent which depends on the
orientational order. Thus information about the orientational order in a liquid crystal

phase can be obtained by measurement of such second-rank properties from the

splittings occurring in the NMR spectra.

We shall take the applied magnetic field, B, to define the Z direction of an XYZ
laboratory axis system; the component of a second-rank tensor A measured by NMR
is AZZ, which can be expressed in terms of the components of A in an arbitrary

molecular fixed axis system, x'y'z":
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xvyvzl

Ay =Y APl ,Ly), (D
of

where £, is the direction cosine between o and Z, and £y, is that between B and Z.

According to the definition of the Saupe ordering matrix given in the previous

Chapter,
1
Sy = 5{34213& -85, 2)

we can express A, as

- x'y'z : . . ’ . - s
Ay =A, +§ ZAaﬂSaB ’ ; ’ . 3
of ' L -
where
AO Z%(Axx +Ayy +Azz) (4)

is the isotropic average of A with A, A , and A being the three diagonal

components of A. For purely anisotropic interaction tensors such as the dipolar and
quadrupolar interactions, A, is zero. Equation (3) is generally only valid for rigid
molecules. For flexible molecules [4], in addition to the ensemble average of the
rotational motion of the molecule as a whole, a further average of the internal

molecular motion is needed.

In order to understand the form of the NMR spectra, it is important to highlight the
various interactions involved between a magnetic nucleus and the static magnetic
field. Nuclei with a spin quantum number, I, larger than zero possess magnetic

moments, and various interactions arise when an external magnetic field is applied.
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The static spin Hamiltonian, ﬁ, can be expressed as a sum of Hamiltonians

corresponding to the various spin interactions

A=0,+A,+0, +H, +H,, )

where ﬁz, ﬁs, ﬁj, ﬁD, and ﬁQ are the Hamiltonians for the Zeeman interaction, the

shielding effect, the indirect spin-spin coupling (J-coupling), the direct spin-spin
coupling, and the quadrupolar interaction, respectively. The hats on the Hamiltonians
show that they are operators, usually involving nuclear spin operators. The majority
of the NMR experiments are conducted by employing a high magnetic field and
consequently the Zeeman term which represents the interaction between the magnetic
dipole moment, p, and the magnetic field, B, is dominant. Other interactions such as
the shielding effect, the indirect spin-spin coupling, the direct spin-spin coupling, and
the quadrupolar interaction arise from different electric and magnetic interactions and
are treated as perturbations to the Zeeman interaction. This is certainly the case for
deuterium with which we shall be primarily concerned. The chemical shielding is the
result of the screening effect from the electrons surrounding the nucleus which
generate a local field that counteracts the applied magnetic field. The indirect spin-
spin coupling is the interaction between nuclei whose coupling mechanism is
influenced by the bonding electrons on the magnetic fields running between the
nuclear spins. However, in the orientational study of liquid crystals, the two most
useful anisotropic interactions are the dipolar and quadrupolar interactions. Hence, in
the next subsections we shall focus on the Zeeman interaction followed by the dipolar

and quadrupolar interactions.
3.2.2  Zeeman Interaction

The Zeeman interaction is the interaction between the magnetic dipole moment, p, of
a nucleus and the external magnetic field with magnetic flux density, B. Taking the
magnetic field to be along the Z direction of the laboratory frame, then, classically,
the interaction energy between the magnetic moment and the magnetic field can be

expressed as
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E=—u,B,. 7 : (6)
The magnetic moment of a nucleus is related to its spin angular momentum,I,, as

By ==, (7
where vy is the gyromagnetic ratio, a constant for a given nucleus.

The Hamiltonian for the system is obtained by replacing I, with its operator

equivalent hiz,
H = -yrBI,, (8)

where iz is the Z component of the spin operator I. The spin energy is now obtained

from the time independent Schrodinger equation

AL m) = E|Im), ©)

L m) is the spin wavefunction. As the Z component of the spin operator iz

where

commutes [6] with I?, it is possible to specify the eigenvalues of both I, and I?

simultaneously.
I’|Lm)=I{+1)| L m), (10)
i,[Lm)=m|[m), m=LI-1I-2,..-L (11)

There are (21+1) spin states for a nucleus with a nuclear spin number I In the

absence of the external magnetic field, B, these spin states are degenerate, meaning

that they have the same energy. On the other hand, the application of an external
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magnetic field breaks this degeneracy, causing each of the (21+1) spin states to have
a slightly different energy. The energy separation between the m sublevels in a
magnetic field is called the Zeeman splitting. This energy separation is obtained

from the Zeeman spin Hamiltonian

A1, m) = -yABI, |1, m),
m) = Y4Bl L m) (12)
= —(yhB)m I,m).
This gives the Zeeman energy, E _, as
E_=-(yAB)m, (13).

which means that adjacent energy levels are separated in energy by yB/2x. In NMR

spectroscopy, the selection rule is Am = =1, and so

AE =yhB =hv. (14)

The allowed transitions between these energy levels will therefore give a single line at

the frequency, v, given by yB/2x, which is known as the Larmor frequency.

3.2.3  Dipolar Interaction

The dipolar interaction or the direct dipolar spin-spin coupling represents the direct
magnetic interactions of the nuclear spins with each other (see Figure 1). The
Hamiltonian of the second rank dipolar spin coupling between a pair of nuclei with

gyromagnetic ratios, y; and vy, can be written as

H,=I-D, 1 (15)
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Figure 1 Schematic representation of the direct dipolar spin-spin coupling.

where D;; is a second-rank tensor for a fixed orientation of the nuclear pair defined by

4n°r;

5 YiYh
Dijﬁz{ 21}}(5(16—35“5) (16)

Here, r; is the internuclear distance and £, is the direction cosine between the
internuclear vector r; and the o axis of the laboratory frame. According to this
definition, D, is both symmetric and traceless. In a strong magnetic field, the dipolar

interaction is small compared to the Zeeman interaction, and so the spins are
quantised along the magnetic field direction, Z. This means that the off-diagonal
terms in the spin Hamiltonian are negligible; this is known as the high field
approximation. So far we have been considering a system in which the molecular
orientation is fixed. However, in the liquid crystal phase the molecules move on a
timescale which is fast in comparison with that of the NMR experiment. Under these
conditions, it is necessary to average the dipolar tensor in Equation (16) over all
orientations but weighted with the singlet orientational distribution function. Using
the result given in Equation (16) for a uniaxial phase, this gives the Z component of

Dij as

5 y;h)/1-3¢02
Dzzz[”l ] 2 (17)
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where the tilde ~ indicates a partially averaged value, and the angular brackets, (),
implies an ensemble average. Notice that in taking this average, we have also allowed
for the vibration which changes the separation between the nuclei To a good
approximation, the vibrations and rotations can be taken as independent. Then, by

employing the definition of Saupe ordering matrix, Equation (17) can be rewritten as

=77 _ | vivh ) Sy
(2
ij
in which
3¢% -1
S; =< 22 > (19)

S, is the Saupe order parameter for the ij vector and (rij?> is the vibrational averaged

distance between nuclei i and j. Here we have taken the diamagnetic anisotropy to be
positive so that the director is aligned parallel to the magnetic field, i.e., to the Z axis.

It is seen that from the measurement of the dipolar splittings, it is possible to obtain
S;. Given that r; is known from the molecular geometry, the measurement of ]552

will provide information on the second-rank orientational order paraméters for the

molecule.

3.2.4 Quadrupolar Interaction

The most common NMR spectra are the proton NMR. However, as a result of the
extensive dipolar interactions between protons, the proton NMR spectra of liquid
crystals are extremely complicated and so can severely impede the interpretation of
the results. For this reason, deuterium NMR spectroscopy is commonly employed
due to its spectra simplicity which results from the dominance of the quadrupolar

interactions.
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electrons

Figure 2 Schematic representation of the quadrupolar coupling interaction; the electrons are
depicted by a grey cloud.

For nuclei with spin, I, greater than 1/2, aside from the dipolar interaction, they also

experience an electrical quadrupolar interaction via the electric field gradient tensor at
the nuclear site (see Figure 2). For deuterons attached to a carbon atom, the
quadrupolar interaction is significantly larger than the dipolar interaction between a
pair of deuterons. In fact in this Thesis, we shall only consider deuterium which has a
spin quantum number of 1. In the high field approximation, the total spin
Hamiltonian for the Zeeman and quadrupolar interaction in a uniaxial liquid crystal

phase is given as [4]
a AT iy o
H=-i, +78, (312 -1), (20)

where v is the Larmor frequency, iz is the Z component of the spin operator I and

q, is defined as
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in which e is the electron charge, Q is the nuclear quadrupolar moment, and \NIZZ is
the partially averaged electric field gradient at the nucleus in the Z direction. Here,
we have already averaged the Hamiltonian over the rotational motion of the molecule.
The energy of the spin level is obtained by solving the time-independent Schrodinger

equation which is, for a single spin,

{1, m)= [_ iy +2 3,01 -i)} I,m)
) (22)
={_wn+zqu@m2—KLH»}Lm)

This gives the energy, E_, as

1. 2
Em=-wn+zqu(&n-la+1n. (23)
For deuterium, I = 1, and so Equation (23) can be reduced to

1. , '
Em=-wn+zqu(&n-2) (24)

Substituting the three possible values of m, i.e., 1, 0, and -1, into Equation (24), the

corresponding energies of the three levels are given as

E=-v+igy, (25)
4
E=—1lg (26)
2 7z
. .
E=v+1d, @7)



Equations (25) — (27) show that the quadrupolar interaction affects the Zeeman levels

such that the energy levels are no longer equally spaced as depicted in

Figure 3.
H, A, +H,
m=-1 —me— -7
A
3~
hv V+—(z
4
m=0 y
7 Wt
A 3
hv V==,
_ A 4 4
2
m=+1 -
Figure 3 The effect of the quadrupolar interaction on the Zeeman energy levels for spin-1

nucleus like deuterium.

According to the selection rule Am = *1, the deuterium NMR spectrum of a single

deuteron in a uniaxial liquid crystal phase contains a doublet centred at v and

separated by
Av = %ﬁzz. (28)

The partially averaged component of the quadrupolar interaction tensor along the

director which, for Ay >0, is parallel to the magnetic field direction can be written as

x'y'z’

qZZ ZE ztuSaB’ (29)
af

where x'y'z' is an arbitrary molecular frame. In the principal axis system, xyz, of S,

Equation (29) reduces to
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~ 2
qZZ = g(qxxsxx + qnyyy + qzzSzz (30)

The diagonal quadrupolar components q,,, q,,, q,, can be expressed in terms of the

principal components q,,, Qu,» e DY

qxx = qaagia +qbb£ib +qcc€ic’ (31)
qyy = qaagila +qbbE§b +qccE§c’ (32)
and

Az = Quala + Aol +Aecl 5o (33)

where abc are the principal axes of the quadrupolar tensor, and £,, is the direction

a

cosine of axis x with a.

Since the quadrupole tensor is traceless, it is convenient to write the two independent

components of q asq,, and the asymmetry parameter, 7, defined by

o P
n=—_—, (34)

Qe

which necessarily vanishes when the quadrupolar tensor has true rotational symmetry.
Substituting these relations into Equation (30), the component of the quadrupolar

tensor along the laboratory Z axis is given by

s+ 2 -e))esa e D - )

+Sw£E§b +g-(z2ya —z;)j

~ 3qy,

77 =

(35)

Given the molecular geometry and measurements of q,, for different deuterons in the

same molecule, we can obtain the complete description of the second-rank
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orientational ordering matrix of the molecule. Finally, we note that for deuterons
attached to carbon atoms, both aliphatic and aromatic, the quadrupolar tensor
approximates to cylindrical symmetry about the C — D bond which becomes the b axis.
Indeed, it is usually a good approximation to ignore the biaxiality, n, which simplifies

the result for q,, considerably.

3.3 Experimental Set-Up

In this Thesis, we have employed Fourier Transform (FT) NMR spectroscopy. In an
FT NMR, all frequencies in a spectrum are irradiated simultaneously with a
radiofrequency pulse. A time domain emission signal, which is the free induction
decay (FID) is then recorded by the spectrometer. This signal is then Fourier

transformed to produce the more conventional frequency domain spectrum.

The spectrometer used was a Varian Infinity Plus 300 with a magnetic field of 7.05T.
NMR spectrometer names usually refer to the proton frequency, and so “300”

indicates that for this field, the proton frequency is 300MHz.

Quadrupolar Echo Pulse Sequence

In our experiments, we have employed the quadrupolar echo pulse sequence which is

shown schematically in Figure 4.

o

905, 90,,

/\ NN

Figure 4 Schematic representation of the quadrupolar echo pulse sequence used in our
experiments.
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The angle 90° is called the flip angle of the radiofrequency pulse, and is a specialized
notation for the time duration of the pulse [7]. The time interval between the first and

the second pulse is denoted by 7, and the time interval between the second pulse and
before the signal acquisition starts is denoted by t,. The quadrupolar echo pulse

sequence is commonly used in deuterium NMR to avoid lineshape distortion which
may be caused if using a single pulse sequence. A single pulse sequence is essentially
the most basic FT NMR pulse sequence which consists of a single pulse followed by
the acquisition of the FID. The distortion caused by the single pulse is the result from
the probe ringing which results from the radiofrequency pulse in the NMR coil in the
magnetic field; the ringing prevents the measurement of the signal until a short time
(or dead time) after a pulse [8]. This is especially damaging when the FID decays
rapidly, i.e., for broad NMR spectrum.

The quadrupolar echo is, thus, used to suppress the ringing. In this pulse sequence,
the magnetisation components dephase under the effects of quadrupolar coupling or

homonuclear dipolar coupling during the first period, 7,. Subsequently, a 90° pulse

rotates the magnetisation components 90° about the pulse axis so that the components

refocus after a further period, t,. In the quadrupolar echo sequence, t, is

approximately equal to 7, , although in practice, t, is adjusted so that the data

acquisition begins exactly at the echo maximum; this is achieved in practice by doing

an array experiment with different values of 1,, and then choose the value which

gives the FID that starts at the echo maximum. Using this sequehce, acquisition of

the FID signal necessarily begins at 7, after the last pulse in the sequence, and hence,

no signal is lost due to the dead time delay. Other advantages of using the
quadrupolar echo pulse sequence is that the phase correction uncertainties are

removed and the signal-to-noise is enhanced [9].

Sometimes, it is observed that the deuterium NMR powder spectra or even the spectra
for aligned samples are not symmetric as they are expected to be. This phenomenon
may be due to the finite pulse widths which do not give a uniform excitation over the
whole powder pattern. The other cause may arise from the spectrometer probe

electronics which may not be symmetric, and so the match setting on the probe needs
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to be adjusted to ensure that the impedence of the probe and the transmitter are

matched for maximum power transfer to occur.
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Chapter 4

The Orientational Order of Triptycenes

4.1 Introduction

A triptych (from the Greek tri-“three” + -ptychos “fold”) is a set of three panels
hinged together to form a complete artwork. Triptychs were especially popular
embellishments during the period of the Renaissance, an era which marked the vibrant
activities and passion of the great revival of art, literature and knowledge in Europe.
A contemporary example of a triptych is shown in Figure 1; this collage artwork is

entitled Gypsy Music [1].

Figure 1 Gypsy Music [1], an example of a contemporary triptych artwork.

Inspired by the profile of the triptych artwork, the name triptycene (see Figure 2) was
proposed for this phenomenal new class of molecules when it was first synthesized [2
]. The shape and the structure of triptycenes contribute to their unique physical
properties in which the nature of the ring fusion maintains the overall molecular
shape, making them very rigid and shape persistent, which is important when they are

being used as solutes in some liquid crystal solvents [3]. Building on this, the
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motivation of this Chapter is to introduce triptycene and its derivatives called
iptycenes, as a new class of probe molecules in liquid crystal studies and to discuss
their orientational ordering as solutes in some selected liquid crystal hosts. These
beautiful molecules which are rigid and highly symmetrical are certainly good choices
to serve as probe molecules, giving us fantastic sets of NMR results, as we shall see
later. Our extensive exploration of how the orientational order of these unique solutes
varies with different liquid crystal hosts should allow us to enhance our understanding
of the nature of the anisotropic interactions responsible for both the existence of liquid

crystals and their behaviour.

Figure 2 The molecular structure of triptycene.
4.2  Solute Ordering

Since most molecules known to give liquid crystalline phases are non-rigid and have a
low symmetry, the use of probe molecules has been very common in NMR studies of
liquid crystals. In addition, due to the limited number of deuteriated liquid crystals
available commercially, using a deuteriated probe molecule offers an appropriate
solution to this problem. One of the marked advantages of using a dopant is that it
can be chosen to be rigid and highly symmetric in order to identify the principal axes
so that the principal elements of the Saupe ordering matrix can be determined readily
via deuterium NMR spectroscopy. The same solute can also be used as a probe to
investigate the anisotropic intermolecular interactions in different liquid crystal
solvents. Alternatively, systematic variations in the structure of the solute may ’be
employed to understand the possible contributions to the solute-solvent interactions

for a given liquid crystal [4].
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The Saupe ordering matrix is defined by

, 6]

where £, is the direction cosine between the director of a uniaxial liquid crystal and

an axis, a, set in the molecule; the bar denotes an ensemble average over molecular
orientations. There are five independent elements of S because the ordering matrix is
symmetric and traceless (see Chapter 2), but for molecules with C,, or Dy symmetry
or higher, a principal axis system can be found in which the off-diagonal elements
vanish, leaving only two independent elements defined as the major order parameter,
S,, and the biaxial order parameter, (SXX =S, ) The principal axes, xyz, are selected,
by convention such that (S, —S,, ) is positive and|S,,| > (S. -S, ). Deuterium NMR
spectroscopy is a powerful technique which is capable of yielding these two
independent pieces of information. For each non-equivalent deuteron; the deuterium
NMR of a deuteriated solute gives a quadrupolar splitting, AV, which results directly

from the orientational order of the solute. The quadrupolar splitting is related to the

principal elements of S by

AV:%anzz—*—_lz—(Sxx _Syy)(qxx _qyy)> (2)

where qqq are the diagonal elements of the quadrupolar tensor in the principal axis
system of the ordering matrix, and we assume that contributions to the electric field
gradients at each deuteron which arise from the surrounding molecules are negligibly
small [4]. We need to highlight here that Equation (2) applies to a liquid crystal with
a positive magnetic anisotropy,Ay, and hence, its director is aligned parallel to the
magnetic field. The equation can also be applied to liquid crystals with negative Ay
where the director is aligned orthogonal to the magnetic field by multiplying the
observed splittings by —2. Provided the solute contains at least two deuterons with
significantly different principal axes for their quadrupolar tensors, then it is possible

to determine both S,, and (Sxx - Syy) from their quadrupolar splittings. Details of the
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molecular geometry, the orientation of the C— D bond and the calculation of the order
parameters can be found in the Appendix in Section 4.8 and in Chapter 7 in Section

7.7.

4.3 Anthracene-d;y as a Benchmark

X
D1 D)' Du
| “O ’ y z
Dy Dy
Da Dr Du
Figure 3 The molecular structure of anthracene-d with its atomic labelling and its symmetry

axes.

We shall briefly discuss the use of anthracene (see Figure 3) which serves as a
benchmark for our studies of orientational order mainly due to its extensive usage as a
probe molecule in liquid crystal hosts [4, 5, 6]. Anthracene is a rigid molecule with
D, symmetry; hence, the principal axes are known and so the elements of the Saupe
ordering matrix can be easily determined from deuterium NMR. The choice of
anthracene has other advantages, for example, its structure has been characterised by
X-ray diffraction and the quadrupolar tensors for the deuterons in anthracene-d;o have
been determined from a single crystal study [7]. Such information is important in
order to extract the principal elements of the Saupe ordering matrix from the observed
quadrupolar splittings of the deuterium NMR spectra. In addition, a variety of liquid
crystals was chosen to represent a range of chemical types and properties, with wide
mesomorphic ranges which are found to result in a large variation in the orientational

order of the solute.

Figure 4 shows the molecular structures of the liquid crystal hosts used in our studies.
The dielectric anisotropies, A€, for these liquid crystals vary from being positive for
5CB and PCHS, zero for 122 and 135, and negative for CCN47 and EBBA. The sign
of the dielectric anisotropy depends on the orientation of the dipole moment, p, with

respect to the molecular long axis and is given as
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PCH5 Cr 31°C N 55°C 1 5CB Cr 24°C N 35°C 1
Figure 4 The molecular structures of the liquid crystal solvents used and their phase transitions.

The dielectric anisotropies, A€, are 16 (5CB), 18 (PCHS5), 0 (122 and I135), -3.0
(EBBA), and -6.4 (CCN47), at room temperature.

i :
Ae =" o +F| 2| P, (cos) s, 3)

€, k,T ‘
where kg is the Boltzmann factor and T is the absolute temperature. P,(cos®) is the

second Legendre polynomial and S is the orientational order parameter. The number
density, i.e., the number of molecules divided by the volume is denoted by n, while h
and F are related to the differences between the applied field and the field experienced

by the molecules. ¢, is the permittivity of a vacuum, «, is the molecular
polarizability along the long axis of the molecule and o, is that at right angles to this
axis.  Depending on Aa, which is (&, —a, ), the value of A% is either positive or

negative. For the study of anthracene-do, we have used 5CB, PCHS, and I35 as the
hosts. Approximately 1wt% of anthracene-d;, was dissolved in these liquid crystal
solvents. The details of the preparation of the sample in this research and the

experimental methodology are described in Section 4.6.1.
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From Figure 3, we assume that the six ay-deuterons of anthracene-dj, have their
C — D bonds parallel to the x-axis and the remaining four deuterons have their bonds
in the xz plane. The deuterium NMR spectra for anthracene-d;o in 5CB, PCH5 and
I35 are shown in Figure 5. The outer pair of lines is assigned to the p-deuterons on
the grounds of their smaller relative intensity. The central group of lines originate
from the ay-deuterons. The fine splitting observed in the inner peaks for the spectrum
of anthracene-d;o in 5CB is caused by the dipolar couplings between the deuterons
and also because the a~-deuterons have a slightly different quadrupolar splitting from
that of the y-deuterons. The weak peaks observed in anthracene-d;o in PCHS and 135
are from the impurities. The calculations for the major order parameter and the
biaxial order parameter from the splittings can be found in the Appendix in Section

4.8.

Figure 6 shows the shifted temperature dependence of the quadrupolar splittings for
anthracene-do in 5CB, PCHS5 and I35. The open squares are for the f-deuterons and
the closed squares are for the ay-deuterons. The quadrupolar splitting for the B-
deuterons is larger than that for the ay-deuterons. As expected the splitting increase
with increasing shifted temperature. The splitting for the B-deuterons is the largest for
5CB while that for PCHS and I35 are almost similar. However, for the ay-deuterons,
while the splitting is still the largest for 5CB, it is not the same for PCHS and I35; the
splitting is slightly larger for I35.

Figure 7 shows the shifted temperature dependence of the major order parameter, S,
for anthracene-d;o dissolved in the three liquid crystal solvents. Unfortunately, due to
the unavailability of nitrogen gas at the time of the experiment, we did not heat the
sample into the isotropic phase because of its high clearing point (105°C), and so, we
do not have the complete results for 135. However, it is clear from Figure 7 that the z-
axis of anthracene-djo is the most ordered in 5CB, and in PCH5 and I35, its major

order parameter is comparable.
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Figure 5 The deuterium NMR spectra of anthracene-d; dissolved in 5CB, PCHS5, and 135 at a
shifted temperature, (TNI ~T), of 10°C. The outer splitting is attributed to the p-

deuterons and the inner splittings are originated from the ay-deuterons.
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Figure 6 The quadrupolar splittings, AV, plotted against the shifted temperature for
anthracene-d,, dissolved in SCB, PCH5, and I35.
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Figure 7 The variation of the major order parameter, S,, with the shifted temperature for
anthracene-d;y in 5CB, PCHS5, and I35.
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Figure 8 shows the variation of the biaxial order parameter, (Sxx —Syy), with the

shifted temperature for anthracene-djo in the liquid crystal hosts. The plot shows
curves which first increase and decrease as the shifted temperature is increased. This
biaxial order parameter has a different temperature-dependence from that of the major

order parameter.
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Figure 8 The variation of the biaxial order parameter, (S««-S,y), with the shifted temperature

for anthracene-d,, in SCB, PCHS, and [35.

The data in Figure 7 and Figure 8 are combined to give the variation of the biaxiality
parameter with the major order parameter shown in Figure 9. The curves increase

with increasing S,, and after reaching a maximum value of biaxiality parameter near
S,,=0.5, the curves show a decrease. These curves show the deviation from

cylindrical symmetry.
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Figure 9 The variation of the biaxiality order parameter, (Sy-S,y) with the major order

parameter, S,,, for anthracene-d;o in 5CB, PCHS5, and [35.

4.4 Triptycenes and Iptycenes

Figure 10 shows triptycene [111] and its derivatives, [113], [222] and [11311]. These
iptycenes are so labelled to indicate the number__p_f _aromatic rings, and so
hypothetically, anthracene can be labelled as [OO3OQJi © j}he symmetry for [111],
[113], [222] and [11311] are D3y, Csyy, D3y, and Doy re.shp;e:c’:gvely, and so the principal
elements of the Saupe ordering matrix can be determined from deuterium NMR
experiment for the temperature range of the liquid crystal solution. Except for [113],
the protonated iptycenes were kindly given to us by the Massachusetts Institute of
Technology (MIT) research group led by Professor Tim Swager. These iptycenes
were all deuteriated via catalytic exchange at Merck in Chilworth, Southampton,

except for deuteriated [113] which was synthesized from perdeuteriated anthracene at

Merck.
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Figure 10 The molecular structures of the deuteriated iptycenes studied. The numbers in the
bracket denote the number of aromatic rings.

Before we proceed to the deuterium NMR results of the iptycenes, we shall begin
with a discussion of the orientational order studies of these iptycenes carried out by
our collaborators in MIT and Merck using UV-vis spectroscopy. This technique has
the advantage of providing us with the sign of the order parameter for certain ordering
mafrix elements to determine the complete matrix when it comes using deuterium
NMR spectroscopy. This makes the UV-vis spectroscopy an important
complementary tool in determining the orientational order parameters of the iptycenes

in the liquid crystal hosts.

4.5 Orientational Order Studies of Iptycenes via UV-vis
Spectroscopy

4.5.1 About UV-vis Spectroscopy
This technique determines the degree of order of the molecular axis with the transition

dipole relative to the director. The UV polariser is rotated so that its transmission
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direction is either perpendicular or parallel to the liquid crystal director. The

measured absorptions are labelled as A when the measurement is made with the

transmission direction parallel to the director and A | when perpendicular. With the

determination of the direction of the electronic transition moment, the order parameter

can be obtained in terms of the dichroism ratio, R, in which [§]
R=—". 4)

If the electronic transition moment is parallel to the molecular long axis, the order

parameter is

g AmAL

A +2A,
_R-1
T R+2

5)

On the other hand, if the electronic transition moment is perpendicular to the long axis,

the order parameter for the long axis is

_AL T2
A+A ©6)
_1-2R
R+1°

In general, Equation (5) gives the order parameter for the axis parallel to the transition

moment.

4.5.2 The Orientational Order Studies by the MIT Research Group

Our collaborators in MIT had conducted some orientational order studies of iptycenes
in the nematic liquid crystal host, 4-(trans-4-pentylcyclohexyl)benzonitrile, better

known as PCHS5 [9]. Homeotropic alignment of 1wt.% mixtures of anthracene, [113]
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and [333] in PCH5 was achieved using surface rubbed test cells to give a uniaxial
alignment. The determination for this order with respect to the director was made
using UV-vis spectroscopy. Polarised UV-vis spectra of the iptycenes were compared
with that of anthracene, whose order according to its aspect ratio, defined by the ratio
of the longest to the shortest axis, 1s well-established. The aspect ratio order means
that the alignment of the long axis of each molecule will be, on average, parallel to the
liquid crystal director. However, their results showed that this aspect ratio
consideration only holds true for anthracene, but not for the iptycenes. Using the
short axis absorbances (across the molecules), the order parameters at room

temperature are —0.13, 0.14, and 0.31 for anthracene, [113] and [333], respectively.

In their earlier studies, the MIT research team was involved in manipulating the
unique structure of iptycenes for the creation of novel organisations such as in a
highly fluorescent chemosensor to detect TNT vapours [10]. This manipulation was
made possible by the existence of the internal free volumes, swept out by their
aromatic faces, which is due to the inability of the iptycene structure to obtain any
fully co-planar molecular orientation [9]. In other words, the aromatic faces are not
able to exist in the same plane because of the rigid molecular structure. In their
investigation of the alignment of iptycene in a nematic liquid crystal host, they have
shown that iptycenes align normal to the director, in contrast with the aspect ratio
order. In order to fill in the volume efficiently and not disrupt the nematic liquid
crystal, the long axes of the iptycene guests were found to align normal to the liquid
crystal host via a so-called“threading” mechanism (see Figure 11) in which the
mesogenic molecules pack within the iptycene voids. This observed solvation should
fill the empty spaces created by the iptycenes while minimally disrupting the
alignment of the host [9]. On the contrary, when the liquid crystals are packed in the
aspect ratio order, they do not fill the voids efficiently and hence would cause a

greater disruption to the nematic phase.

We, however, propose that the aspect ratio is not defined in [113] because of the
“wings”, and so the concept of the aspect ratio order is not applicable for the
iptycenes. A more reasonable model is the surface tensor approach [11], in which the

basic idea is that the probe molecule tries to align itself so that as much of the surface
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is parallel to the director. In other words, the alignment of the probe is such that as

many of the surface normals are orthogonal to the director as possible.

Figure 11 (a) The aspect ratio order of triptycenes in liquid crystals. (b) The proposed
minimisation of free volume guided alignment of triptycenes in liquid crystals [9].

4.5.3 The Orientational Order Studies by the Merck Research Group

To extend these investigations, UV-vis spectroscopy experiments were also conducted
by our collaborators in Merck [12]. The liquid crystal hosts used by the group in
Merck were PCHS, 5CB, [22 and CCN47 (see Figure 4). The iptycene guest
molecules used were anthracene, [113] and [11311] (see Figure 10). Table 1
compares the results obtained from MIT and Merck. For both measurements carried
out by the groups in MIT and Merck, the order parameters for anthracene and [113] in
PCHS are comparable. The order parameter across the molecule for anthracene in
PCHS is negative while for [113] in PCHS5, the order parameter across the molecule is
positive. Interestingly, while we expect the order parameters to be comparable for
[113] in SCB and PCHS5 because of the close similarity in their molecular structures
(see Figure 4), they are not. In fact, the order parameter for [113] in SCB is so small,
close to zero, while that for PCHS is 0.245. In contrast, the ordering for anthracene in
the nematic hosts are, however, about the same. We shall now compare the results for

these systems using deuterium NMR spectroscopy.
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C Solvent

Solute 5CB PCHS5 122 CCN47
Anthracene
(MIT) -0.13 (room T)
Anthracene
(Merck) -0.136 (room T) -0.099 (room T) -0.158 (30°C)
[113]
(MIT) 0.14 (room T)

L13]
(Merck) 0.004 (35°C) 0.245 (30°C) -0.034 (30°C) 0.325 (35°C)
[11311]
(Merck) 0.262 (room T)
[333]
(MIT) 0.31 (room T)
Table 1 Comparison of order parameters from UV-vis studies by the research group in MIT

[9] and the group in Merck [12].

4.6 Orientational Order Studies via Deuterium NMR Spectroscopy

4.6.1 Experimental

Approximately 2wt.% of the solute (iptycene) was added to a 3.5¢m length of a Smm
o.d. 4mm i.d. NMR glass tube followed by the selected liquid crystal solvent. The
sample was mixed mechanically and heated using a hot air gun to ensure the
homogeneity of the sample. The sample was prevented from escaping from the
bottom of the tube by securing the tube with some PTFE tape. This was used due to
the unavailability of a Teflon vortex plug, which does the job more effectively.

Following this, the sample tube was inserted into the NMR probe.

The deuterium NMR measurements were performed on a Varian Infinity Plus 300
spectrometer with Spinsight software for data acquisition and processing, using the

Solaris Operating Environment on a SUN Microsystem workstation. The spectra

were recorded using a quadrupolar echo sequence(7/2—7,—7/2—-7,), where 7, and

7, varied with different experiments; these two parameters were determined through
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the optifnization of each value to achieve a signal at the maximum echo. The length
of the #/2 pulse was fixed at 5pus. The temperature was controlled via a
thermocouple in the probe head connected to a Varian temperature control unit with a
stability of 0.1 K. Using the procedure described, the sample was heated into the
isotropic phase, and later cooled to room temperature to begin the temperature

variation experiment.

4.6.2 [113]-dyyin 5CB, PCHS, 122, CCN47 and Magic Mixture (5CB:EBBA, 7:3
wt. %)

From the UV-vis spectroscopy results shown in Table 1, we know that the order
parameter across the [113] molecule is positive for both PCH5 and CCN47, but
negative for 122. Using this as our starting point in the analysis of the deuterium
NMR experiment, we calculated the major and biaxial order parameters. Since we
know the principal axes of thebmolecule, we label them as a, b and c first as shown in
Figure 10. The axis a is for the deuterons across the molecule, b being the axis along
the anthracene’s molecular long axis, and ¢ is normal to both the axes a and b. In
[113]-d1o, there are six deuterons acroés the molecule and two of them are aliphatic as
shown in Figure 10. These deuterons make up the larger of the two quadrupolar
splittings in the deuterium NMR spectra. The quadrupolar splitting for the aliphatic
deuterons is slightly smaller than that of the aromatic and this distinction can be seen

in some of the spectra. However, in calculating the order parameter, S,,, we have

chosen the quadrupolar splitting for the aromatic deuterons across the molecule. We

then use the smaller of the two quadrupolar splittings to calculate S,, and since the

ordering tensor is traceless, S, is simply (=S, —S,, )

We have just described the basic routine we use in calculating the order parameters in

our iptycenes experiments including that of anthracene. We then relabel the abc axes

to xyz axes system according to the convention such that |Su ‘ >|Sxx —Syy| and that

|Sxx =S, | 2> 0. Once these axes are relabelled, we then plot the major and biaxial
order parameters, S,, and (Sxx —Syy), respectively, against the shifted temperature. It

is important to note here that since the UV-vis spectroscopy results only provide us
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with the sign of the splitting for the deuterons parallel to the z-axis, we have to choose
the sign of the other splitting such that the set of order parameters will generate a
reasonable model of the order of the probe molecule in the liquid crystal host. The
equations used to calculate the order parameters in all our experiments can be found

in the Appendix in Section 4.8.

Figure 12 shows the deuterium NMR spectra for [113]-djp in 5CB, PCHS, 122,
CCN47 and the magic mixture which is made up of 5CB and EBBA in the ratio of 7:3
wt.%. The name magic mixture was coined for liquid crystal solvents designed in
making the solutes experience essentially zero long-range electrostatic interactions
[13, 14]. If the composition of the liquid crystals and temperature are carefully
chosen, the degree of orientational order could be zero [13, 14]. However, there is
also the shape anisotropy which contributes to the orientational order. We shall

discuss the concept of the so-called magic mixture further shortly.

The spectra in Figure 12 clearly show that the quadrupolar splittings for [113]-d;o in
5CB, 122 and the magic mixture is relatively small in comparison with that in PCHS5
and CCN47. Interestingly, SCB, which has almost similar molecular structure with
PCHS5, has different results; the quadrupolar splittings for [113]-do are about twice as
large as that for SCB. In Figure 5, the spectra for anthracene-d;o in 5CB and PCHS5
are, however, comparable. In addition, we can observe the fine splitting in the outer
peaks in the spectra of [113]-dio in PCHS and in CCN47 originate from the aromatic
and aliphatic deuterons across the molecule, as mentioned earlier. The smaller of the
two splitting comes from the aliphatic deuterons because its quadrupolar coupling
constant is smaller than that for the aromatic deuterons. Except for the magic mixture,
the outer splitting for [113]-do in all the hosts are coming from the deuterons across
the molecule while the inner splittings originate from the deuterons with the
C —Dbond tilted with respect to the principle axes. The reverse assignment is true
for the spectrum of [113]-d;o in the magic mixture. This is based on the inner peaks
which look broader than the outer peaks because of the two sources of deuterons, the

aromatic and the aliphatic, for the C —D parallel to the z axis.
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Figure 12 The deuterium NMR spectra of [113]-d,, dissolved in 5CB, PCHS, CCN47, 122 and

the so-called magic mixture (SCB:EBBA, 7:3 wt.%) at a shifted temperature,
(T —T), of 12°C.

Figure 13 shows the shifted temperature dependence of the quadrupolar splittings,
AV, for [113]-djp in 5CB, PCH5, 122, CCN47 and the magic mixture. The filled
circle represents the quadrupolar splitting from the aromatic deuterons across the
molecule and is labelled Av,. On the other hand, the open circle represents AV, from
the four deuterons that are winged out at 30° to the x-axis in Figure 33. Note that all
of the liquid crystal samples that we use have positive diamagnetic anisotropy, Ay,
except for CCN47 which has a negative AY. Hence, the quadrupolar splittings

measured in the deuterium NMR experiments for CCN47 are doubled when doing this
analysis. In addition, the plot for CCN47 shows a kink and this is due to its phase

transition from the nematic phase into the SmA phase.
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Figure 13 The quadrupolar splittings, AV, plotted against the shifted temperature for [113]-d;q
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in SCB, PCHS, 122, CCN47 and magic mixture (SCB:EBBA, 7:3 wt.%).

The plot in Figure 13 shows that CCN47 has the largest AV, followed by PCHS5, 5CB,
122 and the magic mixture. Interestingly, Av, and Av, for 122 from both the
deuterons across the molecule and the deuterons that make an angle at the wings,
respectively, are comparable. What is more fascinating is that as the temperature is
increased, AV, for 122 reduces at a faster rate than that for Av,, and so, at a shifted
temperature of 24°C, both Av, and AV, overlap each other as shown in the plot in
Figure 14. In other words, their quadrupolar splittings are the same. Further increase
in temperature causes the two quadrupolar splittings to cross each other, and so now
AV, has a smaller value than AV,,as can been seen in Figure 13. This is the first time
we have observed such phenomenon in deuterium NMR and as we shall see later for
another iptycene probe, the results are more dramatic and fascinating.  Another key
observation is that the quadrupolar splittings for the probe PCH are more than twice
as large as than that of 5CB, and this can also be clearly observed from the deuterium
NMR in Figure 12. This observation seems to be in agreement with the UV-vis

results shown earlier that the ordering of [113] in PCHS is larger than that in SCB. In
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addition, Figure 13 also shows that both AV, and AV, for the magic mixture have

small values. This might be expected because of the small electric field gradient

which is in accord with the splittings found in [22.
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Figure 14 The quadrupolar splittings, AV, plotted against the shifted temperature for [113]-dio
in 122.

The shifted temperature dependence of the major order parameter, S, is shown in

272

Figure 15. While the S,, for 5CB, [22 and CCN47 are positive, it is negative for both

PCHS5 and the magic mixture, which suggests that the molecule is acting almost like a

disc in the two latter solvents.

Figure 16 shows the biaxial order parameter, (Sxx —Syy), plotted against the shifted

temperature, and PCH5 gives the largest value followed by CCN47, the magic
mixture and 122; the smallest value comes from 5SCB. The relationship between the
major and biaxial order parameters are shown in Figure 17. In the extreme case

whenS  is zero, (Sxx —Syy) is zero too. In the limit of perfect order, S, is a unity,
and so (S, —SW) is zero.  For a disc, S,, =—1/2,and soS,, =1, and S, =-1/2,

making the biaxial order parameter, (Sxx —Syy)z 3/2. Hence for these limiting cases,
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a curve is obtained on the right-hand side of the plot in Figure 17, and a straight line
on the left-hand side. Figure 17 shows that 5CB, 122 and CCN47 give a curve as we
normally expect for molecules that act like a rod, but both PCHS5 and the magic

mixture give a negative value for S, .
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Figure 15 The variation of the major order parameter, S,,, with the shifted temperature for

[113]-ds in 5CB, PCHS, 122, CCN47 and magic mixture (SCB:EBBA, 7:3 wt. %).

As promised earlier, we shall now discuss the magic mixture in more detail. The
mean electric field gradient (EFG), which is temperature and concentration dependent
is a property of the liquid crystal solvent and can have a positive or negative sign
depending on the particular liquid crystal chosen. To obtain a zero EFG in a liquid
crystal solvent would require a mixture of two liquid crystals with opposing signs for
the dielectric anisotropies, A€ [13]. In essence, this means that the orientational
order which partly depends on the average EFG of the resulting nematic liquid crystal
and its interaction with a solute’s quadrupole moment, can be tailored when the
appropriate amounts of the liquid crystals are mixed. The other contributor to the
orientational order originates from the short-range repulsive interactions which

depend on the size and shape anisotropy of the solute.
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Figure 16 The variation of the biaxial order parameter, (S.«-Sy), with the shifted temperature
for [113]-djp in SCB, PCHS, 122, CCN47 and magic mixture (SCB:EBBA, 7:3 wt. %).
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The most striking discovery in these series of experiments is that for [113]-d;p in 122
and the magic mixture, they both give small order parameters. We reason this finding

based on their dielectric anisotropies, Ag, which are essentially zero. According to

[13], when the electric field gradient is zero, the order parameter is zero if the shape
anisotropy is ignored. Hence, for 122 and the magic mixture, the ordering which
should be contributed by the electric field gradient has vanished. This is the magic
mixture phenomenon [13]. If the EFG argument is valid for all the liquid crystal hosts,
we would then expect [113]-d;pin SCB and PCHS, which differ by one phenyl ring, to
behave similarly. However, clearly from the results shown in Figure 13, the ordering
of 5CB is smaller than that of PCHS. Hence, this means that the electric field gradient
argument on the orientational order is not sufficient to explain the nature of the

interaction between the solute and the liquid crystal host.
4.6.3 [11311]-dz;in 5CB, PCHS5 and 135

Figure 18 shows the deuterium NMR spectra of [11311]-d,; (see Figure 10) in some
selected liquid crystal hosts. The outer quadrupolar splitting corresponds to the
fourteen deuterons across the molecule, while the inner splitting originates from the
eight deuterons which make an angle to the long axis of the anthracene’s unit. The
deuterium NMR spectra in Figure 18 show some extraneous splittings which originate
from impurities. The hideous, non-straight baseline for the deuterium NMR spectrum
of [11311]-d;2 in I35 is due to the low solubility of the probe in the liquid crystal host.
But after considerable effort, i.e., by funning the experiment overnight, we are able to
obtain a spectrum which we are able to construe; we can see the two pairs of the

major peaks.

Figure 19 shows the plot of the shifted temperature dependence of the quadrupolar
splittings for [11311]—d2£ in 5CB, PCHS, and 135. The filled circles represent the
deuterons across the molecule, while the open circles are for the deuterons that are
“winged” out. This term simply means that the deuterons are making an angle with
respect to the long axis of the anthracene’s unit. There is a significant difference in
the splittings corresponding to the deuterons across the molecules, but not for those

that correspond for the deuterons that is “winged” out. PCHS5 gives almost twice the
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quadrupolar splitting of that of SCB despite the only difference in their structure being
the existence of an extra phenyl ring in SCB replacing the cyclohexyl in PCH5. The
probe in I35 gives the smallest splittings of the three liquid crystal hosts.
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Figure 18 The deuterium NMR spectra of [11311]-d,, dissolved in 5CB, PCHS5 and I35 at a
shifted temperature, (T —T), of 10°C. The peaks coming from [11311]-dy, are

marked with asterisks.
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Figure 19 The quadrupolar splittings, AV, plotted against the shifted temperature for [11311]-

d; in 5CB, PCHS5 and 135.

The shifted temperature dependence of major order parameter, S,,, for [11311]-d,; in
the liquid crystals hosts is shown in Figure 20 and it increases with increasing shifted
temperatures, as expected. Of the three solvents, PCHS gives the largest order for the
probe. The smallest orientational order is for the [35. The shifted temperature
dependence of the biaxial order parameter, (S =S5 ), for [11311]-da2 dissolved in

SCB, PCHS, and I35 is shown in Figure 21. Here, SCB and PCHS appear to give
comparable values. However, the most significant observation is that the biaxiality
for [11311]-dy, is almost zero. The two hosts also give comparable values for the
variation of the biaxial order parameter with the major order parameter as shown in

Figure 22. However, we do not observe the curve we normally expect for this plot.
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Figure 22 The variation of the biaxial order parameter, (Sx-S,,) with the major order parameter,

Szz for [11311]-dys in 5CB, PCH5,and 135.

We can compare the results of the [11311]-d2; and that for anthracene-d;y since we
have performed these experiments using the same liquid crystal hosts. It is apparent
that adding the “wings” at both ends of the anthracene molecule changes the
orientational behaviour in the liquid crystals. The most striking results are that the
anthracene-d;o gives large biaxiality but the [11311]-d», gives almost zero biaxiality.
The other difference is in the plot of the biaxial order parameter against the major
order parameter which shows the normal curve we expected for this plot for
anthracene-dip, but this was not observed for [11311]-d2; because of the small

biaxiality.
4.6.4 [111]-d;;in PCHS, 122 and Magic Mixture (SCB:EBBA, 7:3 wt. %)
The deuterium NMR spectra of [111]-d;,, or better known as triptycene, dissolved in

various liquid crystal solvents are shown in Figure 23. Despite the noise caused by

the low solubility of this highly symmetric probe, we can see the two prominent
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quadrupolar doublets, the outer coming from the deuterons across the probe molecule,
i.e., parallel to three-fold symmetry axis, while the inner peaks originating from the
deuterons that make at angle at the wings. Interestingly, the inner quadrupolar
splittings are small in all liquid crystal hosts. In addition, the spectra for all the three
solvents are broad, somewhat powder-like features which may originate from

undissolved spin probe.

The plot of the quadrupolar splittings against the shifted temperature, shown in Figure
24, indicates that [111]-d;; in PCHS give the largest splitting, while that for 122 and
the magic mixture are almost comparable. The plot follows the expected trend that
the quadrupolar splittings increase with increasing shifted temperature. For a
cylindrically symmetrical molecule such as [111]-dy,, the traditional expectation is

that the ratio of the quadrupolar splittings should be constant with the value 8/1 (see
Appendix in Section 4.8.4). However, the plots of the ratio AV, /AV, in Figure 25
clearly show that the ratios are not constant. Of course, the range for the scales for
the ratio plot is small for PCHS5 but not so for 122 and the magic mixture. Hence, in
our analyses, we have adopted the Dy, symmetry assumption for the [111]-d;; in all
the liquid crystal hosts. The result for ratio AV, /AV, for 122 is inconsistent; this could
be caused by the experimental error in the splittings which might result from the
accuracy with which they are quoted. It is also important to note that the expected

ratio 8/1 is for 60°, i.e., the angle the deuterons make to the z-axis. Small deviations
g

from this angle can cause a significant variation in the ratio.
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Figure 23 The deuterium NMR spectra for [111]-d; dissolved in some selected liquid crystal

" hosts at the shifted temperature, (Ty; —T), of 12°C. The asterisks on the peaks for
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[111]-di2 in PCHS, 122, and magic mixture (SCB:EBBA, 7:3 wt.%).
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Since we do not have supported data from UV-vis spectroscopy to assign the sign of
the splittings we choose an appropriate sign for a reasonable model. The shifted

temperature dependence of the major order parameter, S, , in Figure 26 shows that

YoAd

PCHS gives a huge positive value while the ordering in 122 is close to zero. For the

magic mixture S, 1is negative suggesting that the molecule is acting almost like a disc.
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Figure 26 The variation of the major order parameter, S,,, with the shifted temperature for
g P

[111]-d)» in PCHS, 122, and the magic mixture (SCB:EBBA; 7:3 wt. %).

In Figure 27, the biaxial order parameter for the magic mixture is the largest among
the three hosts, while those for the PCHS and 122 are comparable and small in values,
almost zero. Both Figure 26 and Figure 27 are combined to give Figure 28 in order to
show the relationship between the major and the biaxial order parameters for [111]-
di2 in the liquid crystal solvents. Here, it is clear that the probe molecule is acting like
a disc with its negative relationship. Both PCHS and 122, despite giving positive
values, their plots are not the normal curves we usually see for this relationship, which

is truly a curiosity.
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Figure 28

The variation of the biaxial order parameter, (Sx-Syy), with the shifted temperature
for [111]-di2 in PCHS5, 122, and the magic mixture (SCB:EBBA, 7:3 wt. %).
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4.6.5 [222]-d)sin PCHS, 122, CCN47 and Magic Mixture (SCB:EBBA, 7:3 wt.%)

We now present our results of another probe molecule with D3, symmetry, [222]-d)g,
dissolved in some selected liquid crystal solvents. The deuterium NMR spectra for
these are shown at the shifted temperatures of 34°C and 10°C in Figure 29 and Figure
30, respectively. While PCHS and CCN47 give conventional results such that the
quadrupolar splittings decrease with decreasing shifted temperature, we observe an
anomaly for the other results especially for [222]-d;g in I22. The two inner splittings
found in the spectrum for [222]-d;s in 122 at the shifted temperature of 34°C (see
Figure 29), become the outer splittings at the shifted temperature of 10°C (see Figure
30). This cross-over effect of the quadrupolar splitting will be addressed shortly. The
magic mixture also shows interesting results in which the inner splitting collapses to
zero 16°C at below the Twi, while the outer splitting does not show this dramatic

behaviour.

The shifted temperature dependence of the quadrupolar splittings is shown in Figure
31. The deuterons across the molecule are represented by the filled circles, while the
deuterons that make an angle with the naphthalene long axis are represented by the
open circles. From Figure 31, it is apparent that both PCH5 and CCN47 give
significantly large splittings, while both 122 and the magic mixture give small
quadrupolar splittings. In order to emphasize the anomaly of the behaviour of [222]-
dig in 122, we show here its shifted temperature dependence of the quadrupolar
splittings in Figure 32. The smaller splitting behaves normally, i.e., it increases with
increasing shifted temperature. However, the two outer splittings initially decrease
with increasing shifted temperature, collapse to zero and then increase with the shifted

temperature.
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Figure 29 The deuterium NMR spectra for [222]-61 g dissolved in some selected liquid crystal
hosts at the shifted temperature, Ty, —T), of 34°C.
e elietly L N N L L S AL AL L
100 50 K?iz 50 -10¢ 40 E-d 20 40

[222]-d,, in PCH5 [222]-d,, in Magic Mixture

e ‘)WWWW

A Y i R S N Y S A

[222]-dy, in 122 [222]-d,, in CCN47
Figure 30 The deuterium NMR spectra for [222]-d,s dissolved in some selected liquid crystal

hosts at the shifted temperature, (Ty ~T), of 10°C.
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The ratios of the quadrupolar splittings are calculated and the plots against the shifted
temperature for all of the hosts are given in Figure 33. For the host 122, we have
chosen the largest of the larger splittings in our analyses to calculate the ratios. For a
uniaxial molecule, the ratio of the quadrupolar splittings should be temperature
independent since the geometry is not changed and approximately equal to 8/1 (see
Appendix in Section 4.8.4). Clearly, this is not the case for [222]-dg, and especially
for this probe dissolved in 122. This bizarre behaviour of the molecule suggests that
this probe molecule is behaving like a biaxial molecule. Hence, in calculating the
order parameters, we have treated this molecule as if it has D,, symmetry. In addition,
we have also taken the points after the outer splittings have become zero to be

negative in order to remove the cusp, which is physically not expected.
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Figure 33 The shifted temperature dependence of the ratio of the quadrupolar splittings for

[222]-d;s in PCHS, 122, CCN47, and magic mixture (SCB:EBBA, 7:3 wt.%).

The plot of the major order parameter, S, , versus the shifted temperature is shown in

Figure 34. Both PCHS5 and CCN47 give positive values for the major order parameter,
while 122 give almost zero order. On the other hand, the magic mixture gives a large
negative value indicating that the molecule is aligned almost perfectly orthogonal to

the z-axis.
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The biaxial order parameter, (S -S ), shows a high biaxiality for [222]-d;g in the

e Yy

magic mixture in comparison with PCHS, 122 and CCN47 (see Figure 30). Further,

the relationship of (S, —S,, ) with S, clearly shows [222]-d;s in the magic mixture

is behaving like a disc as shown in Figure 36.
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The variation of the major order parameter, S,,, with the shifted temperature for

[222]-d;g in PCHS, 122, CCN47, and the magic mixture (SCB:EBBA, 7:3 wt. %).
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Figure 35 The variation of the biaxiality order parameter, (S-Syy), with the shifted temperature
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4.7 Conclusions

In this Chapter, we have used the powerful combination of deuterium NMR and UV-
vis spectroscopies to determine the orientational order of ipt?cenes in various liquid
crystal hosts; the results were truly dramatic. Both the experimental techniques have
shown that while the ordering of the iptycenes is solvent-dependent, there is no
appreciable pattern linking the values of the order parameter to the molecular
structure of the liquid crystal hosts. This was the case with 5CB and PCH5 which
was envisaged to have comparable behaviour due to their close similarity in the
molecular structure, but turns out to behave very differently from each other. We
have also observed that despite being Dsn symmetrical, the probe [222]-dg is
behaving more like a biaxial molecule in a nematic host. This biaxiality is assumed to
result from the insertion of a mesogenic molecule in one of the voids, allowing for the
exchange between the three voids in order to get the precise calculation of the
biaxiality. In addition, we have also introduced the magic mixture which has
essentially, zero Ag like the I-series of the liquid crystal hosts, but not necessarily

behaves similarly.

4.8 Appendix

This part of the chapter is to introduce the equations we use in calculating the order
parameters for anthracene and iptycenes from the deuterium NMR spectra. We begin
this section discussing the relationship of the quadrupolar splittings and the order
parameters.

4.8.1 Quadrupolar Splittings

The observed quadrupolar splittings obtained from the NMR spectra are related to the

ordering matrix of the molecule by

AV = unasaw | (7)
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where o denotes a principal axis for the ordering matrix, S, in which

3£ -1

S(!(! 2
2

®)

where £, is the direction cosine between a and the director (see Equation (1)). It is

convenient and realistic to take the quadrupolar tensor to be cylindrically symmetric

about the C~D bond with a major component q.,. If the bond is parallel to one of

the principal axes, say z, then,

AV = qpS,, — [%2] 4 +S,, ) )

But since the ordering matrix is traceless, then,

Sea +5y =S, (10)
and so,
AV:%qCDSZZ, v v (11)

which is a standard result.

4.8.2 Anthracene

Since the C—D bonds for the six deuterons are parallel to the x-axis (see Figure 37
and Figure 3), the quadrupolar splittings for these give the Sy element of the ordering

matrix, L.e.,
~ 3
Av, =‘_2'qCDSxx‘ (12)
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Figure 37 The molecular structure of anthracene-d,, and its principal axes.

The quadrupolar coupling constant for aromatic deuterons varies slightly from
compound to compound, but is in the order of 181kHz, a value found for solid
anthracene [7]. The remaining four deuterons are inclined with respect to the
principal axes. Hence, we need to transform from the local C—D frame to the

principal axis system. This is achieved using the general result
Quo =D £l Qg (13)
of

where £, is the direction cosine for the axes o and a. In the case of anthracene, the

C —Dbond is in the xz plane so that the transformation involves a single angle.

For simplicity, we take the C—D bond to be in the xz plane with the bond at an angle

30° to the z-axis. The value of g, is then,

4,,= Gep €08~ 30° —q%cosz 120°

5 (14)
zg%n,
qu=qCDcosz3OO°—%cosz3O°
__ 9o (15)
g
= (16)

in which the sum of the diagonal elements necessarily vanishes.
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The observed quadrupolar splitting for the P deuterons is then,

~ 5 1 1
AVZ = qCD [gszz _gsxx "ESWJ. (17)

Since we only knowS,  from the quadrupolar splittings for the ay deuterons (see

Equation 12), it is desirable to replace S, with =S —S_ ; this gives

~ 9 3
AVZ =dcp [—S—SZZ + ngx j (18)

From the relationship in Equation (10), S, is obtained. Hence, both the major and

biaxial order parameters, S,, and (Sxx —Syy), respectively, are known.

4.8.3 Iptycene (with Cy, symmetry like [113])

We change the axis labels with respect to anthracene such that the new z axis (see
Figure 38) tends to be parallel to the director. There are six deuterons whose
C —Dbonds are parallel to the z-axis for [113]-dj (see Figure 38) whose symmetry

gives as a principal axis so that

~ 3
AV, =248 (19)

However, it is important to recognise that two of the deuterons are aliphatic and that
qcp is smaller than for aromatic deuterons; typically q.p is about 168kHz. This
difference could explain the difference in quadrupolar splittings observed within the
group of six deuterons. Here, we take AV, as for the aromatic deuterons. To

determine the other elements of the ordering matrix, we use the splitting for the
remaining group of four deuterons. To achieve this, we need to transform from the

local C—D frame to the principal abc frame. This transformation is performed in
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two steps; first from the local C—D frame to the phenyl ring, and then from this to
the principal axes of the molecule. We have already performed the first
transformation, but it is convenient to relabel the axes so thét they fit it better with the

molecular axes; thus z becomes x, X becomes z, and y is unchanged.

Z
X
y
y
p X
Z
Figure 38 The molecular structure of [113]-dyo and its schematic model with its principal axes.
Thus,
1 : o
qzz =—3 qCD’ (20)
8
1
qyy :—_qCD’ . (21)
2
5
e =~ 9op3 (22)

there is, in addition, an off-diagonal element, q,,. However, this is not involved in

transforming to the molecular frame which involves a rotation about the z axis. Thus,

92



Qe =-§—qCD cos’ 600_%‘1@ cos? 150°

s ; fe S

=_3_2qcn _gqcn , o (23)
7

:_3_2qCD7

1 2 o 5 2 o
qyy :—E.qCD cos” 60 _quD cos” 330

1 15
= _quD +§qcn (24)
11
=3_2an7
1
4y = —g Yep- . (25)

Hence, the quadrupolar splitting for the four remaining aromatic deuterons are given

by

~ 1 11 7
Av, = —=S,+—S_ +—S, | 26
2 qCD( 8 2z 32 vy 32 xx] ( )

and replacing S, by —S_, —S,, gives

~ 15 18
AVZ =—cp [— —33 Sm + ESXX j (27)

4.8.4 Iptycene (with D3, symmetry like [111] and [222])

For this uniaxial molecule, we only expect one order parameter, i.e., S,,. Hence, we

have for deuterons parallel to the symmetry axis,
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~ 3
Av, = 2 QepS,- (28)

For deuterons that make an angle 6 to the z-axis (see Figure 39)‘, the quadrupolar

splitting is given as

AV, = %qc,)snl)2 (cosh), ' (29)

Figure 39 The molecular structure of one of the wings of the iptycenes with D3, symmetry;
typically 0 is approximately 60°.

where P,(cos@) is the second Legendre polynomial.

If we take the ratio of the quadrupolar splittings, AV,/AV,, then S,, cancels out
leaving 1/P, (cos 6), and so this means that the ratio is temperature-independent since
S,, is a temperature-dependent entity while P, (cos 6) is temperature independent.
Therefore, we expect the ratio AV, /AV, to be constant and equal to 8/1 throughout

the temperature if 6 is 60°.
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Chapter 5

Liquid Crystal Gels

5.1 Introduction

Undemeath the tropical sun of Malaysia, indulging in a nice cold dessert is almost
heaven. My mother, who enjoys making desserts, has her very own favourite called
agar-agar, a Jell-O-like dessert, only tastier. The main raw ingredient, which is also
called agar-agar, is a carbohydrate polymer obtained from a particular form of
seaweed; this uncooked agar-agar purchased from the shops usually comes in strips.
To make the agar-agar, she would first boil some water before putting the agar-agar
strips in it. One must be very careful about putting the right amount of agar-agar, if
put too much, one will get a stiff dessert, while too little agar-agar will result in a
wobbly dessert! Once the agar-agar strips have dissolved in the boiling water, my
mother would stir in some sugar, rose flavouring and red colouring, and sometimes
even fruit cocktail and evaporated milk for a relish. Subsequently, she would pour the
mixture into a container and set it aside to cool. After some time, in between tending
to her other chores, the dessert eventually hardened (or more scientifically, “gelled”).
Then, she would chill it in the fridge for a while until it is nice and cold, and serve the
agar-agar for our dessert. Apparently, agar-agar is a very simple dessert to a
bourgeois family. To put into perspective: the cost of making an agar-agar with fruit
cocktail — £2, the cost of writing a PhD Thesis on gels — £ 11, 205 per annum and
countless sleepless nights. But the cost of a mother’s affection to make her children

feel cool and happy — priceless.

The agar-agar dessert is just one of many examples of normal gels. Other household
gels include jam, glue, facial cleansing gel and hair styling gel. This Chapter,
however, focuses on another dimension of gels, in which we combine liquid
crystalline materials with a gelator to form a liquid crystal gel. With the application
of deuterium NMR spectroscopy, our aim is to observe how the synergetic coupling

of the liquid crystal and the gelator would affect the director alignment. In other
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words, we are interested to know whether the gelator does change the properties of
the liquid crystal. Our investigation is the first of its kind to be performed via
deuterium NMR although analogous studies have been made using proton NMR [1].

52 Gels

5.2.1 Normal Gels

Gels are defined as a two-component system of a semi-solid nature rich in liquid, and
have a distinctive property of being highly viscous [2]. They are formed from
coll.oidal suspensions by reducing the solubility of the colloidal material sufficiently
so as to enable the particles to link together, forming a weakly solid mass which is
distributed uniformly within a dispersion medium [2]. The different modes of
reducing the solubility, hence, gelation, are (i) by varying the temperature (commonly
cooling), (i1) by the addition of a precipitating liquid, and (iii) by the addition of salts.
The first method of gelation via cooling is the same process used to prepare the agar-
agar dessert. In fact, the process of gelation investigated in this Chapter also falls into
this category. The second method of gelation involves a rapid mixing of sufficient
precipitant to the sol (shortened from the word hydrosol, a colloidal suspension in
water), as in the preparation of ‘solid alcohol’ by rapidly mixing saturated aqueous
calcium acetate with a ten-fold excess of alcohol. The third gelation procedure
essentially takes place by the addition of one-half of the amount of salts needed for
complete precipitation forming thixotropic gels, in which the sol-gel transition occurs
vig mechanical agitation. Although reducing the solubility of the solution will lead to
gel formation, it is equally important to ensure that the gelator does not crystallise on
cooling in order for the gelation to occur. One way to inhibit the formation of crystals

is to introduce chirality in the gelator [3].
Gels can be broadly classified as chemical gels and physical gels. Chemical gels are

formed by the dispersion of covalently cross-linked networks. On the other hand,

physical gels are formed via non-covalent interactions such as hydrogen bonding.
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5.2.2 Liguid Crystal Gels

So, why is there an interest in liquid crystal gels? The recent upsurge in interest is
mainly due to the fact that-the phase segregation occurring in liquid crystal gels has
led to the formation of materials potentially suitable for electro-optic displays [4]. A
well-known example of a phase-segregated structure is polymer-dispersed liquid
crystals (PDLCs), in which micron- or submicron-scale droplets of a nematic liquid
crystal are dispersed in polymer matrices (20-70wt% of the polymer). However, there
are many drawbacks in displays based on PDLCs which include slow reorientation
dynamics, lack of homogeneity, and lack of optical clarity displayed by the materials
[5]. One way to preserve the fluid nature of the liquid crystal in a single-phase liquid
crystal-polymer material is to create a gel [6, 7]. Liquid crystal chemical gels are
formed by the dispersion of covalently cross-linked polymeric networks in calamitic
liquid crystals. In contrast to PDICs, the liquid crystal chemical gels have a lower
concentration of polymers (< 10wt%). Unfortunately, the liquid crystal chemical gels
still do not solve the reorientation dynamics problem caused by the resistance of the

polymeric network [ 7].

The first example of a new class of liquid crystal physical gels was developed by the
gelation of a nematic liquid crystal by self-aggregation of low molecular weight

molecules such as trans-(1R,2R)-bis(dodecanoylamino)cyclohexane (see Figure 1) as

0]
I

H
O/N— C—(CH,),,CH,

ﬁ_ﬁ—(CHz)mCHz
0]

Figure 1 The molecular structure of the first example of a liquid crystal gelator, frans-(1R,2R)-
bis(dodecanoylamino)cyclohexane [8].

the gelator which acts through hydrogen bonding [8]. So far, the gelators used by
Kato ef al. in their studies [8, 9, 10, 11, 12, 13] are amino acid derivatives which are
able to form the hydrogen bonds necessary to lower the solubility and to create the

fibrous network which traps the liquid crystal host. The surface of the fibrous
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network can then pin the director, and this pinning will compete with an applied
electric field or magnetic field for the director alignment [14]. It was recently
discovered that liquid crystal physical gels have potential applications in display
devices [15]. One of the most important phenomena is that the liquid crystalline
physical gels exhibit faster electro-optic responses (turn-off) than liquid crystalline
components in twisted nematic (TN) cells [15]. In contrast to liquid crystal chemical
gels, these physical gels are fabricated by self-assembly processes of hydrogen
bonded molecules and they exhibit thermo-reversible structural changes between
anisotropic gels and isotropic liquid states. The self-assembled liquid crystalline
physical gels consist of low molecular weight liquid crystals and a hydrogen-bonded
gelator developed for the gelation of common organic solvents [15]. The resulting
anisotropic gels are dynamic soft-solid materials possessing both the properties of
liquid crystals and organic physical ‘gels, which do not flow. In these gels, three
dimensional fibrous network aggregates of the hydrogen-bonded molecules are
formed and dispersed in the liquid crystal. These microphase-separated composite

structures contribute to the electro-optic properties of the liquid crystal physical gels.

For the liquid crystal physical gels, there are two types of transitions which occur
independently. The first is the liquid crystal gel — normal gel transition induced by
the phase transition of the liquid crystals, whereas the second is the sol — gel transition
induced by the association and dissociation of the gelator [16]. These two types of
phase transitions are observed when they have different transition temperatures.
Figure 2 shows the two types of structural changes of liquid crystal physical gels.
When the fibrous assembly of a gelator occurs at a temperature higher than the
isotropic-anisotropic transition temperature of a liquid crystal, a randomly dispersed
fibrous network is formed in the isotropic medium. This phenomenon is depicted in
Type I of the phase transition. On the other hand, association of a gelator in a liquid
crystalline phase induces the formation of an oriented liquid crystal gel as observed in
Type 11 of the phase transition, whereupon, the liquid crystal serves as a template.
The morphologies of the fibres, such as the thickness and the growing directions in
liquid crystals, are highly dependent on the combination of the gelators and the liquid
crystals [16]. Our gel system falls into the Type I gel.
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Figure 2 The two types of structural changes of liquid crystal physical gels [16].

In this research, we wish to investigate whether the gelator can change the
orientational order of the liquid crystal, and whether an applied magnetic field can
align the director in the gelled liquid crystal. In order to answer these questions, we

have employed deuterium NMR spectroscopy as our primary tool of investigation.

5.3 Selected Examples

Deuterium NMR spectroscopy is a powerful tool with which to study the orientational
order of liquid crystals and their phase transitions. The quadrupolar splitting from
deuterons observed in the liquid crystal phase is directly related to the orientational
order parameter, E, for the C—D bond. In addition, the quadrupolar splitting is
also determined by the angle the director makes with the magnetic field, which is
important to investigate the director distribution, and hence the director orientational
order. Our investigation involves the gelation of a room temperature nematic liquid

crystal, 4-cyano-4'-pentyl-biphenyl (5CB-d;), deuteriated at the o-position of the
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hydrocarbon chain. The gelator is of an amino acid derivative given to us by the Kato
research group; the details of this gelator will be described in Section 5.4. To begin

our discussion, it is appropriate to look at what happens in an ungelled system.
5.3.1 Pure 5CB-d;

Since 5CB-d; has a positive diamagnetic anisotropy, AY, the deuterium NMR shows

a typical spectrum consisting of a pair of quadrupolar lines for the bulk nematic with
the director completely aligned parallel to the magnetic field. When the liquid crystal
is heated into the isotropic phase, the splitting vanishes, resulting in a single, narrow
peak (see Figure 3). The quadrupolar splitting is related to the orientational order

parameter, by

~ 3
Av, = EqCDSCDﬁ )

where q.p,is the quadrupolar coupling constant, and S, is the order parameter for

the C—D bond. A plot of the temperature dependence of the quadrupolar splitting

T=25°C
* * * *
.ﬁ;{rrx.é.‘.,'éh..ur&v...JoyT

T=35°C

-0

o]
2]
¥

Figure 3 The deuterium NMR spectra for 5CB-d; in the nematic phase at 25°C, and in the
isotropic phase at 35°C.
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Figure 4 The dependence of the quadrupolar splitting on temperature for 5CB-d,.

for 5CB-d; in Figure 4 shows that the splitting decreases with increasing temperature,
and vanishes discontinuously at the transition into the isotropic phase. Hence, the N-I

transition is a first order phase transition.

On a side note, careful examination of the spectrum in Figure 3 reveals two pairs of
extraneous small peaks (marked by the asterisks). In order to discover the origin of
these extraneous peaks, we can compare their quadrupolar splittings with that of a
perdeuteriated SCB (i.e., 5CB-d,s) at 20°C, since these values are available from the
study of the deuterium NMR spectrum of 5CB-d;9 by Luckhurst ef al. [17]. At 20°C,
the quadrupolar splittings for the first extraneous pair in the 5CB-d, sample is
41.8kHz, while that for the second pair is 24.7kHz. We then compare these values
found for 5CB-diy. Figure 5 shows the molecular structure and the deuterium NMR
spectrum of the 5CB-djs in the nematic phase at 20°C. The seven quadrupolar
splittings observed have been assigned to the groups of deuterons of 5CB-d,s, and this
assignment is shown on the peaks according to the labelling indicated on the
molecular structure, as seen in Figure 5. Presumably, the outer extraneous pair of
peaks existing in our SCB-d, spectrum should originate from the C2/C3 deuterons of
the SCB-dys since, in addition, to a comparable quadrupolar splitting, the peaks found
in our spectrum appear to be broad indicating that the peaks come from the C2 and C3
deuterons. The inner extraneous pair appears to originate from the C4 deuterons since
their quadrupolar splittings are comparable. This phenomenon occurs, presumably,

due to the leakage via the reduction of the keto — enol isomers.
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Figure 5 The molecular structure of 5CB-d, with its deuterium NMR spectrum at 20°C [17].

5.3.2 Cylindrically Confined Nematics

With that as our starting point, we shall look at a well-studied system which will help
us understand our results in the gelled 5CB-d; later in Section 5.5. The system that
we shall discuss first is a cylindrically confined nematic. When a liquid crystal is
confined to a volume with sub-micron dimensions, a specific director field
configuration is obtained, which is the result of the competition between the elastic
forces, the strength of the surface interactions, and the size and shape of the confining
volume [18]. While the study of the director distribution is crucial, information on
the surface roughness of the cavity walls is also important because the molecular
orientational order parameter has been shown to depend on surface roughness [19] .
It was shown that the degree of orientational order at the surface decreases with
increasing surface roughness [19]. In addition, the NMR spectrum is particularly

useful in determining the surface-induced liquid crystal alignment within a pore. In
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pores where the director is everywhere parallel to the magnetic field, the NMR

spectrum shows a pair of lines with a quadrupolar splitting of Av,. This would be the

case for the cylindrical confinement where the pore axes are oriented parallel to the
field and the liquid crystal director is axially (parallel) oriented. If on the other hand,
the director is everywhere perpendicular to the magnetic field (a radial director
alignment in a cylinder), the spectrum will also consist of two lines, but now

separated by —(I/2)AV,. If the director is randomly distributed in space, the NMR
spectrum is a Pake-type powder pattern with two horns at +(1/4)AV, and two
shoulders at # (I/2)AV,. The shoulders are due to those directors that are aligned

parallel to the magnetic field, while the horns are due to the regions where the liquid
crystal director is perpendicular to the magnetic field. Some examples of liquid
crystal director configurations found in cylindrical pores are planar-radial (PR),
planar-polar (PP), escaped-radial (ER), and escaped-radial with point defects (ERPD)
(see Figure 6). Configurational transitions from one configuration to another can be
achieved by changing the surface-liquid crystal interaction, by varying the confining

size, or through changes in the elastic constants [20].

==

Planar-Polar (PP)

'
1

Escaped-Radia (ER) Escaped-Radial with
point defeets (ERPD)

Figure 6 Examples of the liquid crystal director configurations found in a cylindrical geometry
[20].
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Figure 7 The deuterium NMR spectra associated with the liquid crystal director configurations
depicted in Figure 6. By represents the angle between the cylindrical pore axis and
the applied magnetic field [20].

The deuterium NMR spectra associated with each configuration are shown in Figure 7
for the field parallel and perpendicular to the cylinder axis; the angle between the field
and the pore axis is denoted 6s. The PR configuration for 8 = 0° corresponds to a
situation where all the directors are perpendicular to the magnetic field. The

_ separation between the two peaks is (I/2)AV,. For 8 = 90°, the result obtained is a

classic uniaxial 2D deuterium NMR spectrum indicating that the directors are
randomly distributed in a plane. The PP structure yields the same spectral pattern as

that of the PR for 63 = 0°. However, for g = 90°, the NMR obtained is a pair of

peaks with a splitting of AV, indicating that the directors are parallel to the magnetic

field. The ER structure for 65 = 0° is characterized by a 3D uniaxial powder pattern
with the shoulders corresponding to the directors parallel to the field and the homns
corresponding to the directors perpendicular to the field. The 8z = 90° orientation for
ER results in a spectral pattern similar to a cylindrical distribution, except for the
outer peaks which are suppressed due to the escaping directors along the cylinder axis
[21]. The NMR spectra for ERPD are almost like those of the ER structure. However,
for 8 = 0°, the shoulders for the NMR spectrum for ERPD are suppressed due to the
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presence of defects which introduce radial domain walls separated by a distance L
(see Figure 6) [21]. The 65 = 90° orientation for the ERPD yields a spectral pattern
similar to the cylindrical pattern with the outer peaks having greater intensity than that
found for the ER configuration but less intense than that for the PR configuration. As
"L becomes larger, the ERPD spectral pattern approaches that of the ER spectral
pattern. With these different director configurations producing unique spectral
patterns, they emphasize the power and convenience of the deuterium NMR technique

to investigate the director distribution.
5.3.3  Proton NMR of Liquid Crystal Gel

Recently, a proton NMR investigation was carried out to study the director
distribution in a nematic gel [1]. The liquid crystal host was 8CB, while the gelator
was that of the gelator of amino acid derivative introduced by Kato et al. [8], the
molecular structure of which is shown in Figure 1. Three different concentrations of
the gelator were prepared namely 1wt%, 3wt%, and 5wt%. The NMR spectra were
measured on a Bruker MSL 100 spectrometer with a magnetic field of 2.3T.

Order Parameter Calculation via Variable Temperature Experiment
Pure 8CB

The first set of experiments performed by Li et al. [1] was simply a temperature
variation run from the isotropic phase into the nematic phase. The dipolar splittings
observed are directly related to the molecular orientational order parameters. To
begin with, they first carried out a proton NMR experiment on ungelled 8CB. In the
isotropic phase, two narrow peaks corresponding to the aromatic and the aliphatic

protons were observed. When the temperature was reduced just close to the T, the

spectra showed a sharp central line corresponding to the coexisting isotropic phase
and a doublet of broad lines corresponding to the nematic phase. Further cooling of
8CB into the nematic phase and then the smectic A phase resulted in the broader lines
with larger splitting. The central part observed (see Figure 8) corresponds to the alkyl

chain protons with partially motion-averaged dipolar interactions which are small,
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whereas the outer peaks which are approximated by two doublets, weakly resolved,
come from the aromatic protons. The order parameter determined is in agreement

with known literature data for the pure 8CB [22].
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Figure 8 The proton NMR spectra of pure 8CB at selected temperatures. The inset shows the

temperature dependence of the dipolar splitting and the order parameter for the
molecular long axis [1].

Gelled 8CB

Next, the sample of 8CB was gelled with Swt% of the amino derivative gelator (see
Figure 1). Figure 9 shows the proton NMR at some selected temperatures. The line
shape observed indicates a powder pattern corresponding to a random distribution for
the director. It was observed that the line shape of the spectra can be fitted extremely
well using the same order parameter as for pure 8CB. This suggests that the order
parameter changes due to the addition of the gelator are negligibly small at least for
the NMR line shape analysis. It was thought that most of the gelator was contained in
the network strands after gelation, so that the material contained in the meshes of the

network was close to being pure 8CB [1].
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Figure 9 The proton NMR of 8CB with 5wt% gelator at selected temperatures. The line shape

corresponds to a random powder pattern, with the width scaling with the order
parameter of pure 8CB [1].

Director Orientation for the Rotated Sample

Pure 8CB

For pure 8CB, the director alignment in the magnetic field was complete. In addition,
the sample was rotated into another orientation away from the magnetic field, the

director realigned immediately parallel to the magnetic field of 2.3T.

Gelled 8CB

In the gelled system, the experiments were conducted by rotating the sample by
different angles, B, away from the magnetic field. For low concentration of the
gelator (1wt%), the director tends to align with respect to the magnetic field (since

AY is positive). Since the coherence length,§ ,,,the distance from the surface over

which order is maintained by a magnetic field, was smaller than the average

dimension of the hydrogen-bonded network meshes, the influence of the network was
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insufficient to fix the director over the entire sample, that is far from the network
strands. The line shape and splitting corresponds to the director orientation close to [3
= 0°, independent of the sample rotation. In other words, although some of the
directors were pinned at the surface, most of the directors were actually aligned

parallel to the magnetic field as sketched in Figure 10.

. Liquid Crystal

v
EJ s ( 5 — '__ i \
mag N Network
Figure 10 An illustration of a partially aligned liquid crystal director field in a sufficiently

strong applied magnetic field for a low concentration (I1wt%) of gelator. The tubes
represent aggregates of the gelator fibrils. Close to the network strands, the director
orientation remains unaffected by the magnetic field [1].

At a concentration of 3wt% of the gelator, the surface effect seemed to win, causing
the alignment of the director parallel to the magnetic field to be incomplete. Now
when the sample was rotated at a particular orientation away from the magnetic field,
part of the director field realigned, but most remain unchanged. At 5Swt%
concentration of the gelator, the effect of the network was further strengthened. In
this case, the gel network mesh size had become smaller than the magnetic coherence
length which caused the director to be almost unaftected by the magnetic field (see

Figure 11).
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. Liquid Crystal
Network
Figure 11 An illustration of a random liquid crystal director field imposed by the interactions

between the liquid crystal and the gel network for a high concentration (Swt%) of
gelator [1].

In order to obtain a quantitative picture of the director distribution in the system, Li ef

al. [1] simulated the proton NMR line shapes obtained (see Figure 12) according to

7t

F(v)= = [ £ (7(B)sinpep, )

0
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Figure 12 The measured proton NMR for the orientation, f = 0°, of the gelled 8CB at 37°C for

the concentration of the gelator of (a) 1wt%, (b) 3wt%, and (c) Swt%. The simulated
spectra are given in (d-f) corresponding to the experimental spectra of (a-c) [1].
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where (B)is the orientational distribution function for the director in the sample. In

addition,

)=~ [} &(@)sinpep, 3)

where the factor of 2 accounts for the symmetry n <> —n . If the director distribution

is cylindrically symmetric with respect to the field, then n(B) is related to

fi(B)according to

n(B)=sin(B)a(B) (4)

Essentially, the simulation of the line shape was performed by varying the distribution,
n(B), and by using the lineshape function f, (v) which corresponds to the completely
aligned sample when the director order parameter is a unity. Since the influence of
n(B)was not quite specific to extract n(B) unambiguously from a deconvolution of the

spectra, some supplementary model distributions [1] were constructed. It was

assumed that, the director field consisted of a randomly disordered part

Ny = nfﬁf sin, %)

and a partially ordered part, a Boltzmann-like distribution with respect to the

magnetic field direction

n,, = nff:c)l sinBexp(— A cos® B) 6)

where the parameter A determines the degree of macroscopic alignment. Physically,
this distribution function is misleading because for a random distribution this function
does not give a constant. Hence, we propose a more appropriate distribution function,

given as
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fp)=z" exp(—Acos2 B), (7

where the normalisation is
Z = [ exp(- A cosB)sinBdp. (8)

The director distributions for the different concentration of the gelator are shown in
Figure 13. For A = 0, the distribution function is constant, and for larger A, the

distribution function has a maximum at f =0, i.e., with the director paraliel to the

magnetic field. From the experimental spectra and the director distribution
determined from them, it is apparent that the concentration of the gelator does affect
the liquid crystal director distribution in the samples. The magnetic field distorts the
random director distribution, though the director remained fixed close to the network
surface. For low concentrations of the gelator (1wt%), the magnetic field seems to
win over the surface alignment of the director, that is most of the director moved
towards the direction of the field. As the concentration was increased above a critical
concentration (~3wt%), the average distance between neighbouring network strings
became smaller than the magnetic coherence length and so the influence of the
network was strengthened. When the concentration of the gelator was increased to
S5wt%, the director orientation was found to be close to the random distribution, as

depicted in Figure 13.
5.3.4 Deuterium NMR of Liquid Crystal Dispersed Polymer

For our last example of a gelled system and its study by NMR, we now briefly refer to
an investigation of a liquid crystal dispersed polymer (LCDP) performed by
Stannarius et al. [23]. They have employed deuterium NMR to determine the director
distributions in LCDP cells in the presence of a magnetic field of 4.7T. The samples
consisted of a nematic liquid crystal mixed with a small amount of a monomer which

was then polymerised by UV irradiation. The nematic liquid crystal was a mixture of
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Figure 13
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The distribution function used in the simulation of the proton NMR spectra shown in
Figure 12 (a-c). The distributions were calculated using equations (7) and (8) with A

“as (a) 50, (b) 5, and (c) 0.

50% 5CB and 50% 50CB-d, (4-pentyloxy-4'-cyanobiphenyl) deuteriated at the a-

position of the pentyl chain. Three different concentrations of the starting monomer

were used to prepare the polymer gelled samples, ie., 1.28wt%, 2.16wt%, and

3.00wt%. The monomer of BAB type (4,4"-bisacryloylbiphenyl, see Figure 14) was

used together with 0.5wt% photoinitiator of benzoin methyl ether.
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Figure 14 The molecular structure of 4,4"-bisacryloylbiphenyl.

To summarise their results, they found that the critical amount of the polymer
skeleton necessary to pin the director orientations was just ~lwt%. A random
distribution of the director could be achieved with ~3wt% of the polymer. For low
concentrations of the polymer, the magnetic field seemed to win over the surface
effect as expected, while the polymer structure at least retained a random orientation
memory in which it is not influenced by the magnetic field. Interestingly, the phase
transition was shifted to lower temperatures after the polymerisation for the three
concentrations of the samples, in which the measured phase transition shifts were -

0.75K, -1.55K, and -2.20K for the 1.28wt%, 2.16wt%, and 3.00wt%, respectively.

With the four selected examples already discussed to provide us some useful
background, we will proceed with our experimental study of the gelled 5CB-d; with

deuterium NMR spectroscopy.
5.4 Experimental

4-pentyl-4'-cyano-biphenyl, deuteriated at the a-position of the pentyl chain (5CB-d),
was chosen as the liquid crystal host, while the gelator dodecamethylenediamide of
N-benzyloxycarbonyl-L-valine ((ZV);12) (see Figure 15), was used for the
preparation of the anisotropic gel. The (ZV),12 was kindly given to us by Professor
Takashi Kato, from the Department of Chemistry and Biotechnology, School of
Engineering, University of Tokyo, Japan. The synthesis of (ZV);12 is described in
[24]. The phase transition for the mixture as a function of the concentration of gelator,
on cooling, is shown in Figure 16 [11]. From the phase diagram, it is apparent that
the transition temperature between the isotropic gel and the nematic gel is almost
constant with increasing concentration of the gelator, suggesting that the inherent
transition temperature of the liquid crystal does not vary greatly [11]. In contrast, the
isotropic-isotropic gel (or sol — gel) transition temperatures increase with increasing

concentration of the gelator.
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Figure 15 The molecular structure of 5CB-d; and the gelator, (ZV);12.
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Figure 16 The phase diagram of 5CB-d, and the gelator (ZV),12 [11].

The liquid crystal physical gels were prepared by mixing 5CB-d; and (ZV),;12 in an
NMR tube (5mm in diameter), heating the mixture into the isotropic phase, stirring it
mechanically, and subsequently cooling it to the desired temperatures. Three samples
with different concentrations of the gelator were prepared, i.e., 0.27mol%, 0.73mol%,

and 2.5mol%.

The measurements for the effect of the gelator on the director distribution in the

nematic 5CB-d; were conducted with deuterium NMR spectroscopy using a 300MHz
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Varian Infinity Plus spectrometer (magnetic strength of 7.5T) with SPINSIGHT

software for data acquisition and spectral processing. The spectra were recorded
using a quadrupolar echo sequence(#/2—7,—7z/2—7,), where 7, was 30us and 7,
was 42ps, while the length of the z/2 pulse was 5 us . The temperature was

controlled by a thermocouple in the probe head connected to a Varian temperature

control unit with a stability of 0.1 K over the time needed to obtain a spectrum.

In addition, we also performed an optical study on the gelled systems using optical
polarising microscopy in order to complement the NMR results.  The phase
behaviour of the gelled systems was studied with an Olympus BH-2 polarising
microscope equipped with a TMS Linkam 90 heating stage using a heating rate of
5°C/min. A thin sample for each concentration of the gel was sandwiched between a
glass plate and a glass cover slip. The microscope slide was then mounted on the
heating stage between polarisers which are crossed at 90° to each other. Each sample
was heated from room temperature up to the desired temperature, and cooled back to
room temperature. The snapshots of the optical textures were taken using a Canon

G3 Powershot digital camera.

5.5 Results and Discussion

5.5.1 Deuterium NMR Spectroscopy

Figure 17 shows an overview of the spectra obtained at different temperature for the
three different concentrations of the gelator in 5CB-d,. It is apparent from the
deuterium NMR spectra that each concentration of the gelator gives a different NMR
line shape cormresponding to different director distributions. For the lowest
concentration of the gelator of 0.27mol%, the deuterium NMR spectral lineshape
resembles that for pure SCB-d; (see Figure 3), except for the existence of the inner
pair of peaks found in the gelled 5CB-d,. In essence, the outer splitting corresponds
to the sample with the director parallel to the magnetic field, whereas the inner peaks
correspond to the director perpendicular to the field. The ratio of these splittings is
found not to be 2:1 as might be expected for a uniaxial nematic and this phenomenon

will be addressed shortly. The outer peaks are more pronounced than the inner peaks
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Figure 17 An overview of the deuterium NMR spectra for the three different concentrations of

the (ZV),12 gelator in 5CB-d,.

117



indicating the alignment of the director by the magnetic field. As the temperature is
increased, the quadrupolar splittings are reduced, in keeping with the reduction in the
orientational order, as seen at 30°C. The spectrum at 33°C shows a central peak from
the coexisting isotropic gel present in the nematic gel. At 33.3°C, the intensity of the
inner quadrupolar doublet has increased with respect to the outer peaks and the
spectrum shows a powder-like feature. In addition, there exists a new pair of peaks at
the tip of the outer peaks close to the transition temperature. The origin of these

peaks will be discussed later.

The central column in Figure 17 shows the deuterium NMR spectra for an
intermediate concentration, of 0.73mol%, gelator in 5CB-d,. The spectral lineshape
at 20°C seems to show a powder pattern consistent with a two dimensional director
distribution. As we have seen the outer peaks relate to the directors parallel to the
magnetic field, the inner peaks correspond to the directors perpendicular by the field.
As found in the 0.27mol% gel, the ratio of the quadrupolar splittings for the
0.73mol% gel is also not exactly 2:1. The quadrupolar splitting decreases with
increasing temperature.  However, in contrast with that for the 0.27mol%
concentration of the gel, the spectra from the 0.73mol1% gel shows that the inner peaks
are more intense than the outer peaks as expected with more of the existence of the
gelled nematic. In other words, the director orientation is now more influenced by the
surface than by the field interactions. At 33°C, a biphasic region of the isotropic gel
phase and the nematic gel phase is observed and there is a major change in the
spectral lineshape in which the spectrum now looks more like a powder pattern with a
three dimensional distribution of the director. More interestingly, an extra sharp
feature is observed at the tip of the outer shoulder of the spectrum, which suggests
that the directors corresponding to these new peaks may originate from the bulk

nematic aligned parallel to the magnetic field.

For the highest concentration of the gelator, 2.5mol%, the spectral lineshape obtained
is a three dimensional powder pattern, with the inner peaks more prominent than the
outer shoulders. As observed for the two lower concentrations of the gelators, an
increase in temperature results in the reduction of the quadrupolar splittings

corresponding to a reduction in the molecular orientational order. At 30°C, a new pair
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of peaks appears by the shoulders of the spectrum again as we have seen for the other
two samples. This feature is more prominent one degree above at 31°C, where the
biphasic region also begins to form. Then at 31.5°C, the isotropic peak becomes
dominant, the spectral shoulders become less pronounced and relatively the sharp

outer lines are less prominent.

The influence of the magnetic field on the orientation of the liquid crystal dispersed
polymer (LCDP) samples by Stannarius et a/. [23] mentioned earlier in Section 5.3
suggests the assumption of a behaviour similar to a Fréedericksz transition, which
occurs when there is a competition between the surface elastic and the magnetic
forces on the liquid crystal director. In the case of the LCDP, the director orientation
is elastically distorted by the magnetic field but remains fixed at the polymer skeleton.
While for low concentrations of the polymer, an applied field can easily align the
nematic director, above a critical concentration, the average distance between
neighbouring polymer strings or clusters becomes smaller than the coherence length
corresponding to the field strength. This Fréedericksz-like transition phenomenon

seems to also occur in our gelled systems.
We shall consider a highly idealised system, namely, a nematic liquid crystal,

confined between two planar surfaces with a spacing, d. In order for the magnetic

field to win over the surface alignment, then

a>E Bk ©)
BY Ay

where B is the magnetic field strength, u, is the permeability of vacuum, K is an

average elastic constant, and AY is the diamagnetic anisotropy.

On the other hand, for the surface alignment to be dominant over the magnetic field

alignment, then

d< X (B (10)
BY Ay
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Figure 18 shows the temperature dependence of the quadrupolar splittings for the
outer peaks for the three different concentrations of the gelled 5CB-d,. For
comparison, we have also included the data points for the ungelled SCB-d,. The first
observation from the plots in Figure 18 is that the nematic gel-isotropic gel transition
for all the three gels is a first order phase transition in that there is a discontinuous
change in the splittings at the transition. In addition, the nematic gel-isotropic gel
transition temperature is reduced with increasing concentration of the gelator. The N-
I transition temperature for the pure system is 35°C, but this transition is reduced by
1.5°C, 1.6°C and 3.0°C for the gel concentration of 0.27mol%, 0.73mol% and
2.50mo1%, respectively. This phenomenon is in accord with that found in the study
of liquid crystal dispersed polymer by Stannarius et al. [23] as discussed earlier. Our
NMR results are also in agreement with our observation from the optical polarising
microscopy as we shall discuss later. However, our results are not in accord with the
findings by Kato er al. as shown in the phase diagram in Figure 16 where the
transition temperature from the nematic gel to the isotropic gel is almost constant with

increasing concentration of the gelator.
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Figure 18 Temperature dependence of the quadrupolar splittings for the outer peaks in the

NMR spectra of 5CB-d,, gelled and ungelled.

For all three different concentrations of the gelator, we observe that on increasing the

concentration of the gelator, we observe a change in the spectral pattern showing a
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changing director distribution. The results contained in the three dimensional powder
pattern spectra found with increasing concentration of the gelator are to be expected.
However, what we did not expect is the existence of the new peaks especially
apparent close to the transition temperature, i.e., on going from the nematic gel to the
isotrdpic gel. These sharp peaks which gave the largest quadrupolar splitting in the
spectra suggest that they correspond to the ungelled bulk nematic in which the
director is readily aligned by the magnetic field. This means that for each
concentration of the gel, the system actually consists of regions of ungelled nematic,
gelled nematic, and near the phase transition, the isotropic gel which is shown by the
central single peak shown in Figure 17. Perhaps, this is the fact that the ratio of the
quadrupolar splittings is not associated with 2:1 as expected for the uniaxial nematic.
The temperature dependence of the ratio of the splittings is shown in Figure 19 and

from this it is apparent that the ratio is larger than 2:1.
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Figure 19 The temperature dependence of the ratio of the quadrupolar splittings for the systems

with 0.27mol%, 0.73mo1% and 2.50mol% gelator.

5.5.2 Spectral Simulations

The spectral simulations described in this section were kindly performed by Angela

Downing from the University of Southampton.
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In order to obtain a quantitative picture of the spectral features that we have observed
for the gelled 5CB-d, samples, that is the director distribution, the unusual ratio of
splittings and the sharp spectral features, our experimental spectra have been
simulated. To undertake these spectral simulations, we require a functional form for
the director distribution function. The molecular distribution function derived in the
Maier-Saupe theory of nematics might be assumed to be a good starting point for the

director distribution. This would allow us to write the distribution function as

£(B)=Z"exp(~ aP,(cosp)), (11)

where Z is the normalisation parameter, P,(cosp)is the second-rank Legendre
polynomial, B is the angle between the difector and the magnetic field and « is a
constant. This distribution function is identical to that used for the spectra in the
proton NMR experiments by Li ef al. [1] as discussed earlier in Section 5.3. However,
this distribution function does not work in our simulation to fit the experimental
spectra. Instead, the director distribution function [25] found to fit the spectra
obtained in a study of Kevlar was used in the simulations. This distribution function

is given by

f(B)=LZ( 1 (XZ—IJP’ (12)

N —cos®P

where X is a parameter which controls the director distribution. A is equal to unity for
a three dimensional random distribution (zero director order) and at the other extreme,
as A tends to infinity, the director is aligned parallel to the magnetic field with B
tending to zero, and the probability of finding the director orthogonal to the field
tends to zero [26]. The director orientational distribution function calculated from
Equation (12) for various values of A is shown in Figure 20. In addition, the director

order parameter is related to the distribution function by

L

P, = [P, (cosp)f(B)sinpdp, (13)

.0
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and can be obtained analytically as

172
(14)

_d:)&

W ( 20 +1 ]_ Sarctan()’ —1)
2 2 22 (xz __1) (Kz _1)3/2

The influence of A on the director orientational order parameter, E“, is featured in

Figure 21.
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The lineshape employed in our spectral simulations is taken to be Lorentzian because
it is found to give the best fit to the experimental spectra. The normalised Lorentzian
function is given as

2T,

Lv)=—F 22—,
() 1+ T (v—v,)*

(15)

where T, is the spin-spin relaxation time and v, is the Larmor frequency; the

linewidth is determined by T,'. The simulations contain all the three peaks coming

from the ungelled nematic, the gelled nematic and the isotropic gel. The intensities of
these peaks depend on the contribution from each phase and in the simulation, the

contributions are totalled to unity.

The positions of the peaks for the ungelled nematic phase are given by

Sy iAVO P! (cosB) (16)

0 2 H
where AV, is the splitting when the director is parallel to the field and is used to scale

the spectral frequencies, v, and v, is taken to be zero, the centre of the spectrum; the

superscript d denotes the director. The directors in the ungelled nematic are aligned
parallel to the magnetic field and so B is zero. Hence, from Equations (15) and (16),

the observed spectrum attributed to the ungelled nematic is

2¢

U)=——r———>
) 1+e*(v+0.5)

(17)

where ¢ is the spin-spin relaxation time for the ungelled nematic and the reciprocal of

the linewidth of the peaks. This function gives a pair of peaks.

The gelled nematic is represented by
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G(v)zl]b 2 ~dcosp, ._ (18)

2°1+r{viw]

where t is the spin-spin relaxation time for the gelled nematic and hence, the
reciprocal of the linewidth. The factor 1/2 in Equation (18) comes from the
distribution function in Equation (12), where A is taken to be 1 to indicate that the
distribution of the directors in the gelled nematic is independent of P that is the

director is randomly distributed in three dimensions.

Finally, the single isotropic peak is given by

I(v)=—n (19)

1+ kv’

where «x is the spin-spin relaxation time and hence, the reciprocal of the linewidth of

the isotropic peak.

The simulation is performed by adding these three functions given in Equations (17-
19) usiﬁg the appropriate scaling factor for the contributions from each phase. These
scaling factors are u for the ungelled nematic, g for the gelled nematic and (1 — g —u)
for the isotropic gel, the total of which for the scaling factor is unity, as mentioned
earlier. The peaks from each phase do not necessarily have the same linewidths, and
from Equations (17-19), we are able to vary these. In addition, since only the gelled
nematic changes with A, then only Equation (18) will be multiplied by the distribution
function given in Equation (12). Earlier, from Figure 19, we found that the ratio of
the outer splitting to the inner splitting is not necessarily 2:1; most of the time it is
larger. To cater this in our simulation, we have used a value slightly larger than 0.5
used in Equation (17). For example, if the ratio is to be 2.1:1, we would use the value

0.525 instead of 0.5 in Equation (17).

The effect of the gelator on the gelled system can also be observed through the

linewidth of the isotropic phase. To demonstrate this phenomenon, Figure 22 shows
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2.50mo0l% (ZV),12 in 5CB-d,

0.73mol% (ZV),12 in 5CB-d,

0.27mol% (ZV),12 in 5CB-d,

ungelled 5CB-d,

Figure 22 The deuterium NMR spectra of the isotropic phase for the ungelled SCB-d, and for
the gelled 5CB-d,. The simulated spectra are shown in blue.

the isotropic spectra for the ungelled 5CB-d; and the three gelled systems with
different concentrations of the gelator together with the simulated spectra. The

spectrum for each sample was taken when the system was just in the isotropic phase,
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and so, for the gelled systems, this means that the samples were in the isotropic gel
phase. The temperatures are 35°C, 33.5°C, 33.4°C and 32°C for the ungelled 5CB-d,,
0.27mol1%, 0.73mo1% and 2.50mol% concentration of the gel respectively. Clearly,
increasing the concentration of the gelator in the system increases the linewidth. In
the simulation, the values used for k, which is the reciprocal of the linewidth of the
isotropic peaks are 95, 90 and 55 for the ungelled 5CB-d,, the 0.27mol%
concentration gel and the 0.73mol%, respectively. For the 2.50mol% concentration,
the simulation consists not only of the isotropic gel (x =15), but also the ungelled
nematic (¥ = 0.02, ¢ = 5) and the gelled nematic (g = 0.2, T = 5). This result means
that the transition of the isotropic gel to the isotropic phase also increases with the
concentration of the gelator, as supported by the phase diagram of Kato et al. in

Figure 16.

The experimental spectra for the three concentrations of the gel when they are close to
the nematic gel-isotropic gel transition were then fitted in order to have a quantitative
picture of the director distribution in the gelled systems, in addition to understanding
the nature of the new peaks that emerge near the transition temperature. We began
with the lowest concentration of the gel, that is 0.27mol1% (ZV),12 in 5CB-d,. Figure
23 shows the experimental deuterium NMR at some selected temperatures close to the
nematic-isotropic transition temperature. The corresponding spectra simulated using
the director distribution given by Equation (12) and the appropriate scaling factor for
the ungelled nematic, gelled nematic, and isotropic gel, are shown in red. The
spectrum at 30°C shows two pairs of peaks, the outer pair represents the ungelled
nematic and the inner pair is of the gelled nematic. In fact, the spectrum from the
gelled nematic also contains shoulders as well as the inner pair of horns; whereas the
horns are readily observed, the shoulders are not. The scaling factor, g, attributed to
the gelled nematic is slightly higher than that of the ungelled nematic, represented by
u. This similarity in the weighting factors may appear to be somewhat surprising
given that the spectrum is dominated by the outer quadrupolar doublet; however, the
area of the powder patter is considerably greater than that for a single quadrupolar

doublet. At 32.8°C, the isotropic peak appears in the spectrum, the amount of the
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30°C, g=0.55, u=045
A=2.5 P'=0382

| | 32.8°C, g= 044, u =042
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33.1°C, g=032, =010
A=25: P'=0.382

| 33.3°C, g=0.15,2=0.01
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Figure 23 The deuterium NMR spectra for the system with 0.27mol% (ZV),12 in SCB-d,. The

simulated spectra are indicated in red; g represents the scaling factor for the amount
of the gelled nematic, v the amount for the ungelled nematic, while & controls the
director distribution in the gelled nematic.

ungelled and gelled nematic is almost comparable and the director distribution stays
they same as that found at 30°C, where A is 2.5 for the gelled nematic. [ncreasing the

temperature to 33.1°C caused the intensity of the isotropic peak and the inner pair to
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increase. The simulated spectrum shows that the contribution of the ungelled nematic
is reduced. However, A is still 2.5. At 33.3°C, the spectral shape changes to be
powder-like. The system at this temperature is dominated by the isotropic gel. In
addition the intensity of the inner pair is greater than the outer pair suggesting that the
amount of the gelled nematic at this temperature is larger than that of the ungelled
nematic. The parameter A is now 1.3, which indicates that the director is almost
randomly distributed; this is apparent from the distribution functions shown in Figure

20.

For the 0.73mol% of the gelator (ZV);12 in 5CB-d,, the experimental and the
simulated spectra near the transition temperature are shown in Figure 24. The value
of A in this system is lower, that is, closer to unity than that found in the 0.27mol% so
that the director here is almost randomly distributed. Figure 24 at 30°C shows an
apparently almost classic two dimensional powder pattern. But this is an illusion for
as the simulation shows, the spectrum is made up of a three dimensional powder
pattern and a simple quadrupolar doublet. The intensity of the inner pair is more
intense than the outer peaks, which means that the amount of the gelled nematic is
more than the ungelled nematic. This is supported by our simulation, in blue, and the
scaling factor for the amount of gelled nematic is 0.91 and that for the ungelled is
only 0.09. At 32.7°C, the three phases coexist, i.e., the ungelled nematic, the gelled
nematic and the isotropic gel. Just a mere 0.2°C increment in temperature causes an
abrupt change in the spectral shape into almost a three dimensional poWder pattern
because the contribution from the ungelled nematic has vanished. At 32.9°C, the
ungelled nematic is almost gone, but at 33.1°C, the relative intensity of the sharp
outer peaks grows, and since they form the largest splitting in the spectrum, we argue
that the peaks must have originated from the ungelled bulk nematic. The appearance
of these sharp outer peaks near the nematic gel-isotropic gel transition was
unexpected although may result from a decrease in the intensity of the powder

spectrum from the gelled nematic.
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30°C, g =0.91, u=0.09
A=15P'= =0.169

.;r—-rv-

32.7°C, g = 0.82, u = 0.06
a=16; P! =0.196

32.9°C, g =040, = 0,013
h=14; B =0.140
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33.1°C, g=0.17, u =0.002
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Figure 24 The deuterium NMR spectra for the system with 0.73mol% (ZV),12 in 5CB-d,. The

simulated spectra are indicated in blue; g represents the scaling factor for the amount
of gelled nematic, u is that for the ungelled nematic, while A controls the director
distribution in the gelled nematic.
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Figure 25 shows the deuterium NMR spectra for the mixture of 2.50mol% (ZV):12 in

5CB-d, together‘ with the simulated spectra which are shown in green. The value of A

used in the simulation is 1.0, suggesting that the director is now randomly distributed

Figure 25

22°C, g=0.99, u=0.01
A=1P'=0

29.7°C, g=0.95, u=10.005
A=LD =0

J |
7o\
& e o e

T =r R

The deuterium NMR spectra for the system with 2.50mol% (ZV),12 in 5CB-d». The
simulated spectra are indicated in green; g represents the scaling factor for the
amount of gelled nematic, u is that for the ungelled nematic, while X controls the
director distribution in the gelled nematic.

in three dimensions. This is certainly apparent from the spectrum observed at 22°C

which shows a three dimensional powder pattern. As expected, the amount of the

gelled nematic is more than that of the ungelled nematic and is confirmed by the

simulation at the two lower temperatures of 22°C and 28.1°C. At 29.7°C, the

isotropic peak begins to appear and the sharp peaks from the bulk nematic also

emerge. Interestingly, the appearance of these outer peaks near the phase transition is

consistent for the three different concentrations of the gels that we studied.
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The results for the three different concentrations of the gelators are summarised in

Table 1.
Temperature/°C g u A P4
30 0.55 0.45 25 0.382
0.27mol% 32.8 0.44 0.42 23 0.382
33.1 0.32 0.10 2.3 0.382
333 0.15 0.01 1.3 0.108
30 0.91 0.09 1.5 0.169
0.73mol% 32.7 0.82 0.06 1.6 0.196
32.9 0.40 0.013 1.4 0.140
33.1 0.17 0.002 1.1 0.039
22 0.99 0.01 1 0
2.50mol% 28.1 0.98 0.02 1 0
297 0.95 0.005 1 0
Table 1 A summary of the results for the different concentrations of the gelator, (ZV),12, in

which g represents the scaling factor for the amount of gelled nematic, u is that for
the ungelled nematic, while A controls the director distribution in the gelled nematic.

The director orientational order parameter is denoted as Py

5.5.3 Optical Polarising Microscopy

To support our observation found in the deuterium NMR study, we have also
conducted an optical study on the textures of the gels. The optical study is important,
for example, to support the NMR results of the disappearance of the ungelled nematic
before the gelled nematic. We begin our discussion with a brief background on this
technique and on the textures and defects shown by a nematic phase, since SCB-d;

shows only a nematic phase.

The manner in which the directors are arranged within the phase can be detected by
careful analysis of the macroscopic “defect” texture. Since the polarisers in the
microscope are crossed at 90° to each other, then with no sample in place, light is
extinguished and so the sample is black. Similarly, if an isotropic liquid is studied,
the polarised light remains unaffected by the isotropic sample, and so no light passes
through the analyser. However, when an anisotropic, birefringent sample is present,

light is not extinguished, and an optical texture appears which gives information

132




relating to the arrangement of the directors within the sample. When studying
mesophases by this optical technique, the texture observed depends upon how the
sample is aligned, in addition to being dependent upon the phase structure of the
sample [27]. —

There are two extreme forms of alignment for liquid crystals: homeotropic and
uniform planar. Homeotropic alignment is where the directors that constitute the
phase structure are oriented such that they are normal to the supporting substrate.
When the director is so oriented, polarised light is unaffected by the material, hence
light cannot pass through the analyser, resulting in complete blackness. In a uniform
planar alignment, the constituent directors of the liquid crystal phase are oriented
parallel to the supporting substrates. A thin film of liquid crystal phase exhibits
birefringence and a coloured texture results when viewed between the crossed
polarisers. However, where the director is in line with either polariser, light is

extinguished.

A defect is a region where the director abruptly changes direction in which no specific
director can be identified. This line defect is known as a discl/ination and results in a
black thread-like feature in the optical texture. They appear black because of the
optical extinction caused by the crossed polarisers. For optical extinction to occur,
the directors must be aligned in the direction of either the two crossed polarisers.
When these disclinations meet at a point, they give rise to brush defects, and the most
common of which is the four-brush defect [27]. A thin sample of a material in the
nematic phase when viewed by optical polarising microscopy is often seen in the
homeotropic texture which is optically extinct, and so appears black. However, there
may be small areas of a birefringent texture with dark disclinations if the sample is
quite thick. Displacement of the cover slip (shearing) induces uniform planar
alignment, and produces a temporary birefringent flash. On heating the sample,
uniform pianar alignment is often induced close to the clearing point, just before the
isotropic liquid produces a completely optically extinct texture. It is at this point that

the colourful birefringence of the Schlieren texture appears.

When cooling from the isotropic liquid, birefringent droplets appear against a black

background as the nematic phase is generated in the isotropic matrix. If the sample is
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thick enough, these droplets coalesce to give a Schlieren texture which may contain
the thread-like defects described earlier. On cooling, the nematic phase comes from
the isotropic liquid, and so the texture that results is called a narural texture, as
opposed to a paramorphotic texture which results from the heating or cooling of
another anisotropic phase, and often takes characteristics from that preceding phase

[27].
Optical Textures of Pure 5CB-d,

Figure 26 shows the optical texture of the ungelled 5CB-d,. At 26.9°C, the sample
shows regions of homeotropic and uniform planar alignment, although most of the
region is actually homeotropic, i.e., the sample should be black. This is because the
cyano group of 5CB-d, prefers to be aligned perpendicular to the glass surface which
is made up of the SiO; chain. As the sample is heated to 33.9°C, we observed the
reticulated structure caused by the co-existence of the isotropic and nematic phases.
The sample was then heated into the isotropic phase at 35.0°C and then cooled back to
room temperature. The Schlieren texture is apparent at 33.3°C and some regions of
the sample show Maltese crosses inside some of the droplefs while; in others there is a
circle at the centre of the cross. As the sample was cooled further, most of the sample

appeared dark due to the homeotropic director alignment.
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33.3°C [N + I; cooling] 25.4°C [N; cooling]
. . (=}

Figure 26 The optical textures of 5CB-d, [x100].
Optical Textures of 0.27mol% (ZV);12 in SCB-d;

Figure 27 shows the phase textures of 0.27mol% of (ZV),12 in 5CBd,. At 30.1°C,
the sample consists of the gel with some pockets of nematic region identified by the
coloured region and the black thread-like feature of the Schlieren texture. The
Schlieren texture of the nematic phase becomes more apparent when the sample is
heated to 31.6°C. At 32.1°C, the nematic phase has gone into the isotropic phase,
leaving only the gelled nematic and the isotropic. The gelled nematic looks bright
due to the liquid crystal host. At 38.1°C, the isotropic gel also looks bright although
less brighter than that found for the gelled nematic; we attribute this birefringence to
the fibres that hold the gel together. At 56.1°C, the fibres of the gel begin to melt.
The sample is heated further, and at 94.9°C, the isotropic gel melts into the isotropic
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32.1°C [Ngo +1] 38.1°C [Igy + 1]

56.1°C [lga] 94.9°C [I]

Figure 27 The optical textures of 0.27mol% of (ZV);12 in 5CB-d, [x100].

phase. This results tally with the NMR results in which we observe that the ungelled

nematic melts first into the isotropic before the gelled nematic.
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Optical textures of 0.73mol% (ZV)312 in 5CB-d;

The optical textures for the sample with 0.73mol% of (ZV);12 in 5CB-d, are shown

in Figure 28. At 24.1°C, the gel is more dominant than the nematic; there are only a

31.8°C [N + I+ Ngel

32.4°C [Nga + 1] 75.1°C [Igul

110°C [Ige] 132.1°C [1]

Figure 28 The optical textures of 0.73mol% of (ZV);12 in 5CB-d, [x100].
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small number of nematic pockets in the sample as shown by the coloured regions. At
31.8°C, we can see the four-brush defect of the nematic texture before the sample
melts into the isotropic phase. At 32.4°C, the ungelled nematic has melted leaving
only the gelled nematic and the isotropic. Further heating to 75.1°C causes the gelled
nematic to melt into the isotropic gel. As mentioned earlier, the brightness of the
isotropic gel texture could be caused by the fibres that hold the gel together. Heating
the sample further to 132.1°C melts the isotropic gel into the isotropic phase.

As observed for the 0.27mol% of the gelator, the same trend is observed for this
0.73mol1% gelator in which the ungelled nematic goes into the isotropic first before
the gelled nematic. The results are comparable with that for the deuterium NMR
spectroscopy in which the ungelled nematic peaks disappear first before the gelled

nematic peaks.
Optical Textures of 2.50mol% (ZV)212 in 5CB-d;

Figure 29 shows the optical texture of 2.50mol% (ZV),12 in 5CB-d,. At 25.4°C, the
gel is more dominant than the nematic phase. When the sample is heated, the
Schlieren texture from the nematic phase appears as observed at 30.9°C, just before it
goes into the isotropic phase. At 35.8°C, what remain are the gelled nematic and the
isotropic. Heating the sample further causes the gelled nematic to melt into the
isotropic gel. At 115.1°C, the sample is still in the isotropic gel phase due to the
fibrous texture. Once again, these optical results are comparable with that for the
deuterium NMR spectroscopy in which the ungelled nematic peaks vanish before the

gelled nematic peaks.

From these optical studies, we observe that each concentration of the (ZV),12 gelator
in 5CB-d; shows a different Ty; for the ungelled nematic. The lowest concentration of
(ZV),12 at 0.27mol% gives a Ty of just above 31.6°C. For the intermediate
concentration of (ZV);12 at 0.73mol%, the Ty is just before 31.8°C (i.e. lower than
31.6°C), and for the highest concentration of 2.50mol% of (ZV),12, Ty occurs just
after 30.9°C. Hence, the Tn; for all the three gels are shifted from that of the ungelled
5CB-d,, i.e., 33.9°C, from the optical studies shown in Figure 26. The Ty; reduces

with the increase of the concentration of the (ZV),12 gelator. This phenomenon is in
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accord with that observed by Stannarius et al. in the LCDP study [23], as we have

discussed earlier in Section 5.3 .

25.4°C [N + Ngel 30.9°C [N + Ngy]

35.8°C [Nea + 1] 68.3°C [lgei]

104.3°C [Igal 115.1°C [lgel]

Figure 29 The optical textures of 2.50mol% of (ZV),;12 in 5CB-d, [x100].
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5.6 Conclusions

The deuterium NMR results and spectral simulations have shown that the gelator has
affected the director distribution of the liquid crystal host in a magnetic field, and
hence the director order parameter. We have observed that at low concentrations of
the gelator, the magnetic field and not the surface controls the director alignment, and
so the director is aligned essentially parallel to the field. Increasing the concentration
of the gelator, with its random surface, causes a random distribution of the director, as
we had expected. In addition, we also observed from the NMR spectra that, on
increasing the temperature, the peaks attributed to the ungelled nematic disappeared
before that of the gelled nematic, and this is consistent with our optical polarising
microscopy results. These results are apparently in contrast with the fact that the
molecular orientational order for the ungelled nematic is higher than that of the gelled

nematic.

We also conclude that the effect of gelation on the director order parameter increases
as the concentration of the gelator increases which suggests that the spacing between
the fibres decreases. Secondly, with the gelled nematic, the effect of the surface field
is to increase the molecular orientational order but just slightly. The deformation of
the director in the gelled state with the associated increase in the elastic energy seems

to decrease the nematic — isotropic transition temperature.
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Chapter 6

Field-Induced Director Alignment in the SmA phase of 8CB

6.1 Introduction

Liquid crystal alignment technology, the reorientational behaviour of the ditector in a
nematic phase in response to an electric field, is very important especially for the
successful application in electro-optical display devices. One of the key parameters
for the selection of a liquid crystal for an electro-optical device is the response time to
the switching between states, i.e., from on to off, which is controlled by the electric
field, or vice versa, determined by the elastic energy and surface alignment, when the
liquid crystal is subjected to the new torque [1]. The paramount importance for
understanding the molecular and macroscopic origins of the response time has led to a
vast amount of research, both theoretical and experimental, concerning the field-
induced alignment of the director in a nematic phase [see for example, 2,3,4]. In
comparison, the field-induced alignment of a smectic A phase is almost like an untold
story. The field-induced alignment process of the director in a smectic A phase is
more complicated than that in the nematic phase because the coupling between the
translational and orientational coordinates of the molecules play a role in the process.
The rotation of the director by the field must also induce a flow in the sample if the
layers of the smectic A phase are to be retained with the director parallel to the layer
normal. This is because the alignment field is not directly involved in the orientation
of the layer normal. The alignment of the smectic A phase results directly from the
interactions between the molecules which are responsible for the existence of the

phase.

This small amount of knowledge concerning the alignment of a smectic A phase by a
magnetic field has prompted us to conduct studies on it using time-resolved deuterium
NMR spectroscopy. This technique is particularly relevant and useful because it is

able to provide the director orientation for a monodomain sample and the director
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distribution if the sample is not uniformly aligned. Presented in the following
sections, are results and discussions on our NMR experiments for the smectic A phase
of 4-octyl-4'-cyanobiphenyl (8CB-d;), which is specifically deuteriated at the o-
position of the chain (see Figure 1).

Cr 21.5°C SmA 33.5°C N 40.5°C 1

Figure 1 The molecular structure, phase behaviour and transition temperatures of 8CB-d..

Since 8CB-d; has a positive diamagnetic anisotropy, Ay, and a nematic phase, so the
directors can first be uniformly aligned in the nematic phase along the magnetic field
of the NMR spectrometer. By cooling the nematic phase slowly into the smectic A
phase, the alignment produced by the field remains intact so that a monodomain
smectic A is produced [5]. The sample is then rotated about an axis perpendicular to

field, causing the director to adopt a new orientation, B, and time-resolved deuterium

NMR is employed to monitor how the director is aligned back parallel to the field.

The layout for this Chapter is as follows. The next section starts with the objectives
of the research. The explanation of the basic theory of deuterium NMR spectroscopy
and its important features for the study of field-induced director dynamics are featured
in Section 6.3. In Section 6.4, we will review on the previous work on the alignment
of smectic A phase related to ours. Section 6.5 describes the experimental set-up for
this study. The results and discussion are contained in Section 6.6, while Section 6.7

summarises the research presented.

6.2 Objectives

Our experiments and the new results obtained are built on earlier NMR studies and
are made possible by the technological advances in the instrumentation, in our case,
by using a more advanced spectrometer. Our objective is to extend the previous

studies of the field-induced director realignment of the smectic A phase of 8CB-d;
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conducted by Emsley et «l. [5,6]; in their experiments, the deuterium NMR spectra
were recorded on a Bruker MSL200 spectrometer, corresponding to a magnetic field
of 4.67T. However, due to the limitation of their spectrometer, the spectral resolution
and sensitivity was not good which caused some features of the director dynamics not
to be apparent in the spectra. With our state-of-the-art Varian Infinity Plus 300 NMR
spectrometer with its higher field of 7.05T, we are able to observe some significant
features in the spectra which were not observed before, presumably because of the
higher sensitivity of the present spectrometer. This enables us to investigate the field-
induced behaviour of the directors in the realignment process and the temperature

dependence of the director dynamics, more convincingly.

A series of experiments at different temperatures and initial angles,,, between the

director of the sample and the magnetic field, was conducted in order to characterise
the dynamics of how the smectic A director is aligned by the field. In addition, the
effects of surfaces on the director realignment, i.e., the effect of using a conventional
NMR glass tube versus a PTFE tube capped with Kapton discs, which simulates that
used in the X-ray experiments [7], are studied. The objective is to compare the results

of the surface effect qualitatively.

6.3 Theoretical Background

For a set of equivalent deuterons, the deuterium NMR spectrum exhibits a single line
in the isotropic phase because the two allowed transitions are degenerate [8]. In a
liquid crystal phase, this degeneracy is removed because of the intrinsic long-range
orientational order combined with the quadrupolar interaction of the deuterium nuclei
(see Chapter 3). For a monodomain sample, where the director is uniformly aligned,
the NMR spectrum consists of a single doublet, provided the dipolar interaction is
negligible in comparison with the linewidth. When the director makes an angle, B,

with the magnetic field, the quadrupolar splitting, AV, is given by

AVy = AV,P, (cosB), (1)
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where AV, is the splitting when the director is parallel to the magnetic field, and

P, (cosp) is the second Legendre polynomial, that is

3cos’B—1

5 (2)

P, (cosp)=

According to Equations (1) and (2), as the director moves away from being parallel to
the field, the splitting should decrease, pass through zero at the magic angle, 54.74°,

and then decrease to minus one half of the original splitting, AV,, when the director

is orthogonal to the magnetic field. Although the quadrupolar splitting changes sign
after passing through the magic angle, the sign of the splitting is not directly available
from the spectrum. Figure 2 shows the changes in the quadrupolar splitting as a result

of the different orientations of the director with respect to the magnetic field [8].

Figure 2 The simulated dependence of the deuterium NMR spectrum for a single deuteron on
B, the angle between the director and the magnetic field [8].

As mentioned in the Section 6.1, the field-induced dynamics for a nematic phase are
well-known both theoretically and experimentally, and so, we shall outline the major
outcomes of the studies of the nematic phase in order to provide a framework for our
investigation on the SmA phase. The behaviour of the director in the nematic phase
and the SmA is expected to be comparable since the SmA-N transition for 8CB is

second order, at least within the vicinity of the transition [7]. In the monodomain
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nematic, if the director is at an angle, B, to the magnetic field, provided that Ay is
positive and there are no surface effects, the directors are pulled towards the field by

the magnetic torque, I’

mag ?

- —%A%'Bzu? sin 2, @3)

mag

which is resisted by the viscous torque, | I

dp
[, =y,—. 4
vis YI dt ( )

Here, B is the magnetic flux density, p,is the magnetic constant, and vy, is the

rotational viscosity coefficient. When the torques are balanced [9, 10],
+I,., =0 5)

Here, it is assumed that the inertial and the elastic terms can be ignored. The director
orientation is obtained by the integration of this differential equation giving the

solution

tanf, = tanf, exp[%t], ‘ (6)

where the field-induced relaxation time, 7, is

T= 7;%;2‘ . (7)

The scaled time, t*(=t/t), dependence predicted by the theory for the director

dynamics 1is shown in Figure 3 for a selection of initial director orientations.
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Figure 3 The time dependence of the director orientation predicted for a nematic phase, where
the scaled time, t*=t/t, for different initial director orientations, f.

Figure 3 shows that when the initial angle of the director is 20° from the magnetic
field, the director reorientation to its equilibrium position, i.e., parallel to the magnetic
field, is predicted to start immediately. When the initial angle is 45°, the director also
starts to align immediately parallel to the magnetic field, but with a greater initial rate.
This change in the rate is given by the general expression for the initial rate obtained

from the torque-balance equation in Equation (5) as

(%J ——Lsin3p,, ®)

Equation (8) shows that the rate has its maximum value when the initial angle, f3,, is
45°. For larger B,, the rate decreases as evidence from the plot in Figure 3, for
example for the initial angle of 89.9°. The value of 90° cannot be used as the initial
angle because for this orientation, the magnetic torque vanishes (see Equation (3)),
and so the integration of the torque-balance equation is no longer valid. Since the
magnetic torque tends to zero as B, tends to 90°, the director orientation changes
extremely slowly. This gives the impression that there is an induction period during

which the director does not change its orientation but as we have seen, there is a
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change but extremely small. This theory should work provided that B, <45°.
However, if the initial angle B, is larger than 45°, then the sample is thought not to

align as a monodomain because there is a degeneracy in the routes by which the
director can move; this is maximal when the field is initially orthogonal to the director
[11]. However, recent experimental studies using an electric field in competition with

the magnetic field has found that when B, is about 89°, a sample of 8CB-d; does align

as a monodomain [12].

6.4 Previous Studies

6.4.1 Field-Induced Director Dynamics of SmA for B, <45°and B, = 90°

As mentioned in Section 6.2, the initial investigation of the field-induced alignment of
the director in the smectic A phase of 8CB-d; by Emsley et al. [5,6] were carried out
on a Bruker MSL 200 spectrometer, with a magnetic field of 4.67T. In these earlier
studies [5], a sample of pure 8CB-d;, was first prepared as a monodomain by cooling it
slowly from the nematic phase into the smectic A phase. The sample was then rotated

mechanically through an angle, B, using a stepper motor. In one experiment, f, was
41°, and in another, B, was 88° (see Figure 4). The field-induced alignment process

was then monitored via the time-resolved deuterium NMR spectra and it was
observed whether the directors had returned to the equilibrium state, i.e., when the
directors are parallel to the magnetic field or not. To contribute to the understanding
of the alignment process, experiments on the added solute p-xylene-d; in pure 8CB
were also carried out and compared with that of the pure 8CB-d,. Doping 8CB with a
deuteriated solute and measuring its deuterium NMR spectrum provides an alternative
way to monitor the director alignment. Their investigation showéd that although
qualitatively the behaviour of the solute and the solvent molecules can be described
by the same director alignment, using the probe molecule slowed down the alignment
process [5]. In their case for the 38° rotation using the probe, even after 15h, the

director orientation was still at 15°. On the other hand for the pure system with the
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rotation at 41°, after 15h, the director orientation is at 4.6°, suggesting that the

alignment process when using the probe was slower [5].
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Figure 4 Deuterium NMR spectra of the smectic A phase of 8CB-d; at T = 23°C with initial

rotation [3, of (a) 41° and (b) 88° on the Bruker MSL 200 spectrometer [5].

Since our experiments only deal with the undoped system, we shall focus only on the
results obtained by Emsley er al. for pure 8CB-d, which are relevant to our research.
Figure 4 shows the results for the director alignment of the SmA phase of 8CB-d,
when the sample was rotated through 41° and 88° in order to study the dynamics

when B, < 45° and when B, =90°. Figure 4a shows that for the 41° rotation

experiment, there was an induction period followed by a complex alignment process
during which the director adopted a range of orientations before being aligned almost
parallel to the field after approximately lh. It showed that in the alignment process,
the directors did not remain parallel, but moved at different rates towards the field
direction. However, the sensitivity of the spectrum to a spread in the director
orientations was least when B, was close to 0°, and so the values of the quadrupolar
splittings and the linewidth alone close to this orientation did not reveal the nature of
the distribution with great accuracy. In contrast, the spectrum for the 88° rotation
experiment, seen in Figure 4b, showed no intermediate director orientation in between
88° and 0° orientation. Initially, there was an induction period of about 2min before a

rapid alignment of a part of the sample having B, close to 0°. After 1h, the alignment

process was still incomplete in that not all directors were aligned back to the
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equilibrium state; some of the directors remained fixed at the initial 88° orientation,
although the intensity of the peaks became weaker with time. The deuterium NMR
spectra consisted only of the 0° and 88° orientations and not anything in between,
- probably because some of the sample had a very broad distribution of directors so that
the deuterium signal was dispersed approximately evenly over a frequency range of

65kHz, the splitting close to 0° orientation, and so was too weak to be detected.
6.4.2 Surface Effects in the Field-Induced Director Dynamics of SmA Phase

In another study [6], it was conjectured that. some of the features of the director
dynamics observed might be caused by the coupling of the smectic phase to the glass
surface. As a result, this coupling could cause a frictional torque which could retard
the rotation of the SmA sample as a solid body. Hence, the nature of the interface
was changed by suspending the smectic A phase as a droplet in an isotropic fluid, in
this case glycerol. A single droplet, about 3mm in diameter, was suspended in
glycerol contained in a 4mm i.d. NMR tube. This particular medium was chosen
because the solubility of 8CB in it is essentially zero and because the difference in

density between 8CB and glycerol is small so that the droplet stays suspended.

Just as in the previous experiment, a monodomain SmA sample is also prepared, in
this case at 27°C. The sample of the 8CB-d,/glycerol suspension was rotated through
90° by a stepper motor. Due to the high viscosity of glycerol, the smectic droplet
rotated through the same angle as the tube. After the sample had been rotated,
acquisition of the FID vig a quadrupolar echo sequence was triggered. The deuterium
NMR spectra shown in Figure 5a indicated that the director of the smectic A droplet
was aligned by the magnetic field almost as a monodomain, and the time taken to
realign the director from orthogonal to parallel to the field was relatively rapid, i.e.,
60s. The spectrum also contained a weak central feature which may come from the
small quantity of 8CB-d, dissolved in glycerol. This behaviour was found to be in
contrast both quantitatively and qualitatively with that observed when the sample of
the SmA was contained in a conventional NMR tube [5]. The time taken for the
director for the sample in the tube to be realigned parallel to the magnetic field was ~
60min (see Figure 5b), which is much longer than the time taken for that when the

SmA phase was suspended in glycerol. In addition, the nature of the alignment

150



process was also different between the two surfaces. For the sample in the tube, there
was an induction period of 2min, followed by the realignment process. However,
only two sets of doublet were apparent, Le., that from the 90° orientation, and that of
the 0° orientation. Unlike the suspended SmA spectra, the spectra for the SmA
sample in the tube did not show any director distribution between the 90° and the 0°.
It had been proposed that the intermediate state was not observed in the NMR spectra

because there is a broad director distribution [5].
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Figure 5 Deuterium NMR spectra of the smectic A phase of 8CB-d; following a rotation of

Bo =90° (a) a 3mm droplet suspended in glycerol and (b) a sample contained in a
4mm id. glass tube. Both sets of spectra were measured on the Bruker MSL 200
spectrometer [6].

6.4.3 X-ray Diffraction Studies of Field-Induced Director Dynamics of SmA Phase

X-ray experiments to monitor the field-induced alignment of the SmA phase of 8CB
[7], were performed to complement the NMR experiments because the NMR
technique cannot provide information on the motion of the smectic layers only for the

director. This information is important because the alignment process in the SmA
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phase involves the director rotation via the interaction of the magnetic field and the
layer rotation via the molecular interactions. Thus a time-resolved X-ray experiment
had been conducted using synchrotron radiation to capture the diffraction pattern
during the alignment of the smectic layers. The experiment consisted of preparing a
monodomain SmA sample by slow cooling from the nematic phase in a magnetic
field of 7T as in the NMR experiments. The sample was then turned through an angle
about an axis parallel to the X-ray beam direction, but orthogonal to the field. A
sequence of 2D small angle X-ray diffraction patterns were then collected at short

time intervals. Figure 6 shows a schematic representation of the scattering geometry.

A _—.-—//
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e
SmA sample P
Detector
Layer normal
Figure 6 Schematic representation of the scattering geometry. The X-ray beam is incident

along the x-axis and the magnetic field is along the z-axis. ¢ denotes the radial
distance on the detector [7].

Typical small-angle scattering patterns obtained from the sample in the nematic and
the SmA phases is shown in Figure 7. The figure features the starting point of the
rotation experiment with the angle ¢ = 0. The diffraction patterns of the SmA phase
exhibit narrower diffraction maxima than the nematic phase and its diffraction peaks
are about six times more intense [7]. We shall only discuss briefly on one experiment
from the X-ray work and that is the 66.6° rotation experiment. Figure 8 shows a
typical example of a gray-scale plot of the time course of the angle-resolved scattering
patterns at a shifted temperature of AT, ,  =2.7°C, and individual diffraction
patterns 50s and 100s following rotation. The plot shows that a brief induction period
is followed by an alignment process which involves a return to equilibrium by two

pathways, ie., one corresponding to a decrease in ¢, and the other an increase towards
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180°. We shall see later that such aligning phenomenon is also observed in our

experiments.
B,
_
§ f i '
(a) (b)
Figure 7 Diffraction patterns observed from the aligned sample in (a) a nematic phase at 35°C
and (b) in a smectic A phase at 32°C [7].
Event 1
t/s

;7 ‘ \

o 3 3
Figure 8 The time dependence of the angle-resolved intensity of the diffraction maxima during

the 66.6° rotation experiment at ATg . = 2.7°C. Also shown are the diffraction

patterns acquired at 50s and 100s following the rotation. Event 1 indicates the point
when the sample reforms after the sample was disordered during the induction period

[7].
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6.5 Experimental

The sample 8 CB-d, exhibits a smectic A phase and a nematic phase, with transition
temperatures at 33.5°C for Tsman and 40.5°C for Twn (literature values).
Approximately 1.0cm of the sample was contained in a 3.5cm length of a 5.0mm o.d.
4.0mm i.d. NMR glass tube and was retained in the tube by using a Teflon vortex
plug. The sample was first heated to the nematic phase at 36.0°C before cooling it to
the smectic A phase at the rate of 10.0°C/min. In essence, our experiment involves
creating a new director orientation by rotating the sample away from being parallel to
the magnetic field. Subsequently, the return to the equilibrium state with the director
uniformly aligned along the field is monitored by recording spectra at discrete time

intervals during the director relaxation process.

The deuterium NMR measurements were performed on a Varian Infinity Plus 300
spectrometer with Spinsight software for data acquisition and processing, using the
Solaris Operating Environment on a SUN Microsystem workstation. The spectra were

recorded using a quadrupolar echo sequence [13, 14, 15, 16] i.e., (90°-1,-90°-1,),
where 1, was 48us and t, was 55us, while the length of the 90° pulse was Sus. The

values of 1, and 1T, were determined through optimization of each value to achieve a

signal at the maximum echo. The temperature was controlled via a thermocouple in
the probe head connected to a Varian temperature control unit with a stability of 0.1K.
The rotation ’of the sample about an axis perpendicular to the direction of the magnetic
field was automated by employing a Radio Spares RS Motor 440-458 stepper motor
driver, operated by a Thurlby Thandar Instruments TG 1010 DDS function generator.
The number of burst counts, i.c., the number of pulses generated, corresponds to the
angular rotation of the sample. For example, the burst count of 1000, which is the
maximum number of pulses that can be generated, corresponds to the angular rotation
of 60°. For a rotation of 90°, a rotation of 45° or a burst count of 750 is performed
twice. Hence, the desired rotation is calculated using the direct relationship between
the rotation and the number of burst counts. The total time taken for the sample to
rotate is within 50-100ms. Subsequently, in our results, we will determine the angle

of rotation from the quadrupolar splitting using the relationship in Equation (1). In
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order to minimise the difference between the angles through which the director turns
and the angle calculated, it is important to ensure that the gears connecting the drive
shaft to the NMR sample tube were fully engaged at the start of the experiment.
Throughout our analyses of the results, we will also use the quadrnupolar splitting to
determine the director orientation as the alignment towards the magnetic field

progresses.

Using the procedure described, the sample was cooled from the nematic to the smectic

A phase and the FID was recorded for different values of 3, the initial angle between

the director and the direction of the magnetic field. The FIDs were recorded in two
arrays, which is a set of experiments, run subsequently one after another, in which
each array contained 40 spectra, the maximum value allowed by Spinsight. The
second array of FIDs was recorded immediately after the first to monitor the final
stage of the relaxation process of the directors in the SmA phase. The experiment was

repeated for each value of B, to ensure that the results obtained were reproducible,

and qualitatively, the spectra and the nature of the alignment were found to be so.

In general, the selected angles are within the range of 45° <, <90°. These angles

were chosen systematically so as to have a good overview and a wealth of detailed
information on the dynamics of how the SmA samples are aligned by the magnetic
field, especially when the director is not expected to be uniformly aligned during this

process.

As discussed earlier, in the nematic phase, the time dependence predicted for the
director dynamics is straightforward, and the field-induced alignment conforms with

the Leslie-Ericksen prediction for B, < 45° [3,11]. On the other hand, the analysis of

the spectra of a smectic A phase offers a greater challenge because the spectra almost
always display an orientational distribution of the directors. This distribution results
in line broadening (although there may be other reasons that can contribute to the
linewidth [17]) which makes it difficult to determine the quadrupolar splitting. To
resolve this, we have set some rules of thumb on how to analyse the spectra, at least

semi-quantitatively. We are looking at:
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§ the quality of the monodomain (if it is a monodomain) before and after
rotation by determining the linewidths of the spectrum,

§ the induction period - the time after the rotation of the sample, in which
the director does not move.
whether, after a long time, the director alignment is complete or not.

§ the effects of the surface on the director realignment, i.e., the effect of
using a glass surface versus a PTFE tube capped with Kapton discs [7].
The objective is to compare the results of the surface effect but only

qualitatively.

6.6 Results and Discussion
6.6.1 Rotation by 45°
45° rotation at 25°C

The first set of experiments was a 45° rotation of the sample. At 25°C, prior to the

rotation of the sample, AV,, the quadrupolar splitting of the initial NMR spectrum

was 67.61kHz and the linewidth at half-height was 1.47kHz. The first spectrum
recorded after rotation had a quadrupolar splitting of 18.11kHz with a linewidth of
1.05kHz; this reduction in the linewidth was due to the reduction in the dipolar
couplings between the deuteron and neighbouring protons. The director orientation
determined from the splitting was 44.3° (see Equation (1)). With time, the
quadrupolar splitting and hence the angle, B, became smaller signifying that the
director had begun to move towards the magnetic field The spectral changes
resulting from the realignment process can be observed in Figure 9. There was an
induction period of 37.2s in which the director did not move, and only after this
period did the alignment process took place. Some of the directors remained within
the vicinity of the 45° orientation. At 102.3s, another quadrupolar doublet of
31.43kHz seemed to be apparent, corresponding to 36.7°. Then at 176.7s, another
pair of lines appeared; these had a quadrupolar splitting of 56.64kHz, corresponding
to a director orientation with respect to the magnetic field of 17.3°. This observation

of several quadrupolar doublets in the NMR spectra at the same time suggests that the
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Figure 9 Time-resolved deuterium NMR spectra obtained with the array acquisition for a
rotation through 45° for 8CB-d; at 25°C with a time interval of 9.3s between scans.

157



directors are moving at different rates towards the magnetic field. Ultimately, after
the first array of experiments is complete at 372s, the quadrupolar splitting was
63.45kHz, corresponding to a director orientation of 11.7°. The linewidth was
4.87kHz, suggesting the director was spread out. After the second array experiment
was complete at 744.0s, the quadrupolar splitting was 65.29kHz, and the linewidth
was 2.24kHz. This corresponded to the angle of 8.7° with the magnetic field, and so
with time, more of the directors had aligned parallel to the field, although there were
still some directors which had not reached their equilibrium state even after 744s.
The additional peaks and the increase in the linewidths suggest that the sample does
not align strictly as a monodomain. Nonetheless the director distribution is not so
broad that it is not possible to determine an average director orientation from the

spectra. We shall discuss the time dependence of this later.
45° rotation at 28°C

Qualitatively, the alignment process of the director at 28°C was the same as that at
25°C. The difference was that the field-induced director dynamics are faster at 28°C,
which is to be expected. Before the rotation of the sample, the quadrupolar splitting
was 66.11kHz with a linewidth of 1.38kHz. Upon rotation, the splitting of the first
spectrum acquired was 15.57kHz, corresponding to a director orientation with respect
to the magnetic field of 45.5°, with a linewidth of 0.86kHz. The induction period was
27.9s, shorter than that found at 25°C. After this time, the director began moving
towards the magnetic field, as observed from the spectra shown in Figure 10. Some
of the directors remained within the vicinity of the 45° orientation until 102.3s.
However, at 83.7s, another quadrupolar doublet was apparent in the spectrum with a
splitting of 26.21kHz, corresponding to a director orientation of 34.4°. From this
orientation, the director continued moving towards equilibrium position parallel to the
magnetic field. For the last spectrum of the first set of array experiments at 372s, the
quadrupolar splitting was 64.18kHz, corresponding to a director orientation of 8.0°.
The linewidth was 1.56kHz which is close to that observed prior to rotation of the
sample. After the second array was completed at 744s, the quadrupolar splitting of
the last spectrum was slightly larger at 65.51kHz, corresponding to 4.0°; the linewidth
remained at 1.56kHz. Clearly, these values suggest that the director alignment

process was faster at 28°C than that at 25°C and so the director was able to approach
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closer to its equilibrium orientation.
45° rotation at 30°C

The same trend of the alignment process was found at 30°C, but with an even faster
field-induced director dynamics than that found for the two previous lower
temperatures; this increase in the rate of alignment is apparent from the spectra shown
in Figure 11. Compared to the two lower temperatures, there was no induction period
at 30°C which is perhaps surprising. At the end of the second array of experiments,
the quadrupolar splitting was 64.80kHz, corresponding to a director orientation of
1.3°, with a linewidth of i.41kHz which is comparable to that found prior to the

rotation of the sample.

To obtain a more quantitative view of the changes that occur during the field-induced
alignment of the director in the SmA of 8CB-d,, we have plotted in Figure 12 the

reduced quadrupolar splittings, AV/AV,, and the director orientation determined from

them. The different symbols on the plot represent the different director orientations in
the sample. We start with the behaviour observed at the lowest temperature studied,
namely. 25°C (see Figure 12a). First, there is a period when the director orientation
changes by an extremely small amount, suggestive of an induction period which lasts
for about 160s. Then a second quadrupolar doublet appears with a splitting which
increases with time as the director returns to being parallel to the magnetic field.
However, before this can occur, another quadrupolar doublet appears which is closer
to being parallel to the field, as indicated by the larger splitting. This behaviour is
apparent from the time dependence of the director orientation in a more direct manner
from the director orientation. Initially the director is at 45° to the magnetic field and
this angle changes slowly. Then the director associated with another part of the
sample changes its orientation relatively rapidly and approaches an angle of about 20°.
At the same time, the director associated with another region adopts a smaller angle to
the field which decreases with increasing time. The angle reaches a value of 10° and
it would seem that it would decrease but only very slowly before reaching the limiting
value of 0°. Clearly, the director dynamics at this low temperature is somewhat

complex.
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At the slightly higher temperature of 28°C, the behaviour appears to change
dramatically. Initially, there is a single quadrupolar splitting which does not change
significantly with temperature. Then a second quadrupolar splitting appears which
increases rapidly with temperature and tends towards to a value associated with the
director almost parallel to the magnetic field. This behaviour is more directly
apparent from the time dependence of the director orientation shown in Figure 12d.
Here, we see what appears to be an induction period of about 100s which is shorter
than that found at 25°C. The director orientation then decays more or less smoothly
starting at 40° and reaching the value of about 7° but with every indication that it
might reach its limiting value of 0°. When the temperature is increased by just 2°C to
30°C, the trend seen at 28°C is found to continue. Thus, the induction period
decreases to about 80s during which time the director remains essentially at its
original orientation of 45° (see Figure 12f). The quadrupolar splitting starts to
increase relatively rapidly as the director moves to being parallel to the magnetic field.
Indeed after 360s, the director is within just 2° from the field. This change in the
field-induced alignment of the director in the SmA phase of 8CB-d, is to be expected.
It shows that as the temperature approaches the SmA-N transition temperature of

33.5°C, so the alignment process takes on the characteristics of the nematic phase.

In addition to the study of the dynamics of the director alignment through the time
dependence of the quadrupolar splitting, we can also monitor this process through the
development of the intensity of the peaks with time. Rather than integrate the peak to
obtain its area, we have taken the height of the peak as a measure of its intensity;
however, in doing this, we should note that for a given peak area, its height is
inversely proportional to its width. We expect that the intensity of the peaks for the
initial angle rotation to eventually decrease while the intensity of the peaks
corresponding to the director parallel to the magnetic field to increase with time.
Figure 13 shows the plots of the intensity of the peaks with time for the 45° rotation
experiments at 25°C, 28°C and 30°C. For all three temperatures, we observe that the
intensity for corresponding to initial 45° rotations decreased with time. Then we
observe the growth of the new peaks with time, and these new peaks correspond to the
director moving towards the magnetic field. As expected, the peak intensities change

more rapidly with increasing temperature showing that the dynamics is faster at 30°C
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compared to 25°C and 28°C, both in the decreasing of the intensity of the peaks for
the 45° rotation and in the growth of the intensity for the 0° orientation. In addition,
at all temperatures, the spectral heights for the initial director orientation start to
decrease immediately with no indication of an induction period, as expected from

theory.

To have a quantitative comparison in the dynamics for the three different
temperatures, we compare the time taken for the height of the peaks immediately
following the initial rotation (& symbol) to decay to half its height. For the growth of
the height corresponding to the director parallel to the magnetic field (@ symbol), we
will also take the time taken at half-height of the plot before it reaches its limiting
value, indicating that the director is close to parallel to the magnetic field. Figure 13a
shows the results for the 45° rotation experiment at 25°C. The A symbol in the plot
indicates that the deuterium NMR spectra show that parts of the sample adopt another
director orientation during the alignment process. The time taken for the height of the
45° peaks to reduce to half of their original value, after being rotated, is 65s. The plot
also shows that the height of the new peak was still slowly growing as it is aligned
towards the magnetic field. Figure 13b shows a steep decay in the height of the peaks
for the 45° rotation at 28°C. The time taken for the height of the peaks to be reduced
to half its height is approximately 50s, which is 15s faster or a factor of 23% than that
found at 25°C. The plot also indicates that the rate of the growth of the new peaks
towards the equilibrium state is faster than that observed at 25°C as might be expected.
It only takes 37s for the height of the peaks to be reduced to half their value at 30°C
as shown in Figure 13c corresponding to a reduction of 13s, i.e., 26% reduction
compared to that for 28°C. The dynamic of the director orientation process was very
fast in that after 150s, the intensity of the new peaks for the director moving towards
the magnetic field has already become half of their final height. After 240s, the
intensity began to grow very slowly and the plot looks plateau-like, suggesting that
the director is close to parallel to the magnetic field. At the lower temperatures of
25°C and 28°C, the data is not available for longer enough periods to see the heights
of the peaks corresponding to the director parallel to the magnetic field to reach their

limiting values.
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different symbols represent different director orientations in the sample.
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Finally, for the 45° rotation experiments, it might have been expected that the sum of
the heights of the two quadrupolar doublets should have been constant. It is clear
from the results in Figure 13 that this is not the case; indeed at 30°C, the initial height
is significantly different to the height at long times. This could be caused by the
difference in the linewidths for the initial and final spectra. Alternatively, it might be
that the director is widely distributed during the alignment process and that even when
the peak intensity appears to have reached its limiting value, there are still some

regions with the director non-uniformly aligned.

6.6.2 Rotation by 75°

75° rotation at 25°C

For angles greater than 45°, it was discovered that part of the directors realign as

expected by decreasing B, . However, as mentioned in the theoretical background, a
smaller fraction of the directors moves back by first increasing B, , passing through

90°, and then returning to equilibrium where the directors realign parallel to the
magnetic field. This partial degeneracy in the alignment process was observed in the

75° rotation experiments.

At 25°C, before rotation, the quadrupolar splitting was 67.70kHz and the linewidth at
half-height was 1.41kHz. The first spectrum acquired after the rotation had a
quadrupolar splitting of 26.70kHz, corresponding to a director orientation of 74.6°,
and the linewidth was reduced to 0.85kHz. There was an induction period of
approximately 48s before the director began moving towards the direction of the
magnetic field. Figure 14 shows that after about 58s, a powder-like spectrum seemed
to develop suggesting a distribution of directors within the sample. More
interestingly, we observed shoulders on the outer sides of the intense inner peaks. At
58s, the quadrupolar splitting for the humps was 33.00kHz, corresponding to a
director orientation of 84.7°. This suggests that some of the directors have actually
passed through 90° before being aligned back towards 0°. The partial degeneracy in
the alignment process can be observed more clearly through the two selected spectra

shown in Figure 15. The spectrum recorded after 76.8s corresponds to a director
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Figure 15 Two of the selected spectra in the first array for a sample rotation of 75° for 8CB-d,
at 25°C; the ellipses enclose shows the peaks which come from the directors
increasing first to 90°, before returning to equilibrium.

orientation of 84.4° for the shoulders, while the spectrum after 86.4s, showed a
director orientation of 83.9° from the director moving in the counterclockwise
direction. The outer peaks of the spectra are the other part of the director which has
moved clockwise by decreasing the director orientation, B, directly towards 0°. After
the first array of experiments at 192s, the quadrupolar splitting of the outer peak was

66.60kHz, corresponding to a director orientation of 5.9°. The linewidth was 2.23kHz.
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After the second array, ét 384s, the last spectrum showed a splitting of 67.2kHz,
corresponding to an orientation of 4.0°, with a linewidth of 1.46kHz. Even after the
second array of experiments there were still some directors within the 75° orientation,
although the intensity of the peaks was reduced. We should note that the director at
an angle close to 90° tends to move very slowly because the magnetic torque acting

on it is so small (see Equation (3)).
75° rotation at 28°C

As observed for the 45° rotation experiments, the rate of the field-induced director
alignment increases with increasing temperature. This was also the case with the 75°
rotation experiments performed at 28°C. Qualitatively, the alignment process was the
same as that at 25°C and the spectra showingbthis are given in Figure 16. The effect
of the partial degeneracy in the director alignment was also observed. However, at
28°C, the induction period was shorter, i.e., 9.0s, after which the director began
moving towards its equilibrium orientation. At the end of the first array of
experiments at 180s, the quadrupolar splitting of the outer peaks was 65.93kHz,
corresponding to the director orientation of just 2.7° with respect to the magnetic field.
The linewidth was 1.48kHz. The last spectrum in the second array after 360s, had a
quadrupolar splitting of 66.15kHz, corresponding to the angle of just 0.6° with respect
to the field in the spectrometer. The linewidth was 1.26kHz. At this time, there were
still some directors remaining at the 75° orientation, although the intensity of the

NMR peaks corresponding to this was very weak.
75° rotation at 30°C

At 30°C, the alignment process was more rapid than that at 25°C and 28°C, as
expected. However, the trend in the alignment did not differ from that at the two
lower temperatures, although at 30°C, there was no induction period. The partial
degeneracy in the alignment process could also be observed as shown in the spectrum
after 13.5s in Figure 17. It can be seen that after about 90s, there was no director
remaining at the 75° orientation in that the peak intensity is very weak. At the end of

the second array, the quadrupolar splitting was 64.96kHz, corresponding to an angle
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of 1.7° made by the director with the magnetic field. The linewidth of this spectrum
was 1.21kHz.

Figure 18 shows the time dependence of the ratio of the quadrupolar splitting and the
quadrupolar splitting before rotation, and the corresponding angle for the 75° rotation
at 25°C, 28°C and 30°C. The plots refer to the first array of the experiments and the
different symbols represent different director orientations in the sample. The
dynamics are clearly faster at higher temperature. As mentioned earlier, at 30°C,
there were no directors remaining at the 75° orientation after about 90.0s. This,
however, was not the case at 25°C and 28°C, in which some of the directors remained

in place within the vicinity of the 75° and the 90° orientations throughout the array.

As we have seen, the dynamic director behaviour is quite different for the 75° rotation
experiment with the director orientations being widely distributed at just few peaks
corresponding to particular director orientations being apparent. The plots of the
time-dependence of the heights of the peaks for these rotation experiments shows
three peaks where the & symbolises the peaks for the director at the initial 75° rotation,
the @ indicates the orthogonal to the magnetic field and the A signifies the peaks for
the director close to parallel to the magnetic field. Figure 19a for the 25°C
experiment shows that initially, the heights of the peaks associated with the 75°
orientation decreased slowly but that after 60s, the height began to drop quickly. The
time taken for the intensity of the peaks to be half its initial height after the sample
was rotated through 75° was approximately 70s. At this temperature, the director
distribution was still nowhere near the equilibrium state because the peaks for the 0°
orientation indicate that their heights were still increasing. It seems that the director
distribution for much of the sample is still widely distributed although the intensity of
the resultant powder pattern is too weak to be apparent. Indeed, the different
relaxation times for the decay and growth in the heights of the peaks associated with
different director orientations is consistent with the model in which the director moves
to a random state and then is refocused at its final equilibrium state parallel to the
magnetic field. At 28°C, the time taken for the heights of the spectral peaks for the

director at the 75° orientation to be reduced to half their value was just 23s, as shown
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~in Figure 19b which represents a significant reduction in comparison with the
behaviour at 25°C. The plot of the heights for the peaks corresponding to the director
essentially parallel to the magnetic field direction shows that the height of the NMR
peaks were increasing faster than that found at 25°C, and after 100s, the height has
begun to increase more slowly moving towards a plateau. Figure 19c shows the time
dependence of the peak heights at 30°C and evidently, these corresponding to the
director at the 75° orientation decrease very rapidly with the time taken for the
intensity of the peaks to be half the original height being approximately 10s. Again
this signifies a considerable change in the relaxation times in comparison with those
for the slightly lower temperature. The development of the peaks for the director
moving towards the field direction was also rapid. The time taken for the intensity of
the peaks to reach half the height before the intensity began to plateau out was
approximately 40s. As we discussed earlier for the 45° rotation experiment, the
plateau suggests that the director has reached an equilibrium state close to the

magnetic field.
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75° rotation near the SmA-N phase transition

As the temperature approached the SmA-N transition temperature, 33.5°C, the time
between scans had to be reduced significantly from 4.5s to 0.3s in order to monitor
the dynamics of the director realignment process. In comparing the experiments at
31°C, 32°C, and 33°C, there was a short induction period of 1.8s at 31°C before the
directors started moving back towards the equilibrium state as is apparent from the
spectra shown in Figure 20. As at the lower temperatures, there are powder-like with
peaks corresponding to the director aligned at its initial orientation and also at 90° and
0°. At 32°C, there was no induction period as can be seen in Figure 21. In addition,
the intensity of the peaks decreases significantly faster than at 31°C. At 33°C, upon
rotation by 75°, the first spectrum already exhibits a distribution of director
orientations in which the dominant features correspond to the directors at the
orientations of 74.1°, 84.8° and 9.4° with respect to the field, in keeping with the
rapid dynamics of the alignment process (see Figure 22). It is especially interesting
that in these 75° rotation experiments, there was a dramatic reduction in the relaxation
time as the temperature is increased close to the nematic phase. As observed in
Figures 11, 13 and 14 for temperatures 25°C, 28°C, and 30°C, respectively, the
relaxation time taken for the directors to be almost aligned parallel to the magnetic
field was within 90s. On going from 30°C to 31°C, a mere increase in a temperature
of 1°C, the time taken for the directors to relax was within 5s. It is important to note
that the phase at 31°C is in fact a smectic A phase, not a nematic phase because the
relaxation time in a nematic at the same field strength is within ms. This large effect
in the temperature dependence of the field-induced relaxation time is comparable
with that found by the X-ray experiments [7]. It is possible that as the temperature
increases, the sample “prepares” itself to pass to the nematic phase, and this results in
a significant pretransitional reduction in the relaxation time probably associated with

an increase in the concentration of defects in the smectic A phase.
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of 75° for 8CB-d, at 31°C with 0.3s between the spectra.
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178



The second array

J o a2 ds
215

, Jv t W, L e

J A

0.6

T T T T T T T T T T T T T T ¥
ﬂl)O 5‘0 ] 5|0 100
Kgiz ) )

The first eleven spectra

SRR s gerimanal |
NP oY i
AN S
Y s |
M»w'mw:«‘ﬁ‘
IR LA AN A4 Ity S A eyt |
et LA |
N =5
Y
R
%

>

e > Ko

ST R oy
038

‘l;lullllzg"llizrill»zlolll.-alo‘l
The first array
Figure 22 Time-resolved deuterium NMR spectra of the array acquisition for a sample rotation

of 75° for 8CB-d, at 33°C with 0.3s between the spectra.
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Figure 23 The time dependence of AV/AV, for the SmA phase of 8CB-d, determined at (a)
31°C, (c) 32°C and (e) 33°C and the corresponding angle, 8, made by the director
with the magnetic field in (b), (d) and (f), respectively for the 75° sample rotation
experiments. The different symbols represent different director orientations in the

sample.

180



Figure 23 shows the time dependence of the ratio of the quadrupolar splitting and the
quadrupolar splitting before rotation, and the corresponding angle for the 75° rotation
at 31°C, 32°C and 33°C. The different symbols correspond to the different splittings
observed in each of the powder-like spectra for the three director orientations that is
approximately 75°, 90° and (° experiments. Comparing these plots with those in
Figure 18 with their longer time scales, clearly shows that the dynamics of the
relaxation process close to the SmA-N transition is significantly faster than when the

sample was deeper in the SmA phase.

6.6.3  Rotation of 90°: Surface Alignment Effect

The X-ray scattering studies of the field-induced alignment of the smectic A phase
provides the most direct evidence for the degeneracy in the alignment of the director
when the field and the director are initially orthogonal to each other. However, it is
difficult to compare this result with those obtained with NMR spectroscopy because
the surfaces of the sample containers are different in the two experiments. In the
NMR experiments the smectic A phase is in contact with the glass surface of the
NMR tube; for the X-ray experiment the container was made from a PTFE cylinder
capped at the end with Kapton discs. Our concern about the influence of the surface
on the alignment process stems from the results obtained by Emsley et al. [6] that we
have discussed earlier in Section 6.4. They found that suspending the 8CB-d: as
droplets in glycerol caused the director alignment process to be significantly faster
(60s) than when the sample was contained in a conventional NMR glass tube (60min).
In addition, the spectral features of the 8CB-d, associated with the two surfaces were
also significantly different, for the sample suspended in glycerol, the director moved
essentially as a monodomain, whereas for the sample in the glass tube, the NMR
spectra only showed features associated with the director oriented parallel and
perpendicular to the magnetic field, with no indication of intermediate orientaiions
(see Figure 5). In our 90° rotation experiments, we performed our experiments using
two different surfaces, one in a conventional NMR glass tube, and one with the
sample in a PTFE to be between Kapton discs in order to simulate the sample
conditions in the X-ray experiments. This is to ensure that the conditions used for the

NMR and X-ray experiment are strictly comparable. The alignment process for a 90°
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rotation is of special interest because the alignment pathways, clockwise and counter-
clockwise are degenerate. In the case of nematics, this results in a non-uniform
director distribution with regions of the sample being separated by domain walls [11].
NMR spectroscopy certainly indicates a complex process for the smectic A phase,
although it is X-ray diffraction which shows in the most direct manner the degeneracy
in the field-induced alignment process [7]. However, the powder-like form of the
initial NMR spectra shown in Figures 21, 23 and 25 for temperatures of 25°C, 28°C
and 30°C, respectively, did suggest that the director adopted a wide range of
orientations before being aligned parallel to the field. This is apparent from the
appearance of two dominant peaks in the spectra associated with the director being
parallel and perpendicular to the magnetic field. The spectral intensity from other
director orientations is spread over a wide range of frequencies and so is too weak to

be observed.

In studying the surface effects on the alignment process at 25°C in Figure 24, we
show the results for the two surfaces. Despite the slight difference in the timescale,
the behaviour of the directors during the alignment process is almost comparable.
There was, however, a difference in the induction period, whereby for the
PTFE/Kapton container, the time taken before the directors start to move was 48.96s,

whereas that for the glass surface it was relatively faster at 27.9s.

At the higher temperature of 28°C, the induction period for the sample with the glass
surface was 46.5s. On the other hand, for the sample in the PTFE/Kapton container,
the induction period was only about 36.72s before the directors started aligning as can
be seen from the spectra in Figure 26. Even at 30°C, the difference in the behaviour
of the directors which is apparent from the two surface effects as seen from the
spectra in Figure 28 are in the induction period. The induction period for
PTFE/Kapton container was 24.48s, while for the glass surface, there was no
induction period and directors started moving almost immediately upon rotation of the
sample. However, a qualitative overview suggested that there was not a significant
qualitative difference in the behaviour of the directors in both surfaces employed.
Figures 22, 24 and 26 show the time dependence of the ratio of the quadrupolar
splitting and the quadrupolar splitting before rotation, and the corresponding angle for

the 90° rotation at 25°C, 28°C and 30°C, respectively, for the sample in the
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conventional glass NMR tube and in between PTFE and Kapton discs. The plots

show that the trend in the alignment process for both surfaces is the same.

90° rotation at 25°C

E

Fas *

sy -
§ = - —H

A

The first array The first arrag
Glass Surface PTFE/Kapton Surfaces
Figure 24 Comparison of deuterium NMR spectra of the array acquisition for a sample rotation

of 90° at 25°C for 8CB-d, contained in a glass surface and in a PTFE/Kapton
cylinder. The times between the spectra are 9.3s and 12.24s for the glass surface and
PTFE/Kapton container respectively.
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90° rotation at 28°C
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Glass Surface PTFE/Kapton Surfaces
Figure 26 Comparison of deuterium NMR spectra of the array acquisition for a sample rotation

of 90° at 28°C for 8CB-d contained in a glass tube and in a PTFE/Kapton cylinder.
The time between scans are 9.3s and 12.24s for the glass surface and PTFE and
Kapton surfaces, respectively.
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90° rotation at 30°C
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Figure 28

The first array The first array

Glass Surface PTFE/Kapton Surfaces

Comparison of deuterium NMR spectra of the array acquisition for a sample rotation
of 90° at 30°C for 8CB-d, contained in a glass tube and in a PTFE/Kapton cylinder.

The time between scans are 9.3s and 12.24s for the glass surface and PTFE and
Kapton surfaces, respectively.
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As for the 45° and 75° experiments, the heights of the peaks with time were also
monitored for the 90° experiments. Figure 30 shows the plots for the three different
temperatures. The m indicates the peaks for the director corresponding to the 90°
orientation while the ® symbolises the peaks for director moving towards the
magnetic field direction. , We shall first describe the results for the sample in the
conventional NMR glass tube. At 25°C, the time taken for the intensity of the 90°
peaks to decrease to half its initial height is 74s (see Figure 30a). At this temperature,
the dynamics for the development of the height of the peaks for the 0° orientation was
slow. At 28°C, the plot for the sample in the glass tube shows that the time taken for
the height of the peaks to be reduced to half their original value, after being rotated
through 90°, was 65s (see Figure 30c). The peaks for the director moving towards the
field were half the height before they began to plateau out at 160s. At 30°, the
intensity of the peaks for the director at 90° plunged to almost zero within 40s as
shown in Figure 30e. This rapid dynamic were also observed for the development of
the peaks for the director moving towards equilibrium. The time taken to reach half

the height of the plateau was 47s for the glass surface,

As for the sample in the PTFE/Kapton container, at 25°C, the time taken for the
height of the 90° peaks to decrease to half their original value is 98s (see Figure 30b).
At 28°C, the plot shows that the time taken for the height of the peaks to be reduced
to half their original value, after being rotated through 90°, was 86s (see Figure 30d).
The peaks for the director progressing towards the field were half the height before
they began to plateau out at 120s. As observed for the sample in the glass tube at
30°C, the height of the peaks for the director at 90° dropped to almost zero within 40s
(see Figure 30f). The development of the height of peaks for the director parallel to
the magnetic field was also rapid. The time taken to reach half the height of the
plateau was approximately 31s for the PTFE/Kapton container. These results clearly
suggest that the trend in the development of the intensity of the peaks is comparable
for the sample in the glass tube and for the sample in the PTFE/Kapton container.
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6.7 Conclusions

Our results have contributed to the understanding of the field-induced alignment
process of the director in the SmA phase by showing that the trend of the alignment
depends on the angle of rotation of the sample with respect to the magnetic field. In

general, the results for B, of 45° show that the directors are distributed at different

orientations, where the sample breaks into different domains during the aligning
process, hence, moving towards equilibrium, ie., parallel to the magnetic field, at

different rates. For45° <, £90°, we have discovered that some of the directors
realigﬁ as expected by decreasing f§, . However, a smaller fraction of the directors are

observed to move back by first increasing f3, , passing through 90°, and then retum to

being parallel to the field. This phenomenon were clearly observed in the 75° sample
rotation experiments and is comparable to that observed in the nematic phase [18].

For B,at 90°, where both the alignment pathways, clockwise and counterclockwise,

have an equal probability, that is they are degenerate, the sharp spectral lines observed
following rotation of the sample, indicate the uniform initial alignment of the director.
However, there is a weak spectral intensity corresponding to a wide range of director
orientations between the orthogonal and parallel orientations, which was not observed
in the previous experiment on the Bruker MSL 200 which has a smaller field strength
of 4.67T spectrometer. Clearly, this powerful tool is important and instrumental in
our research to characterise and distinguish the behaviour of the directors at different

B, rotation more accurately. In addition, our 90° rotation surface effect experiments

also showed that the director alignment process was qualitatively the same for both
the sample in the conventional NMR glass tube and in a PTFE/ Kapton cylinder. For
all the experiments conducted, the dynamics of the director alignment became faster
with increasing temperature. This was especially interesting for temperatures close to
the transition to the nematic phase where there was a dramatic reduction in the
relaxation time as seen in the 75° sample rotation experiments. This pretransitional
behaviour is probably associated with an increase in the concentration of defects in

the smectic A phase as the sample is heated close to the nematic phase.
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Chapter 7

Phase Biaxiality and its Characterisation via NMR: Studies
of a Crystal E Phase

7.1 Introduction

The thermotropic biaxial nematic phase is probably the most scrutinised and debated
liquid crystal phase at present, especially in the unambiguous demonstration of its
existence. The hunt for this elusive phase continues to be a challenging task, not only
because of the difficulty of designing molecules of sufficient biaxiality [1] but also
because of the problem of characterising the phase biaxiality beyond doubt [2]. While
the existence of the biaxial nematic phase in lyotropic systems [3] is indisputable and
the biaxiality is large, as large as the maximum of unity as reported by Nicoletta et al.
[4], the opposite is true for thermotropic systems. In a recent publication on a
thermotropic system by Madsen er al. [5], for example, the biaxiality in the
quadrupolar tensor for a spin probe is reported to be merely 0.11. Are thermotropic
systems so different from lyotropic systems that the phase biaxiality is easily masked?
To this date, there is no successful report in finding a thermotropic biaxial nematic
phase even though the molecular shape for the mesogens studied seems to suggest it is
so. Despite the dilemma, we are convinced that NMR spectroscopy is indeed one of,
if not, the most powerful tool with which to determine the symmetry of the phase. In
this Chapter, we take a twist in solving the identification problem. We shall depart
from the pursuit of the biaxial nematic, and focus instead, on the reliability of the
NMR technique in order to establish a standard and robust methodology for

characterising the phase symmetry.

To place these studies in the correct context, we begin our discussion on the
significance of the biaxial nematic and its potential applications in Section 7.2.
Section 7.3 will describe briefly the theoretical background which leads to the

proposal of the biaxial nematic phase. This is followed by the characterisation
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techniques used to investigate the biaxial nematic phase in Section 7.4. Our study of
the crystal E phase to enhance our understanding on the phase biaxiality will be
rationalised in 7.5. In Section 7.6, we will explain the NMR background of how the
averaged quadrupolar tensor provides a measure of the phase biaxiality, while Section
7.7 will describe the order parameters and their relation to the phase biaxiality. 7.8
will discuss previous studies of the crystal E phase. Our experimental set-up is
described in Section 7.9, which leads to our results and discussion in Section 7.10.

Our concluding remarks are givén in7.11.
7.2 The Importance of the Biaxial Nematic Phase

The biaxial nematic phase has, potentially, significant technological applications in
displays, telecommunications and optical devices, either in effectively improving the
existing technologies or in being incorporated in technologies which require biaxiality
for the operation of the application [6]. One possible application of the biaxial
nematic phase is in devices that utilise defects, such as the zenithally bistable devices
(i.e., zero-power devices), which may improve switching properties [7]. Another
potential application for the biaxial nematic is in optical compensation films, used to
improve the viewing characteristic of twisted nematic (TN) displays [8]. Currently,
manufacturers are already producing biaxial compensation films using non-uniform
uniaxial nematics; nonetheless, the same effect could be produced using a uniformly

aligned biaxial nematic, possibly with a simpler manufacturing process [6].

Apparently, the existence of a stable biaxial nematic phase could produce an entirely
new class of liquid crystal devices. One proposed biaxial nematic device uses in-
plane fields to rotate the minor director while keeping the major director fixed, in
contrast with uniaxial devices which rotate the major director. This new device could
have a fast response time, since rotation of the minor director may have a lower
rotational viscosity than for rotation of the major director. However, before such
devices can be made, there are many issues concerning engineering challenges, not
least the question of surface alignment of the directors [6]. Whether or not both the
major and minor directors of biaxial nematics can be aligned by simply rubbing the

substrates is not known. A combination of applied fields and surface treatment may
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be needed to produce the required alignment and any such system would make device

operation and construction more complicated [6].

7.3 Background

It all began in 1970, when Freiser of IBM [9] predicted that the reduction in molecular
symmetry from Dey to Do should result in the formation, not only of the uniaxial
nematic, but also of a new nematic phase, i.e., the biaxial nematic phase. The uniaxial
nematic phase, Ny, has Dwn symmetry, while the biaxial nematic phase, Ng, has Da,
symmetry. The term uniaxial, is borrowed from the field of optics, and indicates that
plane-polarised light can travel along just one axis without a change in its state of
polarisation. This axis is the optic axis, and in the common nematic phase, it
corresponds to the director [10]. On the other hand, the biaxial nematic has two axes
along which plane-polarised light can travel without a change in the state of
polarisation. It is of great interest to note that neither of these axes corresponds to the
directors. The idealised molecular organisation within the biaxial nematic phase

composed of block-shaped molecules is depicted in Figure 1.

Figure 1 The organisation of the molecular blocks in an idealised biaxial nematic phase. Here,
the translational order is only short range.
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At a macroscopic level in the uniaxial phase, tensorial properties of the nematic phase,
such as the dielectric constant and refractive index, have cylindrical symmetry [11].

There are then two unique principal components of the property which, for the general
case of a second rank tensor are denoted by (NQ" and (3 .- Here we use the tilde, ~, to

distinguish the quantities within a liquid crystal from those for a crystal.

In the case of a biaxial phase, at the macroscopic level, the three principal components
of a second rank tensor would all be different,‘ denoted by (NQ 775 (3” ,(3)0(. The three
directors, 1, m and n, correspond to the symmetry axes of the phase and are the
principal axes for the tensorial properties such as the dielectric susceptibility.
Conventionally, these directors are labelled such that the director n corresponds to the
Z-axis along which the molecular long axes tend to be parallel. The director 1 is the
director along the X-axis which, on average, the molecular short axes are parallel,

while the director m is orthogonal to 1 and n, i.e., the Y-axis.

It is to be expected that the molecular biaxiality, A, i.e., the biaxiality of the
constituent molecules, determines the stability of the phase biaxiality [9,11, 12,13,14,].
This molecular biaxiality can be described within the context of the molecular field
theory first used to predict the phase behaviour of the system [9,11,13,14]. For the
uﬁiaxial nematic phase, the potential of mean torque which describes the energy of a

biaxial molecule in its anisotropic environment, is given as

U(0)= =Y. X;0Can (o), (0

m=-2

in which, @ denotes tﬁe spherical polar angles defining the orientation of the director
in the molecular frame, and C,_ (o) is a second-rank modified spherical harmonic.
The expression in Equation (1) describes how the energy changes with the molecular
orientation with respect to the director. The magnitude of this change is governed by

the strength tensor, X, , which is related to the molecular anisotropy and the long-

2m?

range orientational order parameters. The subscript 2 signifies the second-rank nature

of the tensor, while X,,is the major component of the strength tensor and X,, is the
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biaxiality in the tensor. The molecular biaxiality, A, is defined by the ratio of these
principal components, X,,/X,,, which under certain conditions is determined
exclusively by anisotropy in the molecular shape. Thus for a molecule having a
cuboidal shape with length, L, width, W, and breadth, B, the molecular biaxiality is,

according to the surface tensor theory, given by Ferrarini ez al. [15] as

_ (32)"L(B-W)
{L(B+W)-2BW}

)

The expression in Equation (2) shows that in the limit of B = W, the molecular cross-
section is square; hence the molecular biaxiality vanishes and A is zero. The opposite

extreme to this rod-like molecule is the disc-like molecule which occurs when L = B;
then A is /3/2. The most biaxial molecular shape, however, occurs in between these

rod-like and disc-like extreme, which are uniaxial. This occurs when L, B, and W are

related by the harmonic mean

L G)

for which X is l/ V6 , as we shall see. Although A has been estimated here using a

model based solely on repulsive forces, it should be remembered that attractive forces

also contribute to the biaxiality parameter [16].

The phase behaviour predicted by the molecular field theory as the molecular
biaxiality is changed is shown in Figure 2. As expected, when X is zero, the system

forms only a uniaxial nematic phase, N;;. As A deviates from zero, so a biaxial

nematic phase is introduced in the phase diagram. With increasing A, the uniaxial

nematic-isotropic transition, Ty ;, increases but not as rapidly as that between the
biaxial and uniaxial nematic phases,TNBNU. As a result, the two lines converge at a
unique point, the Landau point, where the isotropic phase undergoes a transition

directly to the biaxial nematic phase; this occurs when A is 1/ V6. As ) increases

197



beyond this point, the molecule becomes more uniaxial and disc-like. Consequently,
Ty,v, f2lls until X is 4/3/2 , where only 2 uniaxial nematic phase exists formed by the
cylindrically symmetric molecular disc. In addition, the theory also predicts the order
of the transitions which is important to help identify the Ty, transition [9, 11, 12,
13, 14]. Thus, the Ty, transition is first-order but as A increases, so the entropy
change decreases until it vanishes at the Landau point, when the T, , transition is

predicted to be second-order. This Landau point occurs when the value of A

corresponds to the molecular maximum biaxiality which appears, as we can see in

Figure 2 when A is 0.4082, ie., I/Jg In contrast to the T, transition, the
Ty, n, transition is predicted to be second-order regardless of the magnitude of the

molecular biaxiality. Therefore, on the basis of the molecular field calculations by
Freiser [9], and others [13,14], it is apparent that any compound composed of biaxial
molecules should, in principle, exhibit a biaxial nematic phase, and that the greater the
molecular biaxiality, the greater the chance of observing the phase. However, the

formation of the N ;may be blocked by the formation of a smectic or a crystal phase;
this possibility is indicated by the dashed line in Figure 2 which indicates that the N,

phase may only be formed over a small range of molecular biaxiality.
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Figure 2 The phase diagram predicted by the molecular field theory for a system of biaxial

molecules as a function of the biaxiality parameter, &; T* is the scaled temperature,
kgT/ug, u, being the interaction energy, kg the Boltzmann constant, and T the

absolute temperature. The dashed line shows the anticipated freezing point of the
mesogen at a reduced temperature of 0.8 [11,12].
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The phasé in Figure 2 differs from that predicted by the theory derived by Sonnet et al.
[17]; this new phase diagram is shown in Figure 3. In the phase diagram in Figure 3,
the point on the line separating the N, and Njphases where the first- (solid line) and
the second-order transition (dotted line) meet is a #ricritical point, which is a
distinctive feature of the model proposed by Sonnet e al. [17]. The same sequence of

phases occurs until A = 0.22, at the #riple point when the three phases N;, N, and 1

coexist. Above this value, a direct first-order transition from the isotropic phase into

the biaxial nematic phase, I - N, is observed without an intermediate N;.
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Figure 3 The phase diagram showing the dependence of the scaled temperature, T*, on the

biaxiality parameter, &; T* is kyT/uy. The solid line represents the first-order
transitions, while the dotted line represents the second-order Ny — Ny transition [17].

As well as the ideal block shape, there are many forms that the molecule could take,
in order to deviate from a cylindrical shape [18]. For example, a series of molecular
shapes could be formed by linking rod-like, disc-like and semi-circular moieties
together [19]. Such molecules would be long enough to exhibit a nematic phase and
to deviate significantly from cylindrical symmetry to give a biaxial nematic. In fact,
the first claimed discovery of a biaxial nematic [20] was for a compound formed of
spoon-like molecules. Similar claims soon followed for cross-shaped [21] and bone-
shaped molecules [22]. Perhaps the most recent shape of the mesogenic molecule
explored is of a V-shaped [5, 11 ,23], in which two rod-like mesogenic groups are
linked together through a central unit, as depicted in Figure 4.
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Figure 4 The molecular organisation in an apolar biaxial nematic phase formed from V-shaped
molecules.

7.4 Characterisation of the Biaxial Nematic Phase

A variety of techniques have been employed to identify the biaxial nematic phase [2],
and one such method is based on the observation of the optical texture under the
polarising microscope. Indeed polarising microscopy is usually a powerful technique
with which to identify liquid crystal phases. For a biaxial nematic it had been argued
that only a two-brush defect is formed [24, 25], as opposed to the four-brush defects
found for a uniaxial nematic phase. More significantly, the observation of the
biaxiality in tensorial properties, such as the refractive index (although formally, this
is not a tensor) or dielectric permittivity should provide the most convincing
demonstration of the phase symmetry. However, the determination of this biaxiality
1s not trivial as it is usually necessary to apply two constraints to the system to align
two of the directors uniformly throughout the sample, while the third will follow the
other two, thus creating a monodomain sample. One way to align the directors is to
use a field, either magnetic or electric to align the director n, and subsequently surface
forces to align one of the remaining directors. This would require, for example, the
use of a thin sample confined between two surfaces which had been suitably treated to

give the uniform planar alignment with the field applied across the film [26]. In the
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case of the refractive index, conoscopy provides an extremely sensitive method with
which to determine the biaxiality since it is related to the symmetry of the refractive
index [2]. However, this is also its weakness because the surfaces used to align the

thin film may induce an optical biaxiality that could be mistaken for a phase biaxiality

[2].

In principle, deuterium NMR spectroscopy provides a more powerful approach as the
bulk phase is studied, and the directors are not required to be uniformly aligned [27,
4]. The three components of the quadrupolar tensor can be determined in a single
NMR experiment because the quadrupolar splitting of the NMR spectrum is related to
one of the principal components of the quadrupolar tensor, . The measurements
then provide Jyy, Jyy and q,, associated with the three directors 1, m and n. This
NMR method has been applied to at least three compounds that were claimed to form
a thermotropic biaxial nematic phase, and it was found that the nematic phase is, in
fact, uniaxial [11,28,29,]. It would seem that although the molecules are certainly
biaxial, the uniaxial nematic'phase crystallises or is interrupted by a smectic phase

before the anticipated biaxial nematic phase can be formed (see Figure 2).

Since the thermotropic biaxial nematic problem lies in large part with the technique of
characterising the phase biaxiality, it is, therefore, crucial to test the viability of the
technique in the first place. As stated earlier in Section 7.1, another burning issue is
that if the biaxiality is large for lyotropic systems, why is it not so for thermotropic
systems? In order to unravel these problems, we have therefore chosen a system in

which the biaxiality is indisputable — the crystal E phase.
7.5 Crystal E phase of 4BT

The crystal E phase shows a clear biaxiality due to the herringbone arrangement of the
molecular short axes in the layer orthogonal to the long axes [30] as depicted in
Figure 5. The essential structural features of a crystal E phase are that the molecular
long axes are orthogonal to a layer plane defined by the molecular centres and so
exhibit long-range order. The molecular centres within the plane have a hexagonal

arrangement. Overall the molecular centres have an orthorhombic distribution. The
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molecular short axes have a herringbone arrangement which is also long range.
However, the biaxiality depends on the angle made by the short axes with the glide
plane. Thus the phase biaxiality will be a maximum when the angle is in between 0°
and 45° but will vanish if the short axes are > 45° to the glide plane. The phase would

then have Dy, rather than Dy, symmetry.

crystal E

Figure 5 The herringbone organisation of the molecular short axes within a layer of a crystal E
phase. The molecular long axes are orthogonal to the layer along the director n.

In the crystal E phase, the thermal motion of molecules is reduced to the extent that
they arrange themselves in a herringbone pattern within a smectic layer [31]. In this
herringbone organisation, the molecules remain disordered with respect to rotations of
7 about both long and short molecular axes [32, 33]. Neutron scattering studies of the
crystal E phase show that the molecules are rotating quite rapidly [33]. This situation
results from the jump motions of the molecules about their long axes, such that they
are generally restricted to m rotations. The cooperative jumps are rapid with a
frequency of about 10°'%™, but the molecular planes can still be regarded as spending
a greater proportion of their time in the biaxial herringbone arrangement featured in

Figure 5.

In deuterium NMR spectroscopy, it is convenient to introduce deuterium into the
sample by adding deuteriated probe molecules rather than face the difficult task of
deuteriating the mesogenic molecule itself [11]. Moreover, most deuteriated liquid

crystals are not commercially available, and so using deuteriated probe molecules
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seems to be more convenient. The probe clearly needs to be selected so that the
spectrum is especially sensitive to the phase biaxiality. To explore the relationship
between the observed biaxiality and the molecular structure of the probe, we have
chosen the crystal E phase, formed by 4-butyl-4"-isothiocyanatobiphenyl (4BT, see
Figure 6) [34], whose biaxiality is not in doubt. In addition, 4BT has the advantage of

staying in the E phase over a wide temperature range since this supercools easily.

4-butyl-4'-thiocyanatobiphenyl (4BT)

CrE 82.2°C 1

Figure 6 The molecular structure of 4BT and its phase transition; the melting point is not
known because the E phase can be supercooled.

The following section will describe the theoretical background of the determination of

the phase biaxiality via deuterium NMR.
7.6 Theoretical Background

The analysis of the deuterium NMR powder pattern yields the components of the

partially averaged quadrupolar tensor, ¢, when the directors are randomly distributed

with respect to the magnetic field of the spectrometer. The relative biaxiality in q,

defined by -
5= qXXN_ vy : (4)
Yzz

provides a measure of the relative phase biaxiality, in which 7 ranges from 0 (for a

uniaxial phase) to the maximum of unity. These limiting values are obtained because

q is traceless, i.e., the sum of the diagonal elements vanishes, i.e.,

Clex + aYY + azz =0, (5)
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with the axes labelled by convention such that,
|2z > |G| > |dyy] and Ggx —Gyy >0. (6)

Here, XYZ are the principal axes of q and correspond to the three directors for a
biaxial phase, n, 1, and m, as mentioned earlier in section 7.3. For the uniaxial phase,

Jxx =0dyy and so 1| vanishes. At the other extreme, ., vanishes and so G,y is

-, (see Equation (5)). Hence from Equation (4), 1 is equal to unity.

Simulation of the NMR Spectra

In a sample which consists of a distribution of the directors, the deuterium NMR
spectrum is a superposition of quadrupolar doublets weighted by the singlet
orientational distribution functionP(B,a) , which gives the probability of finding the
magnetic field at the spherical polar angles B, a to the principal axes of @ . In our
simulation, we assume a Lorentzian lineshape for each of the doublet components
with a characteristic linewidth of T,". The overall spectrum, I(v), can be obtained by

integrating over all the possible angles,

1(v)= [ Llv,Av(8,0), ;' | P(B, ) sin P da, )

where L 1s the normalised Lorentzian function,

L(v):2T{;], | ®)

1+ T2 (v—v,)

where T, is the spin-spin relaxation time, and v, is the Larmor frequency. For a

biaxial quadrupolar tensor, the positions of the peaks are given by
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V=v, i%qZZ{PZ (cos[3)+%ﬁsin2 BcosZa]

' &)
=v, :t%AVO(Pz (cosB)+ %ﬁsin2 BcosZaJ,

where P, (cosp) is the second Legendre function, (3 coszB—l)/ 2. Taking v, =0, and

AV, =1, Equation (9) is simplified to

V(B,a)=i[%Pz(cosBH%ﬁsinzBcosZa). (10)

Hence the observed spectrum when the field is randomly oriented with respect to the

principal axes of q is

i(v)={’ jz“ 1 L —dBda (11)
1+T§[vi (EPZ(COSB)+ %ﬁsin2 Bcos2a ]

In Equation (11) the linewidth, T, ', is taken to be orientation independent. However
in a biaxial phase, the three principal components Jyy, Jyy»> and q,, determine the
quadrupolar splittings when the magnetic field is along the principal axes, and we
expect that in general, there will be different linewidths for these special orientations.

These are denoted by Ty, Tyy,and T,,; strictly these are abbreviations for the more
cumbersome expressions, (TZ’I)XX ) (Tz’l)w , and (Tz‘ ‘)ZZ. It is now necessary to
decide how the linewidth varies when B makes the spherical polar angles 3, o with
principal axes. The form of this angular dependence might be assumed to have a
similar form as for quadrupolar splitting given in Equation (10). If so, then
T(B, ) would be given by

Tee +T Ty +T .
T(B,a)z{TZZ —[—YY—&J}COSZB+—YY2—XX+1(TYY ~Tyy Jsin® Beos2a.  (12)

2 2
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This  expression can be checked for the limiting orientations
B=0,p=mn/2 a=0,and B=n/2 a=mn/2, corresponding to the field along the Z, X,
and Y axes respectively. For these orientations along the principal axes of q, the

linewidths should be T,,, Ty, and Ty, respectively, as they are.

There are two other simplifying situations, i.e., (i) when the system is uniaxial

(Txx =Ty =T Ty = T") and then the angular dependence of the linewidth is given

by
T(B)= (T, - T, Jcos’ B+ T, (13)

and (ii) when the system is isotropic Tyy =Ty, =T, =T,'; then the linewidth is

independent of orientation and given by T; .

Figure 7 shows the simulation with various values of1 , with the minimum value of
zero to the maximum value of unity. The simulated deuterium NMR spectra for a
system containing a single deuteron for which the directors are randomly distributed
in three dimensions (P(B,a)=1/4n) are shown for a uniaxial and a biaxial phase. For

the uniaxial phase, the spectrum consists of a pair of shoulders separated by 3q,,/2,

and a pair of horns separated by 3qx /2 =34y /2.

When the phase is biaxial, another pair of shoulders appears, which allows all three
components of q , to be determined. For the maximum biaxiality, the splitting
between the horns vanishes and the two sets of shoulders coalesce
(i.e,yy ==, and G,, =0) as observed in Figure 7 (although the signs of the
splittings cannot be determined directly in such NMR experiments). The signature
features of the spectrum show a clear indication of the biaxiality in q,and hence the
phase as 1 increases from a value of zero. Indeed, NMR can be a definitive technique

to confirm if the phase is biaxial or not. However, some spin probes can be blind to

this biaxiality as discussed later in our results.
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Figure 7 Simulated 3D spectra for various values of 7], the minimum value being zero and the
maximum unity.

Although the spectral appearance clearly indicates the phase biaxiality, the

quantification of this requires the determination of the principal components of q.

However, from the powder pattern it is difficult to determine these splittings directly,
especially for a 3D spectrum with shoulders. In fact to determine the splittings from

the experimental spectrum, it is necessary to simulate this in order to obtain the best
fit by varying §y, (related to AV,), §j and T;'. In the simulation, the maximum
splitting is scaled to be 1. To determine the measurement point for the spectral

shoulders, we run the simulation using the plot x-axis ranging from -0.5 to 0.5, i.e,
the maximum splitting of 1. We tested our results using three different values of the
biaxiality, | (i.e., 0, 0.5, and 1), with the linewidth, T,", kept fixed. Figure 8 shows
the results of the simulations. From the simulations, it can be seen that the separation
for the shoulder should be measured at half-height of the shoulder, as indicated by the

arrows. This is especially apparent for i = 0.5 because the sum of the inner splitting

and the inner shoulder must equal to the outer shoulder. To satisfy this, the separation
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for the shoulders must be measured at their half-height. For the inner doublet, the
separation is measured from peak to peak. Of course, to obtain more precise values,
those measured directly from the spectra can be used as the starting values for an

iterative simulation of the experimental spectrum.

a5 a 05

05 Q 05§
(b)
=
03
»]
204
0
T
05 0 0s
©
Figure 8 Simulated spectra for three different values of 7, i.e., 0 for (a), 0.5 for (b) and 1 for

(c). The maximum splitting is scaled to be 1. The simulations indicate that the
splitting of the shoulder is measured at half-height, as shown by the arrows.

7.7 Order Parameters and their Relation to Phase Biaxiality

In this section, we shall discuss the relationship of the principal components of the

partially averaged quadrupolar tensor, q, obtained from the NMR experiment, to the
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orientational order parameters. We first introduce the orientational order parameters

used to define the order of the molecules in a biaxial phase.
7.7.1  Uniaxial Molecule in a Biaxial Phase

Some of the probe molecules used in this project are uniaxial, and so, the simplest
case to consider is that of a uniaxial molecule in a biaxial phase. Figure 9 shows a
schematic diagram of a cylindrically symmetric molecule in a biaxial phase. XYZ are
the phase symmetry axes and z is the molecule symmetry axis. The major order

parameter, S, depends on the distribution function for the angle the molecule makes

77 2

with the Z axis, and is given by

WE =
SZ = iz \ 14
5 <—2 > (14)

where £, is the direction cosine for the two axes z and Z. This is analogous to the

Saupe order parameter for a uniaxial molecule in a uniaxial phase.

Z AN
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Figure 9 Schematic diagram showing the orientation of a cylindrically symmetric (uniaxial)
molecule in a biaxial phase.

The minor order parameters are then
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S =<M> | (15)

2
and
2. . : . .
SHY = <3‘%“—1> (16)

The sum of the squares of the direction cosines is unity, i.e.,
0, + 02+ 02, =1 (17)
and so

the ordering matrix is traceless,
SZ 4+ 8% 187 = 0. (18)

The biaxial order parameter for the phase is then given as (S’Z‘ZX -8y ) For a perfectly
ordered system, the biaxial order parameter vanishes, i.e., as szz -1, so
(szx —SZZY)—a 0 which is analogous to the behaviour of the behaviour of a biaxial

molecule in a uniaxial phase (see Chapter 4).

To relate the order parameters to the quadrupolar tensor, we note that the quadrupolar

splitting, AV,,, is given as

~ 3. 3
AV, =quz ZEqCDszZ’ (19)

where q.;, is the component of the quadrupolar tensor for the deuteron in the C—D

bond which we take to be along the z-axis, ie, a principal axis system of the

molecule. Ifthe C—D is at angle, 0, to the molecular z-axis, Av,, will then be
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-~ 3 3cos’0—1
Avyy = 5 dep [—JSZ ) (20)

assuming q, is cylindrical [35]. When the magnetic field is along either of the other

two principal axes of the phase then the quadrupolar splittings are given by

- 3. 3
AVyy =—Qgx =% qCDSzXzX 2n
2 2
and
- 3. 3
Avyy = 5 Qyy = 5 qCDSZzY7 (22)

where Qyyx, dyy> andd,, are the components of the partially averaged quadrupolar
tensor, . To obtain these expressions, the C—D bond, about which the quadrupolar
tensor is assumed to be cylindrically symmetric, is taken to be along the molecular z
axis. In general, when the C—D bond makes an angle 6 with the z axis, the
quadrupolar splittings, Avy, and AV,,, are given by expressions analogous to that
for Av,, in Equation (20). From Equation (4), the biaxiality in q for this general

case can be rewritten as

lagp (B0 0-1)/2) )~ gy (Beos?0 - 1)/2) )
ep (Beos?0 -1)/2)SZ

fi=

_ (s -sy)

y#4
Su

(23)

Equation (23) shows that the biaxiality parameter, 7, is independent of the orientation

of the C—D bond with respect to the molecular z axis. On the other hand, the

individual order parameters are not independent of the molecular geometry.

In addition, the relationship of (Siix —'SZY) vs SZ* produces a curve for a fixed value

of the Dbiaxiality parameter passing through the limiting values

211



A (Si;x —S;Y): 0 lendiSZa=1lk (Sf:x —SLY): 0 and having a maximum value

when Sf]Z ~0.5. The relationship measures the deviation from cylindrical symmetry.

7.7.2 Biaxial Molecule in a Biaxial Phase

Figure 10 shows the orientation of a biaxial molecule in a biaxial phase. XYZ are the
phase symmetry axes, and xyz are the molecular symmetry axes. The orientational

ordering of a biaxial molecule in a biaxial phase can be described by the supermatrix

5o _ <3,e il sz— 8 g > oy

where A and B denote the phase symmetry axes, and a and f§ are for the molecular

symmetry axes [36].

<
zv™

X

Figure 10 Schematic diagram showing the orientation of a biaxial molecule in a biaxial phase.
In general, the supermatrix contains eighty-one non-zero elements, but the number of

independent elements is just 25. This is due to the invariance under exchange of the

indices, for example, x — y and X — Y, which leaves the supermatrix elements
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unchanged; in addition, the properties of the direction cosines require that the trace of
each submatrix vanishes. If the principal axes for both the phase and the molecular

matrices are known, the number of independent components can be reduced. This

AA
ae ?

as non-zero, and because » Si' and

3

leaves the nine diagonal elements, S
ZS(‘;‘: both vanish, we are left with just four independent elements of the
A

supermatrix [37]. Physically, the S} are the ordering matrices for the principal
molecular axes with respect to the three principal axes I, m, and n of the biaxial phase.
The four independent components of S2* used to describe the second rank

orientational ordering of a biaxial molecule within a biaxial phase are defined to be

(see Chapter 2, Section 2.5):

(25)

(360 -3 )~ (383 303,
2 -z - 655 305230\
The first two of these order parameters in Equation (25) are non-zero in both the
uniaxial and biaxial phases. They are the major and biaxial order parameters for the
molecule measured with respect to the director n. The remaining two order
parameters vanish in the uniaxial phase, but are non-zero in the biaxial phase.

(Sff —Sfyz ) is 'the minor biaxial order parameter for the molecule, while (S’f?x —SZ,_Y)

measures the biaxiality in the ordering of the molecular z axis with respect to the
phase X and Y axes, i.e., the minor biaxial order parameter for the phase. The final

quantity is the difference in the phase biaxial order parameter for the molecular x and
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y axes, or in other words, the major biaxial order parameter for the molecule and the
phase. The dependence of these four order parameters on the direction cosines, £,,,
allows the limiting forms to be easily identified since, in the limit of perfect order,

these limits oA —38,,, ie, £,=1 while £, =0. Then Sk =S/Y — 1 and

SIXY = S)y(yX = —%, and so the high order limiting values with the molecular axes x, v,

and z parallel to the phase axes X, Y, and Z, respectively, are

SZ 1,

SZ -SZ 50,
(26)

S .8YY 50,
(2 s )5 -8y )=,
7.7.3  Molecular Geometry: The General Case

Here we consider the relationships between the quadrupolar splittings and the four
principal order parameters for the general case of a biaxial molecule in a biaxial phase.
We shall not derive these results from first principles but shall use the result derived
by Dunmur and Toriyama [38] for the magnetic susceptibility tensor of a biaxial
phase. This tensor, like the quadrupolar tensor, is also second-rank but unlike the
quadrupolar tensor, it is traceless. Allowing for this gives the three principal

components of ¢ as

- . SZ —s%
dzz =§{Sn (qn —l(qxx + qyy))+ M(qxx - qyy)} . (27)

B S350 PR
Qvy =73
{52 -5z )+ (o -s)- B2 -8t o -a,)

(28)
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. S S —Sff))[qu —%(qxx +qyy)J+
~ _ ! = (29)

Uxx = 3 1
(st -s)- 6257 6, —a,)

These expressions can be simplified somewhat by using the fact that the molecular

quadrupolar tensor is also traceless; this means that (qzz—l/2 (qxx +qyy)) can be

replaced by 3q,,/2. This gives

Az = SZquzz + (Sfxz - S;% )% (qxx - qyy) (30)

J N N O N
ayy =71 (31)
2 g( =)
[ s a8 s ) S-S )- 61 sy )
qxx:_z 1 (32)
E Ui —qyy)

It is of interest that q,, depends only on the two order parameters that do not vanish

n both the uniaxial and biaxial nematic phases. As is to be expected, the biaxiality in

q is determined solely by the order parameters in which do vanish in the uniaxial but

not in the biaxial nematic phase; thus

i~y =5 ST B+ {55 67 -5 P s, o

The sensitivity of the result for this biaxiality in q and the relative biaxiality to the

location of the C—Dbond is of particular concern. Here we consider three special
cases in which the C—D bond is directed along each of the three principal axes of the
molecular ordering tensor. In evaluating the resulting phase biaxiality it is convenient

and realistic to neglect the small biaxiality in the molecular quadrupolar tensor, q.
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Figure 11 A schematic representation of a biaxial molecule showing its principal axis
system.

L. C—-D]| z-axis:

When the C—D bond is parallel to the z-axis the diagonal components of q are

qz'/. = qCD
1
Qux = _chu (34)
!
qyy - _EqCDa

and so ( _— qyy) vanishes. This gives the major element of q and its biaxiality as

Gpz = Sizqcn
(35)
axx _aYY = (Sflx = SZY )qcrr

The relative biaxiality is then
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(s -2

ZZ
S

n= (36)

-

which is independent of the magnitude of the quadrupolar coupling constant. As the

orientational order increases so 1) is expected to decrease which suggests that this

location is not the best for probing phase biaxiality. This is especially the case
because the molecular z-axis tends to be aligned orthogonal to the XY plane and so

will not be able to probe the phase biaxiality when the ordering is high.

1I. C-D|| y-axis:

When the C—D bond is parallel to the y-axis, the diagonal elements of q are

1

qzz = —EqCD

9y = (37
1

Qe = _EqCD’

which gives the biaxiality in q as

3
qxx —qyy Z_EqCD' (38)

Substitution of these into the expressions for q gives the following results

Qg = "%qcn [S:zz + (Sff - Siyz )] \ (39)

for the major component and for the biaxiality
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axx - ﬁyy = _%qCD [(SZZXX - SZZY )"‘ (Sg - Syxj()“ (S;Y - S;{yY )1 (40)

These expressions for g are given in terms of the four order parameters characterising

the ordering of a biaxial molecule in a biaxial phase (see Equations 25). We see that

the biaxiality in ¢ is determined by the dominant biaxial order parameter and so it is

anticipated that the location of the C—D bond along the y-axis is favourable for the

determination of the phase biaxiality especially when the order is high.

Although it is helpful to have q expressed in terms of the four order parameters, it is
possible to simplify the equations for the components of . This is achieved by using
the fact that S} is traceless when summed over o and A. Using the summation over

o allows us to write

Zz Z _ 7z

SZ +8Z =-8Z,

Sy +8y =-S,, (41)
XX XX _ XX

Sy +S& =-S5 .

Substitution of these relations into Equations (39) and (40) leads to the simpler results

Ggz = CIcnsgyZ - (42)
and
(axx - ﬁyy) =dcp (Syx;x - S;{yY) ' o | (43)

¢

with the relative biaxiality

(44)
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These biaxialities are expected to be large provided the molecular y axis tends to be

aligned in the XY plane.

II1. C—-D|| x-axis:

In this final example, the C—D bond is aligned parallel to the molecular x-axis. The

diagonal components of q are then

1

q7J. = _E qCD

1
qyy = _EqCD . (45)
qxx = qCD;

this gives the biaxiality as

3
Qux —Ayy = T,Z‘qcD' (46)

Substitution of these results into Equations (30) and (33) for the components for the

partially averaged quadrupolar tensor, q, as

Gpy = _%qcn [szz - (S:anz - Szf )] (47)

for the major component and

(axx - qw ) = _?12_ dep [(Szzxx - SZzY )'“ {(Sg - Syyxx)_ (SZxY - S;(yY )}] (48)
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for the biaxiality. As is to be anticipated, these results are analogous to the case when
the C—D bond is parallel to the y-axis. Consequently, the biaxiality in q is expected
to be large. In the same way we found when the C—D bond is parallel to the y-axis,

these equations can be simplified to

Gy = qCDSZ)ch (49)
and
Qxx — Gyy = 9ep (Sx:xf( - SZxY) _ (50)

which gives the relative biaxiality as

. _ (51)

This is also expected to be significant provided that the molecular x-axis tends to be

aligned in the XY plane of the biaxial nematic phase.

7.8 Previous Studies on Crystal E Phase

Before we proceed to our results on the crystal E phase of 4BT using the spin probes,
we shall first discuss the results for the crystal E phase found in other systems. Of
parallel interest is a study by Vaz et al., [30] who had described the first detailed
deuterium NMR study of the molecular orientational ordering in a crystal E phase
exhibited by a binary mixture of liquid crystals. The following subsection gives a

brief account of their investigation.

Binary mixture of 40.8-d; and 8OCB

The binary system studied by Vaz er al, [30] was composed of 50wt.% 4-
butoxybenzylidene-4'-octylaniline-2,3,5,6-ds (40.8-d4), in which the aniline has been

220



" deuteriated in the ring) and 50wt.% 4-octyloxycyanobiphenyl (8OCB). The crystal E
phase only appears in the binary mixture and not in the pure form of the two liquid
crystalline materials. This is a feature that appears to have some genérality in that
equimolar mixtures of 80OCB and several other nO.m Schiff base materials also

exhibit a crystal E phase [30]. For the system studied, the phase sequence was:

Cr 15°C E 52.9°C SmB 83°C SmA 104°C SmA +1 107.5°C L
The NMR experiment was carried out by heating the sample into the isotropic phase,
and data were then recorded in a slow cooling cycle. The NMR spectra were recorded
at several selected temperatures as a function of the angle, 6, made by the original

field direction with the sample. Figure 12 shows some very unusual spectral patterns

found by Vaz et al. [30] for the crystal E phase at 20°C.
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Figure 12 The orientation dependence of the deuterium NMR spectra at 20°C in the crystal E
phase of the binary mixture of 40.8-d, and 80CB and the simulated spectra with the
value of 7=0.57 [30].

In the preceding aligned SmA and SmB phases, their uniaxial character is
demonstrated by the observation of a single quadrupolar splitting whose angular

dependence is given by
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AV, = AV, P,(cos8), (52)

where AV, is the quadrupolar splitting of the NMR spectrum when the director makes
an angle, 0, with the magnetic field and AV, is the quadrupolar splitting when the

director is parallel to the magnetic field. Equation (52) shows that with increasing 6,
the quadrupolar splitting decreases, passes through zero at the magic angle (i.e.,

54.74°), and then increases to one half the original splitting, AV,, when the director is

perpendicular to the magnetic field. Evidently, the spectra recorded for the crystal E
phase deviates from this angular dependence in Equation (52) and shows peculiar
spectral patterns which are more complex than a single quadrupolar doublet found in
the uniaxial phases (see Figure 12). The spectral width for the orientation
perpendicular to the applied magnetic field is much larger than at 0°, which contrasts
with the results obtained for the SmA and SmB phases. In the SmA phase the director
is aligned parallel to the magnetic field and th{s alignment is preserved on cooling into
the SmB and then the crystal E phase but the minor directors are not aligned by the
field.

To explain this curious phenomenon, Vaz et al. [30] proposed some possible
molecular motional models for the aromatic ring within the crystal E phase from the
simple geometry of a herringbone lattice, which are able to éccqunt precisely for the
measured values of the time-averaged quadrupolar coupling constant and biaxiality
parameter which was found to be 0.57. In addition, from the models and their
experimental data, it was observed that the orientational order of the para axis for the
aromatic ring relative to the axis of the magneto alignment (layer normal) in the

crystal E phase is approximately unity.

The molecular motion within the crystal E phase should consists primarily of (i) a
rapid (t ~107s) localised diffusive motion perpendicular to the smectic layers, and (ii)
on-site librational (oscillational) motions of the short axis of the aromatic ring with an
order parameter of 0.8. In addition, it is suggested that only the aromatic ring may be
flipping and that other segments of the molecule may be rotating more freely. This

observation comes from the angular-dependent spectral patterns of 50wt.% 40.8-dy
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+ (perdeuteriated alkyl chain) mixed with 50wt.% 8OCB, which narrow at the

orientation of 90° [39], rather than broader, as found in the study by Vaz et al. [30].
7.9 Experimental

The sample of 4BT was kindly given to us by Professor Roman Dabrowski from the
Institute of Chemistry at the Military Technical Academy, Warsaw, Poland, and was
not purified further. 4BT exhibits exclusively the crystal E phase with the transition
to the isotropic phase at 82.2°C [34]. However, we did not check this transition. In
addition, 4BT also undergoes supercooling. The details of the synthesis of 4BT are
reported in [34]. We have used various probe molecules for this study which were,
hexamethylbenzene-d;s (also used in the investigation of the supposed biaxial nematic
phase of other mesogens [5, 29]), acetonitrile-d;, chloroform-d;, methylene
dichloride-d,, and p-xylene-ds; the molecular structures of these probes are shown in
Figure 13. The choice of the probe molecules are such that they possess either
uniaxial or biaxial molecular biaxiality, in order to obtain a substantial amount of
information concerning the effect of the probe structure on the biaxiality of the

quadrupolar tensor in the crystal E phase.

- CD, CD,
H H CD, CD,
H H CDy CD,
CD, CD,
p-xylene-dg hexamethylbenzene-d,
Cl D D
Cll">—D D">—-C1 D*‘)—:N
Cl Cl D

chloroform-d;,  methylene dichloride-d,  acetonitrile-d,

Figure 13 The deuteriated spin probes used in the investigation.

Each sample was individually prepared in a Smm o.d. 4mm i.d. NMR tube, about
3.5cm long. The NMR tube was heat-sealed completely after quenching the sample
in liquid nitrogen to prevent the solute from evaporating. Finally, the sample was

heated into the isotropic phase in order to homogenise the mixture (so that the probe
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is evenly distributed) and cooled to room temperature before placing it in the
magnetic field of the spectrometer. The short NMR tubes are necessary because the
tube is placed horizontally in the NMR probe which is only 7cm in diameter. In
addition, a Vortex plug was used in order to prevent the sample from flowing out of

the NMR tube.

The deuterium NMR measurements were performed on a Varian Infinity Plus 300
spectrometer with Spinsight software for data acquisition and processing, using the

Solaris Operating Environment on a SUN Microsystem workstation. The spectra were

recorded using a quadrupolar echo sequence(7/2-7, —7/2—1,), where both7, and

7, were 33ps (in most of the experiments conducted), while the length of the /2

pulse was Sps. The free-induction decay was averaged over several thousand
transients. The spectral width was within the range of 100-200kHz. The temperature
was controlled via a thermocouple located in the probe head connected to a Varian

temperature control unit, with a stability of 0.1K. The air flow rate was set at 50ft*/h.

7.10 Results and Discussion

The NMR spectra show a range of behaviour for the various probes. There is usually
a central peak from an isotropic component due to the low solubility of the probes in
the highly ordered crystal E phase. In essence, the magnetic field of the spectrometer
is unable to align the crystal E phase, which results in a random distribution of the
directors, and hence, a three-dimensional powder pattern spectrum is obtained. Our
simulations were pérformed using MAPLE 10.0. In the simulation, three parameters
were optimized, the linewidth, the major quadrupolar coupling, q,,, and the
biaxiality parameter, 7, in order to get the best fit to the experimental spectra. The
inclusion of the isotropic peak in our simulation is also important to fit our
experimental results, and here too, the linewidth of the single peak was optimized to

fit the experimental spectra.
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7.10.1 Hexamethylbenzene-d;s

Figure 14 shows the experimental and simulated spectra of hexamethylbenzene-d;s in

4BT. The form of the experimental spectrum suggests that the biaxiality in q is

small, and the simulation of the spectrum gives a value for § of just 0.05. This result

(b)

Figure 14 (a) The deuterium NMR spectrum of hexamethylbenzene-d;s in 4BT at 25°C and (b)
the spectrum simulated with 7 = 0.05.

seems to be comparable with that obtained by Madsen et al. [5] who used
hexamethylbenzene-d;s as a probe for the nematic phase formed by V-shaped
molecule ODBP-Ph-C; (short for 2,5-bis(4-hydroxyphenyl)-1,3,4-oxadiazole); they

found 1 to be about 0.11. However, our results differ in that the orientational order in

the two phases are quite different; thus AV, is 34.2kHz whereas in the nematic phase
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formed by ODBP-Ph-C; [5], AV, is only 5.98kHz. This large difference suggests that

the ordering in E phase of 4BT is extremely high which is to be expected; however it

prompted us to study the crystallised phase of pure hexamethylbenzene-d;s.
Pure Hexmethylbenzene-d;s

Figure 15 shows the deuterium NMR spectra of pure hexamethylbenzene-dig in
various conditions. Figure 15a shows the spectrum of the hexamethylbenzene-d;s in
its crystalline state. When the sample was melted into the isotropic phase in the
spectrometer and subsequently cooled to 25°C, the spectrum obtained was that shown
in Figure 15b. The spectrum is not very much different from that of
hexylmethylbenzene-d;s in 4BT shown in Figure 14, except, of course, for the
extraneous peaks. We rotated the sample by 90° from the direction of the magnetic
field and the spectrum obtained is shown in Figure 15¢c. The spectrum looks different
from that shown in Figure 15b, and so we attribute this difference to the different
orientations of the crystal axes created when the sample was cooled from the isotropic
phase. When the sample was rotated through a subsequent 90° rotation (see Figure
15d), the spectrum obtained was the same as that obtained in Figure 15b when the
sample was cooled from the isotropic phase. Despite the different spectral forms, the
splittings of the spectrum of the pure hexamethylbenzene-d;s and
hexamethylbenzene-d;s in 4BT are almost the same; the outer splitting for the pure
hexamethylbenzene-d;s shown in Figure 15b is 33.1kHz which compares well with
the value of 34.2kHz found in 4BT. Another similarity is the shape of the horns
which suggest that as in 4BT, there is a small biaxiality in the quadrupolar tensor.
_ This is unexpected because the internal rotation of the —CD3 groups about its hexad

axis should average any biaxiality to zero.

The observed small biaxiality has been attributed by Hoatson et al. to the distortions
of the molecular geometry of the ring [40]. However, the similarity of the
quadrupolar tensor in pure hexamethylbenzene-d;s and that in 4BT strongly suggests
that this probe does not dissolve at all in 4BT and so the observed biaxiality in q is
unrelated to that of the crystal E phase. This is not the case for the studies of the

symmetry of the nematic phases formed by several mesogens where
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hexamethylbenzene has been used as a probe [5, 11, 29]. Here the largest component
of the quadrupolar tensor is only about SkHz which is significantly smaller than that
found for the crystal phase of the probe. It clearly indicates considerable rotational

disorder and hence that the probe has dissolved in the host.
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Figure 15 The deuterium NMR spectrum of pure hexamethylbenzene-d;s at 25°C (a) in

crystalline form, (b) after cooling from the isotropic phase, (c) after rotation of 90°
and (d) after a second 90° rotation .
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7.10.2 Acetonitrile-d;

- Just as in the case of hexamethylbenzene-d;s, the 1| for the deuterons of acetonitrile-
d; in 4BT also shows a low value, as evidenced from the spectrum in Figure 16. The
form of the horns clearly deviates slightly from that expected for a uniaxial system.
Simulation of the spectrum gives a value for the biaxiality, 1, of about 0.04. The
largest quadrupolar splitting is 35.9kHz. The agreement between the simulated and
experimental spectra is close but not perfect and this probably results from the

assumption that the linewidth independent of the orientation.

40 20 K%Z 20 40
(@)
(b)
Figure 16 (a) The deuterium NMR spectrum of acetonitrile-d; in 4BT at 27.5°C, and (b) the

spectrum simulated with 7] = 0.04.
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We now consider the order parameters for the symmetry axis which can be
determined from the quadrupolar splittings. Since the C—D bond makes an angle, 9,
with respect to the molecular z-axis, then according to Equation (20),

~ 3 (3cos0 -1 .xx
Av,, =— — |82, 53
and

- 3 3cos’0—1) .y v
Avyy :EqCD(_i—JS;Y ) (54)

assuming a tetrahedral angle, 109.5° and q, is taken to be 168kHz. The quadrupolar
splittings AV,,, AV, and AV, are 35.9kHz, 18.7kHz, and 17.2kHz respectively for
acetonitrile-d; in 4BT. However, we are unable to measure the signs of the splittings

although we know that their sum must vanish. If we take the largest splitting to be

positive, then the other two will be negative and the three order parameters will be

SZ =0.427
SHY =—0.222
S& =_0.205.

Thus with this choice of signs the molecule behaves as a rod as might be expected
from its shape. This choice of signs which combined with the major order parameter
gives a relative biaxiality, 7, of 0.04 (see Equation (23)). The biaxial order parameter
(S:,ix —S;Y)z(].ﬂ‘l'?. The observation of such a small biaxiality in § for acetonitrile
is hard to understand. The major order parameter is essentially in the middle of its
range at which point we might have expected the biaxiality in S,, to be a maximum.

It would seem that the probe is located in a region of the E phase where the biaxiality

is small. For example, the polarity of acetonitrile might mean that it will tend to
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associate with the thiocyanato group. This is somewhat remote from the biphenyl

group and it is this which creates the biaxiality in the E phase.

7.10.3 Chloroform-d,;

Again, there is good but not quite perfect agreement between the simulated and
experimental spectrum. In contrast with the spin probe acetonitrile-d;, chloroform-d,;
shows a relatively large 1j. The experimental spectrum in Figure 17 clearly exhibits
the two pair of shoulders and a pair of inner horns corresponding to the three different

principal components of § (see Figure 17b).

(b)

Figure 17 (a) The deuterium NMR spectrum of chloroform-d, in 4BT at 25°C and (b) the
spectrum simulated with 7 =0.57.
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Simulation of the spectrum suggests that 7 is 0.57; in addition there is a strong

isotropic peak coming from chloroform that has not dissolved in 4BT.

For the chloroform-d;, the values found for the three splittings are 9.5kHz, 7.5kHz,
and 2.0kHz respectively. In order to use Equations (20)-(22) to determine the order
parameters from the quadrupolar splittings, we require their signs but as we know,
they are not available from NMR spectra. Since a chlorine atom is larger than a
deuteron it seems reasonable to treat chloroform as though it will align as a disc with
the symmetry axis orthogonal to the Z axis of the phase, that is tending to be
orthogonal to the molecular long axis of 4BT. This reasonable assumption gives the

three principal order parameters as

S% =_0.038
S¥* = 0.030
SYY = 0.008.

The biaxial order parameter, (szx —S;Yl is then 0.022 when the major order

parameter is —0.038. Both order parameters are small although the relative biaxiality, .

1, is large at 0.57. The smallness of the order parameters makes it difficult to
interpret the value of 1| in terms of specific interactions; however if the C—D does
tend to be orthogonal to the Z-axis, then it will sense the difference in the ordering
with respect to the X and Y axes more reliably.

\

7.10.4 Methylene Dichloride-d,

The results are more exciting for methylene dichloride-d; for this gives the largest

value of the relative biaxiality in 1 for all of our experiments, ie., 0.8! The

experimental spectrum given in Figure 18 shows that the two sets of outer shoulders

seem to have coalesced, i.e., Gy, =—q,,, as found when 7 is unity. However, this

cannot be exact because simulation of the spectrum gives the optimum value for 1 as
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0.80. At the centre of the spectrum there are two homns on either side of the isotropic

peak showing that % is not quite unity. The three quadrupolar splittings given by the
simulation are 7.3kHz, 6.6kHz and 0.7kHz.

10 5 Kplz
()
(b)
Figure 18 (a) The deuterium NMR spectrum of methylene dichloride-d; in 4BT at 20°C and (b)

the spectrum simulated with 1 =0.80.

To relate the measured quadrupolar splittings for methylene dichloride to the four
order parameters needed to describe the ordering of a biaxial molecule in a biaxial
phase (see Equations 25) it is necessary to define the principal axes for the molecule.
These are shown in Figure 19 and follow from the two mirror planes of symmetry,
giving a point group symmetry of Cy,.. Given the larger size of chlorine with respect
to deuterium, the z-axis is taken as parallel to the chlorine-chlorine vector. The y-axis

bisects the DCD bond angle and x is orthogonal to both x and z.
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Figure 19 The principal axes system for methylene dichloride-d,.

If we assume that methylene dichloride has a regular tetrahedral structure, that is

0=cos(~1/3), then the diagonal components of the molecular quadrupolar tensor

are
1
9o 2qcn
1 o
qyyZEqCD : - (55)
q,, =0.

This gives the biaxiality in q as

U ~dyy =~ Ao (56)

Substituting these results for q into Equations (30)-(32) for the partially averaged

quadrupolar tensor, q as

~ 1 1
dzz = _chn [szz +'3‘(Sff - Sg )J

(57)

oy =[S -SSR S-Syl
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and

G =§q®[sff A o e G )}]- (59)

The biaxiality in q is then

(o i) =y 5 -5 ) o -5)- 627 -

}] (60)

and the relative biaxiality is

(-l -sy)-r -sy)

o)
[sff +%(sff - syzyz)} '

§=

(61)

It is not possible to simplify these expressions for the principal components of q any
further and so the values of q,, and (G, —qyy ) are insufficient to unravel the four

order parameters. To determine all of these requires two additional pieces of
information and it is not possible to determine these for deuteriated methylene
dichloride. In principle, they might be available for protonated methylene dichloride
if the three components of the partially averaged dipolar coupling could be
determined. Since the dipolar interaction is cylindrically symmetric about the inter-

proton vector, that is the x-axis, then the principal components of the partially
averaged dipolar vector would yield SZ and (Sxxxx —Sfxy) We have not been able to

undertake these proton NMR experiments but would note that they have been
performed by Thayer et al. [41], although using a crystal E performed by a mixture of
4.08 and 8OCB with the same composition to that studied by Vaz et al. [30] but with
a 5-10wt% of CH,Cl,. The biaxiality in the dipolar tensor is repeated as 0.208 which

is significantly different to that which we have found for the quadrupolar tensor q.

This difference is large which might be expected because they are for different axes in
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the methylene dichloride. However, it must also be remembered that the
concentration of methylene dichloride is different and more importantly the mesogens

forming the crystal E phase are significantly different.

7.10.5 p-xylene-ds

Figure 20 shows the experimental and the simulated spectra of p-xylene-ds in 4BT.

Our simulation suggests that 7| is 0.47, which is still relatively large. The largest

quadrupolar splitting is 5.6kHz. It might have been anticipated that the biaxiality of
the p-xylene molecule would have made the extraction of the order parameters from
the quadrupolar splittings difficult (see Section 7.7.3). However, because of the
averaging of the molecular quadrupolar tensor of the methyl deuterons by rotation
about the C—C bond, this is not the case. The two methyl groups elongate the
molecule and so the para-axis tends to align parallel to the director in a uniaxial
nematic; we therefore label the para-axis as the z-axis. The y-axis is orthogonal to the
phenyl ring and the x-axis is in the plane of the ring and orthogonal to x and y. With
this assignment of the principal axes for the ordering matrix the diagonal elements of

q averaged over the methyl group rotation and assuming tetrahedral geometry are

qzz :_quD
1 .

qyy :_6-qCD (62)
1

qxx =quD'

This gives the biaxiality in q as zero which means that this is comparable to the case
when the C—D is parallel to the z-axis (see Section 7.7.3). Thus the major

component is

— 1
Gz =~§qCDSff (63)
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Figure 20 (a) The deuterium NMR spectrum of p-xylene-d¢ in 4BT at 25°C and (b) the
spectrum simulated with 7 = 0.47.

and the biaxiality is

- ~ 1 :
(qXX ~Qyy ) = —EqCD (S}zix - SZZY )> (64)

which gives the relative biaxiality as

~_ 8 -s¥)
=t gt | (65)

SZZ

22
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The observed quadrupolar splittings then give the order parameters as S2 = —0.066
and (S’;X —SZZY)= 0.032. In this calculation, q,, is taken to be negative in keeping

with the result found for nematic hosts and consequently the other two components of

q are taken to be positive.

7.10.6 Pure 4BT-d;

In order to compare the results of the deuteriated pure sample and the doped samples
which we had investigated, Professor Dabrowski prepared some deuteriated 4BT.
The deuteriation is restricted to the two aromatic rings but is not in one specific
position as shown in Figure 21. Fortunately it is expected that various C—D bonds
make, essentially, the same angles with the principal axes of the supermatrix so that
the spectra associated with the different deuteriated sites should essentially be the
same. The experimental spectrum measured at 75°C is shown in Figure 22. It
appears that there are just three major features, two sets of shoulders and one pair of
homs as expected for a biaxial phase. However, closer inspection reveals an
extremely weak isotropic peak possibly resulting from the high temperature which is
close to the E-I transition. In addition, there is a pair of weak, relatively sharp peaks
on the inside of the dominant horns and these may result from different deuteriation
sites in the biphenyl moiety. We shall, however, ignore this second pair of horns
when simulating the spectrum to determine the major quadrupolar coupling q,, and

the relative biaxiality, . As in the previous simulation, the linewidths were also

varied to optimise the fit with the experimental spectrum. The optimised simulated

spectrum is shown in Figure 22 and gave a relatively large value for 1j of 0.51.

D
D

Figure 21 The molecular structure of the specifically deuteriated 4BT used in our
study.
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Given the biaxiality of 4BT and of the phase, these two parameters are insufficient to
determihe the four order parameters which are needed to characterise the orientational
order (see Section 7.10.4 for methylene dichloride-d;). Instead we consider the model
proposed by Vaz et al. [30] in which the biaxiality in the quadrupolar tensor, q, is
taken to result from the internal motion of the phenyl rings through the n-flips. This
motion must occur because without it, the powder pattern observed would be that for
the isolated C —D, that is with a form corresponding to a uniaxial quadrupolar tensor
with the largest component, g,,, being equal to ~ 186kHz. This is clearly not
observed and the internal motion is involved to induce a biaxiality.. In the E phase,
the para-axis of the biphenyl group is likely to be aligned parallel to the Z-axis. The
jump motion of the phenyl ring will not change the quadrupolar tensor components
along this axis or indeed along the X and Y axes. These axes are shown with respect

to the phenyl rings of 4BT in Figure 23.

®)

Figure 22 The deuterium NMR spectrum of 4BT-d, at 75°C, and the simulated spectrum with
n=0.51
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NCS

Figure 23 The schematic representation of the laboratory axes of 4BT-d,.

Assuming a regular hexagonal structure for the phenyl ring and a cylindrical

symmetry for the quadrupolar tensor, the X, Y and Z components of q are given by

azz = _quD

~ 1

vy =—~Z94cp (66)
2

~ 5

Qxx :§QCD-

Interestingly the largest components of q is gy and so according to the convention

introduced in Section 7.6, the components should be relabelled as

a'zz = 'é'qCD

~ 1

Qy¢y = %49 ; (67)
‘ 2

~ 1

Qxx = _quD‘
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This gives the biaxiality as

~ — 3.
(q'xx—q'w)=§q@ (68)

and the relative biaxiality as 1) = 3/5. This value of 0.60 is close to the experimental

value of 0.51 and the agreement could be improved if allowance was made for
deviations of the geometry of the phenyl ring from a regular structure. For example,
if the angle made by the C — D bond with the Z-axis is taken to be 61° rather than 60°

than 7 is predicted to be 0.54 which is closer to the observed value. Exact agreement

is found when the angle made by the C —Dbond with the Z-axis is given the value
61.7° which is not unreasonable. The model can also be tested by predicting the
absolute value of the largest quadrupolar splitting, q',,. With an angle of 61.7°, this
is predicted to be 185kHz. The experimental value of 148.0kHz is somewhat smaller
and suggest that there is some librational motion of the phenyl ring in the crystal E
plane. Similarly, the predicted value for q'y, is 45.4kHz, which is larger than the
experimental value of 32.3kHz. However, these values are also sensitive to the
assumed geometry. For example, if we return to the regular hexagonal geometry then
q'y, is calculated to be 174kHz and the smallest principal component, q'yy, is

calculated to be 34.9kHz; these are much closer to the experimental values.

If the origin of the biaxiality in the quadrupolar tensor, q, is indeed the jump rotation

of the phenyl rings or indeed of the entire molecule, then it is to be expected that the
spectrum should be temperature dependent, i.e., as the temperature is lowered so that
the rate at which the C—D changes its orientation will be reduced. Since the jump
rotation modulates the components of the quadrupolar tensor in the laboratory frame,
then the linewidths should change and eventually the line positions. To test this
expectation, we have measured the NMR spectrum of 4BT-d, as a function of
temperature from 75°C down to 0°C; the spectra obtained are shown in Figure 24. As
we have already seen, the spectrum at 75°C is a standard powder pattern for a biaxial
quadrupolar tensor, which suggests that at this temperature, the jump rotation is fast
on the NMR timescale. As the temperature is lowered so the appearance of the

spectrum changes; the difference to the high temperature spectrum becomes
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especially noticeable at 45°C. Thus the outer shoulders become more peak-like while
the inner shoulders are rather flat. The shape of the horns does not change to any
significant extent. At the lowest temperature of 0°C, these trends have clearly
continued. Thus the outer shoulders now appear as two peaks; the inner shoulders
have a much stronger peak-like appearance although the widths are considerably
larger than the outer pair. The horns have the same form as at higher temperature but
with a much lower intensity. We should note that although the appearance of the
spectral features does change as the temperature s lowered from 75°C to 0°C, their
location does not. In contrast, the spectra found for the probes acetonitrile-d;,

chloroform-d;, methylene dichloride-d, and p-xylene-d¢ do not change with

temperature.
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Figure 24 The temperature dependence of the deuterium NMR spectra of pure 4BT, and the

simulated spectra for a n-flip model as a function of the correlation time, ¢ [42].
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We are able to use the temperature dependence of the NMR spectra to confirm the
jump rotation of the phenyl rings as the source of the biaxiality because the changes
have been simulated. The simulation is for a randomly oriented sample of molecules
in which the deuteriated phenyl ring undergoes jumps through 180° [42]. The spectra

were simulated for a range of correlation times, 1., characterising the jump dynamics.

The results are shown in Figure 24 for a range of correlation times, for 10s to 107s.
For the smallest time, the simulated spectrum has the appearance expected for a
powder pattern of a deuteron with a biaxial quadrupolar tensor. This simulated
spectrum is essentially identical to that measured for 4BT-d, at the highest
temperature. When the correlation time is 107s, both the inner and outer spectral
shoulders have developed a peak-like form while the horns have not changed in
appearance although their relative intensity has decreased. This simulated spectrum is
essentially similar to the experimental spectrum observed at 25°C. As the correlation
time is increased to 10™s, the spectrum changes further; shoulders now appear at the
outside of the spectrum. Two dominant horns appear with a large intensity and the
inner hormns decrease significantly in ihtensity. When the correlation time has
decreased further to 107s, these changes have ceased and the spectrum is that
expected for a deuteron with a cylindrically symmetric tensor. In principle, these
changes should also be observed for 4BT-d, but unfortunately, we were unable to go
to sufficiently low temperatures. However, the spectral changes that were observed
on decreasing the temperature and the agreement with the simulated spectra strongly

suggest that the biaxial in q seen in the spectrum of 4BT-d; results from the n-jump

rotation of the phenyl rings. This interpretation is also consistent with the finding by
Dong et al. [39] that for 40.8-d;; deuteriated in the chain, the biaxiality in the

quadrupolar tensor is essentially zero.

7.11 Conclusions

It is apparent that deuterium NMR is a powerful tool with which to explore phase

biaxiality. Our results have shown that the biaxiality in the quadrupolar tensor, q, is
related to the probe structure. In addition, the magnitude of 1| can be influenced by

the extent of the orientational order of the probe as well as by its symmetry. For the

uniaxial probe, acetonitrile-d; | is essentially zero. In contrast, the uniaxial probe
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chloroform-d; has a high biaxiality in ¢q. The two biaxial probes,
méthylenedichloride-dz and p-xylene-dg, both have large values of 7. In addition, the
ring-deuteriated pure mesogen can also yield a measure of biaxiality, as observed in
the results for deuteriated 4BT, which gives a large value of 1, comparable with the
lyotropic biaxial nematics. However, care is required to interpret biaxiality from
NMR in the presence of internal motion. Indeed for this system, the observed
biaxiality in ¢ is thought to result from the z-jumps of the phenyl rings containing the

deuterons.

This rich variety of behaviour provides a valuable route to understanding, at a
theoretical level, the biaxial interactions between the probe molecule and its biaxial
environment. At a pragmatic level, it shows that considerable care needs to be
exercised in the selection of probe molecules to explore the symmetry of liquid crystal

phases. Indeed it seems essential to use a selection of spin probes in such studies.
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