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This thesis describes the implementation of two well-known experimental techniques,
dynamic light scattering (DLS) and Freedericksz transition (FT), to measure the visco-
elastic properties of a wide variety of nematic liquid crystalline systems.

In this work, DLS in the presence of an electric field is used to determine the twist k5,
and splay k;; elastic constants as well as the rotational viscosity coefficient y; of
materials with positive dielectric anisotropy Ae. FT experiments are performed in some
cases to obtain the bend elastic constant ks3; using the bend visco-elastic ratios measured
by DLS, it is therefore possible to deduce the bend viscosity Npeng. Static dielectric
constants and associated anisotropy Ag, required in both methods, are measured
separately. The nematic orientational order parameter is calculated from refractive index
data.

After calibration, the DLS technique is applied to evaluate the visco-elastic parameters
for a series of mixtures, which differ in their chemical nature and thus exhibit different
optical anisotropies. Then, the values of ky; and y; are measured for mesogenic and non-
mesogenic guest molecules added to a commercial host mixture in order to improve the
in-plane switching mode.

In the next part, the influence of dichroic dopants on the visco-elastic constants and on
the order parameter of the host is investigated for low concentrations of azo and
anthraquinone dyes dissolved in SCB. The temperature dependence of k;;, kyy and vy, is
discussed for the series containing azo dye. The bend elastic constant and corresponding
viscosity are determined for the anthraquinone dye guest-host samples. The data for the
dichroic ratio and dye’s order parameter are also included for the two dyes.

The nematic materials, studied in the final section, are characterised by a dielectric
anisotropy Ag, which changes sign either as a function of frequency or temperature. To
illustrate the first case, mixtures of a novel phenylbenzoate compound in a neutral host
are found to behave as ‘dual-frequency’ materials for a certain range of concentration.
The dielectric, optical and visco-elastic properties are measured for the pure host
mixture. The second case refers to mixtures of new symmetrical difluorobiphenyl
bimesogens, characterised by low Ag. These dimers present improved switching for the
flexoelectro-optic effect in short pitch chiral nematics. Dielectric and DLS experiments
are carried out on these systems. For the two types of materials, the measurements of Ae
are performed on chiral-doped samples because of the difficulty to align them
homeotropically.
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CHAPTER 1: INTRODUCTION

1.1 Definitions’

Liquid crystals (referred to as LCs) represent an intermediate state of matter between a
solid crystal and an isotropic liquid that is observed in some organic materials. The LC
phase, also called mesomorphic phase or mesophase, is characterised by the absence or
partial reduction of positional order while orientational order is still present to some
extent. This results for the mesophase in an interesting combination of anisotropic
properties with a certain degree of fluidity. Liquid crystals can be classified as
thermotropic mesophases, that are formed by changing the temperature of a compound
and Jyotropic mesophases, that occur by dissolving an appropriate concentration of
surfactant or amphiphilic molecules in a solvent. An enantiotropic mesophase is
thermodynamically stable over a certain range of temperature (defined by the melting
point and the clearing point of the material) and pressure. A molecule that forms LC
phases is known as a mesogen and a molecular group that promotes the existence of
mesophases is called a mesogenic unit. The main requirement for the formation of liquid
crystalline phases is a pronounced shape anisotropy of their constituent molecules, which
can be either rod-like (calamitic) or disc-like (discotic). The work presented in this thesis

is primarily focused on the properties of thermotropic calamitic liquid crystals.

Calamitic LCs are composed of elongated molecules, which generally consist of a rigid
core unit with a flexible alkyl chain attached at one end and which typically have a
length-to-width ratio of four to one or greater.” These molecules can form a diversity of

mesophases that display varying degrees of orientational and positional order.

A liquid crystal oligomer contains more than one mesogenic group, each of which is

sometimes designated as monomer; in the course of this work both the terms dimers and
bimesogens will be used interchangeably to describe a LC oligomer with two mesogenic
groups separated by a flexible spacer. By contrast with LC polymers, compounds with a

single mesogenic unit are referred to as low-molar mass LCs.

1
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Section 1.2 introduces the most common liquid crystalline phases i.e. the nematic and the
principal smectic phases. The anisotropic nature of the different physical properties of the
nematic phase is discussed in Section 1.3; then the concept of orientational order
parameter is defined and related to the macroscopic parameters that can be measured

experimentally. Finally, the work presented in this thesis is outlined in Section 1.4 of this

chapter.

1.2 Description of the principal liquid crystalline phases

1.2,1 The nematic phase

In the nematic phase (abbreviated as N), the rod-shaped molecules are oriented on
average with their long axes parallel to each other but without long-range translational
correlation between their centres of mass. The local direction of alignment or preferred
axis can be described by introducing a unit vector n called the director. A uniformly
aligned nematic sample exhibits macroscopically rotational symmetry about the director
and is said to be uniaxial. Furthermore, the axis of uniaxial symmetry has no polarity and

thus n = -n. The nematic phase and the director n are illustrated in Figure 1.1.

Optically active molecules may form a chiral nematic phase, denoted as N*, characterised
by a spontaneous twist of the director in addition to the long-range orientational order. A
schematic diagram of the chiral nematic phase is sketched in Figure 1.2. The local
arrangement of the molecules is similar to the nematic phase within any plane normal to

the helical axis. The main difference is that the direction of preferred orientation is

slightly rotated in adjacent planes and the director n is given by:* 34
n, =cos ¢,
n, =sin¢, (1.1)
n, =0.

In this case, the director is confined to the (x, y) plane and its direction rotates about the
helical axis, which is parallel to the z-axis. The rotation angle ¢ can be related to the

natural pitch of the helix Py using the following equation:

¢:__2};:_£Z_ (1.2)
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Py is chosen positive for a right-handed helix and negative for a left-handed helix. The
pitch is several orders of magnitude greater than the molecular dimensions with typical
values ranging from 0.2 um to infinity for the nematic phase. Therefore, the local order is
nematic. The energy associated with the twisted structure represents only a small fraction
of the total energy associated with the parallel alignment of the molecules and a small

quantity of chiral compound is sufficient to produce a chiral nematic phase.

Some chiral nematic materials with short pitch (less than 0.5 um) may also form blue
phases, which exist over a small temperature interval of about 1 °C between the chiral
nematic and the isotropic phases.’ There are three different types of blue phases BP I, BP

II and BP III, occurring in this order as the temperature is increased. These phases are
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Figure 1.1: Schematic diagram of the nematic phase.

director n \ »

LTy W \\\ NN

A \ \\\ ey ﬂ—>
NIV
\ N \ \

\\ Z-axis
Figure 1.2: Schematic representation of the chiral nematic phase.

b,
7,
4

J

N

P
=
7 4

/
L

(%, y) plane

w



Chapter 1: Introduction

1,2.2 The smectic phases

The smectic phases possess stratified structures, characterised by a density distribution
function and an additional translational order. Consequently, they are usually more
viscous than the nematic phase. There are several possible molecular arrangements

within the layers; as a result, over a dozen smectic mesophases have been identified.

The least ordered smectic phase is the smectic A phase, which is also referred to as Su,
and is shown in Figure 1.3 (a); in the S, phase, the director lies perpendicular to the
layers and behave like a two-dimensional liquid in the plane of the layers. The smectic C
(Sc), illustrated in Figure 1.3 (b) is similar to the S, phase except that the director is tilted

at a temperature-dependent angle with respect to the layer normal.

By analogy, chiral molecules may form a chiral smectic A™ (S A)or C (S¢”) phases. The
Sc" phase, depicted schematically in Figure 1.4, has a helical structure with the molecules
precessing about the layer normal and it is characterised by remarkable ferroelectric
properties when aligned in a surface stabilised geometry due to the existence of a

spontaneous dipole moment as the helix is suppressed.

(a) Smectic A phase (b) Smectic C phase
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Figure 1.3: Schematic representation of the different smectic phases
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1.3 Physical properties of ne matic liquid crystals

1.3.1 Anisotropic nature

Some of the anisotropic macroscopic properties of mesophases can be represented by
using second-rank tensors or 3 X 3 matrices. These tensors can be further simplified by
taking into account the unixial nature of the nematic phase, which exhibits cylindrical
symmetry about the director n; as a consequence, they have only two independent
components.’ For instance, in a Cartesian coordinate system with the z-axis parallel to
the director n, the tensors describing the magnetic susceptibility and the dielectric

permittivity properties are respectively

x. 0 O
x={ 0 % 0 (1.3)
0 0 x
g, 0 O
and €= 0 g, 0], 14
o 0 g

where the subscripts Il and L refer to the component parallel and perpendicular to the

director.
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It is also useful to introduce two physical quantities, namely the anisotropy and the mean

value of the property, which in the case of the magnetic susceptibility are expressed as

AY =%y —%r 1.5)
- 1
and ¥ =—3-(xn +2%,). (1.6)

The relation between the macroscopic dielectric permittivities and the microscopic
parameters will be established in Chapter 2, Section 2.3. The magnetic and dielectric
anisotropies allow the reorientation of the liquid crystal’s molecules by externally

applied fields; this coupling will be discussed in Chapter 2, Section 2.5.

Refractive indices

Nematic liquid crystals are uniaxial positive birefringent materials: their unique axis of
symmetry, the optic axis, is parallel to the director n. Thus, the polarisation components
of light propagating in a direction along the optic axis experience the same refractive
index and therefore they remain unchanged. Strong double refraction occurs when the
light propagates within the birefringent medium in a direction perpendicular to the optic
axis; its polarisation vector can be decomposed into components parallel and normal to
the optic axis, which see different refractive indices. A single ray may be split into two

beams of different polarisations.

The optical properties of liquid crystals can be described by three independent principal
refractive indices, which form a refractive index ellipsoid also called optical indicatrix.’
For a uniaxial phase, there are only two independent refractive indices; in a Cartesian

coordinate system with the optic axis taken along the z-axis, we have n, =n_ and
n, =n, =n,, where n. and n, are the extraordinary and ordinary refractive indices. The

equation for the ellipsoid becomes

2 2 2
X y
—2‘+‘7+

0 o

1.7

=)
=
BIN
0 N
1]
—

The refractive indices of nematic liquid crystals range typically from 1.4 to 1.9 and the

associated birefringence varies from 0.02 to 0.5.
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1.3.2 Orientational order param eter

As mentioned in 1.2.1, the director n defines the preferred direction of the molecules.
However, it does not contain any information about the degree of orientational order of
the liquid crystalline phase. Its constituent molecules usually experience thermal
fluctuations, collisions and intermolecular interactions. In the nematic phase, the long-

range orientational order parameter S is defined in the following manner:>*>*

S=%<3cosz(9-l>, (1.8)

where 0 is the angle between the long axis of a molecule and the director n. The angular
brackets denote a thermal average and the mesogenic molecules are assumed to behave

as rigid rods.

S =1 in a perfect crystal with no thermal fluctuations, whereas S = 0 in an isotropic
liquid with randomly oriented molecules. The order parameter increases with decreasing
temperature: in the nematic phase, its values vary between 0.3 in the vicinity of the
isotropic transition and 0.8 at lower temperatures.® While in the smectic phases, S may be

as high as 0.9.°

In principle, the orientational order parameter S can be determined from any anisotropic
property. There are two ways commonly used to calculate the order parameter. S can be
determined from experimental refractive index data using various extrapolation methods,
such as Haller’s analysis technique. This particular procedure will be explained in
Chapter 2, Section 2.2. S is also directly related to the magnetic susceptibility Ay, since
this physical quantity remains unaffected by molecular interactions.” In this case,

Sac Ay =%y~ % 1.9

1.4 Outline of the work presented in this thesis

In this chapter, the most important liquid crystalline phases have been presented. The
nematic phase is a birefringent uniaxial phase which possesses cylindrical symmetry
about the director n. Its macroscopic properties, such as the magnetic susceptibility and
the dielectric permittivity, are described by the use of second-rank tensors. Its optical

behaviour depends on the extraordinary and ordinary refractive indices. The orientational
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order parameter of the nematic phase has been defined microscopically and has been

related to the magnetic susceptibility anisotropy.

Chapter 2 begins with a description of an extrapolation procedure widely employed to
calculate the order parameter from refractive index data. The static dielectric
permittivities are discussed using Maier and Meier’s theory and the elastic constants are
introduced in the context of curvature elasticity developed by Frank. After a short review
of fluid dynamics in isotropic liquids, the Miesowicz viscosity coefficients are defined
for nematic LCs. The reorientation of molecules in magnetic or electric fields, known as
Freedericksz transition, is considered and the expressions for the threshold fields are
established in both instances. In dynamic light scattering, the time variation of the
scattered field is derived in the context of the electro-magnetic theory and is directly
related to fluctuations in the optical dielectric tensor; these fluctuations arise from two
modes associated with director distortions. Therefore, the visco-elastic constants of the
materials can be directly measured from the linewidth of the autocorrelation function in

DLS experiments using specific scattering geometries and a quenching electric field.

Freedericksz transition and dynamic light scattering can be implemented to determine the
visco-elastic constants of nematic liquid crystals. This is explained in Chapter 3
alongside with a detailed description of both experiments. Dielectric constants and
refractive indices, which are required to calculate the visco-elastic parameters, are
measured respectively by a capacitance method and using an Abbé refractometer. This
chapter also includes the methods for preparation of uniformly aligned nematic samples

and their characterisation.

In Chapter 4, the procedure followed to align the DLS spectrometer is described as well
as the calibration of the apparatus using a well-known nematic material, namely 4-pentyl
4’-cyanobipnenyl, known as 5CB. The evaluation of the DLS technique is carried out by
measuring the splay and twist visco-elastic parameters for a series of mixtures, based on
cyanobiphenyls (A), phenylbenzoates (B) and dicyclohexyls (C). Their different
chemical compositions result in different polarities, birefringences and viscosity
coefficients. The last part of this chapter is devoted to the measurement of the twist
elastic constant and viscosity for a mixture with different additives for the improvement

of the in-plane switching mode (IPS).® The host mixture chosen is a commercial mixture
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Z1I-4792 and the four dopants investigated contain either phenylcyclopentenone or

cyanobiphenyl moities.

Chapter 5 is dedicated to the study of novel dye guest-host nematic mixtures (DGH),
which consist of a few percent azo or anthraquinone dyes dissolved in SCB. First, we
define D as the dichroic ratio and St as the corrected order parameter of the transition
moment for the dye’s absorption. The next section shows the influence of the two dyes
on the splay and twist visco-elastic constants of the host. The temperature dependence of
these parameters is examined for the azo-doped samples. It is interesting to compare the
values of Stcor and D obtained for the two dyes with similar systems reported in the
literature. The bend elastic constant and viscosity coefficient are measured for the

anthraquinone DGH mixtures by combining both DLS and FT techniques.

Chapter 6 deals with more complex nematic systems, which exhibit a sign reversal in As.
These materials do not align homeotropically using conventional surfactants.
Consequently, the dielectric constants are measured using chiral-doped mixtures in two
specific configurations. The second part of this chapter reports on the measurement of
dielectric anisotropy for the “dual-frequency” compound 4-n-pentylphenyl 2-fluoro-4-(4-
n-pentylbenzoyloxy) benzoate (referred to as SPFP5) dissolved in different
concentrations in a nematic host mixture, MDA-00-984, which is characterised by low
and negative As. An analogous material to SPFP5 was found to exhibit a change of sign
of its dielectric anisotropy Ag at the cross-over frequencies f; between 1 and 20 kHz.
The next section is concerned with bimesogens for the flexoelectric effect in short pitch
chiral nematics. In the uniformly lying helix geometry (ULH), an electric field applied
across the cell causes a linear in-plane rotation of the optic axis.® Low dielectric
anisotropy is necessary to avoid helix unwinding. High rotation angles have been
achieved with the odd members of the series 4, 2’-difluorobiphenyl-4’-yloxyalkanes
doped with a chiral additive.” The dielectric anisotropy and bend visco-elastic ratio are

investigated for binary mixtures of bimesogens.

To conclude, Chapter 7 summarises the most important results of this work and gives an
overview of future directions, in particular concerning the redesign of the light scattering
apparatus and the developments of novel materials for the flexoelectric effect, including

dye-doped bimesogenic systems.
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CHAPTER 2: THEORY

2.1 Introduction

The aim of this work is to investigate the visco-elastic properties of a wide-range of
nematic liquid crystals, using two well-known experimental techniques, namely
Freedericksz transition (FT) and dynamic light scattering (DLS). In the first case, a
magnetic or electric field induces a reorientation of the director above a certain threshold;
the elastic constants can be deduced from the measurement of this critical field. The
second method relies upon the fact that light is scattered from the director fluctuations.
By analysing the spectrum of scattered light, it is possible to determine the visco-elastic
ratios of a given nematic material. In this chapter, we will review the key theoretical

considerations, necessary to interpret the experimental data.

The beginning of this chapter relates the nematic orientational order parameter to
measured refractive indices. In Section 2.3, static dielectric permittivities are explicitly
introduced. In the following part, the elastic and viscous properties of nematics are
discussed using the continuum theory. Section 2.5 describes the Freedericksz effect with
external magnetic and electric fields. The next part is divided into six subsections
grouped around two main themes: the general theory of DLS and the application of DLS
to nematic liquid crystals. After presenting Rayleigh light scattering in subsection 2.6.1,
time autocorrelation functions are defined in 2.6.2 and the different detection methods
are outlined in 2.6.3. In nematic materials, light scattering arises from fluctuations in the
optical dielectric constant tensor, which are in turn related to two modes of long-range
distortions of the director pattern as will be shown in Section 2.6.4. In this case, the
autocorrelation function represents the relaxation of those director modes and visco-
elastic ratios can be deduced from DLS experiments in specific scattering geometries,
detailed in subsection 2.6.5. Furthermore, individual elastic constants and viscosity
coefficients can be derived if the measurements are performed in the presence of a
stabilising electric field as explained in paragraph 2.6.6. In the last section 2.7, the

experimental scattering configurations that isolate each fluctuation mode are defined.
11
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2.2 Orientational order parameter and refractive indices

The nematic orientational order parameter S, introduced in Chapter 1 Section 1.3.2, may
be obtained from refractive index data using Haller’s extrapolation method.! This

technique is founded on three assumptions:

1. Even in an anisotropic medium, the local field is isotropic. S is related to the

refractive indices n. and n, via the relation

2 2
gl _D. 71 @.1)
o n’ -1
where n’ = (n,” +2n,%)/3 is the mean refractive index, o = (o, +2a,)/3 is

the mean polarisability and Ao = o, —a, is the polarisability anisotropy (Aa. > 0

for rod-like moleculesz); oy and o) are respectively the longitudinal and

transverse components of the optical polarisability.

2. The extrapolation of the experimental data to absolute zero, which corresponds to

S=1,leadsto Aa/ot.
3. The temperature dependence of the order parameter can be written as
p
T
S=|1-—1 . 2.2
( T J 2.2)

T" represents the temperature in Kelvin at which S would fall continuously to

zero in the absence of a first order nematic-to-isotropic transition.

Combining Equations (2.1) and (2.2) results in the following expression

2 2
n,—-n T Ao
log,o[%J =B logw(l - —) +1og,, (»:-] . (2.3)
-1 T o

n
The exponent B is quasi-universal and usually takes values between 0.17 and 0.23 while
T" depends on each material. Finally, S(T) is calculated from Equation (2.2).
It should be mentioned that the adjustable parameters T" and B are independent of the
wavelength at which refractive indices are measured' and no dispersion effects occur in
the calculated order parameter S. For instance, refractive indices, measured
experimentally at wavelengths ranging from 546.1 nm to 632.8 nm, yield values of S
within 1%.’

12
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Therefore, the accurate determination of S depends mainly on the fitting procedure
employed and requires a quite broad temperature range i.e. ideally greater than 10-15°C.!
Haller’s analysis may give inconsistent and unreliable results close to the nematic-
isotropic transition temperature since Equation (2.2) is not valid in the pretransitonal
region.” In this work, the limitation of the Haller’s extrapolation procedure will be
examined in Chapter 5 Section 5.5 when the order parameter data are used to study the

temperature dependence of the visco-elastic parameters.

2.3 Dielectric properties

The following discussion is based on the Maier and Meier’s theory of static dielectric
permittivities of nematic liquid crystals. Consider the polarisation P of an anisotropic
medium by an electric field E:2

P=¢,(e-1E, 2.4)
where g is the permittivity of vacuum, I is the second rank unit tensor and g is the
relative dielectric constant tensor of the nematic material. As explained in Chapter 1
Section 1.3.1, if a suitable coordinate system is chosen, the components of this tensor can
be reduced to g and €, the static relative dielectric constants measured parallel and

perpendicular to the director n.

For polar LC molecules, the total polarisation is given by?
P=N{(oE,)+ () @5)
where N is the number density of molecules, @ is the polarisability tensor of a molecule,

E; is the internal electric field in the bulk material and p represents the average

permanent molecular dipole moment. The brackets indicate that the terms are averaged
over the orientations of all molecules. For non-polar LC molecules, only the first term on
the right hand side subsists in expression (2.5) and the induced polarisation includes

solely the contributions of the electronic and ionic polarisations.

Combining Equations (2.4) and (2.5) yields:
€-DE="(oE)+ () 2.6)

€

13
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Maier and Meier evaluated Equation (2.6) by extending Onsager’s theory for isotropic

liquids and by using the following approximations:>

e the molecules are considered to be spherical but with a positive polarizability
anisotropy Ao =, —a , defined in Section 2.2;

¢ the dipole moment makes an angle y with the molecular long axis, as illustrated
in Figure 2.1;

¢ the nematic orientational order parameter S, given by Equation (1.8) in Chapter 1,
is not influenced by the external electric field;

e the dielectric anisotropy is small, i.e. As =g, —&, <<€ where € = (g, +2¢e,)/3
is the mean permittivity;

¢ the intermolecular interactions are neglected;

e the cavity field factor h and the reaction field factor f are assumed isotropic and
their expressions are h = 3e/(2e +1) and f = (N/3¢, )[(25 ~2)/(2e + 1)J;

e the anisotropy of the polarisability is ignored in the calculation of the field factor

F, which is defined by F=1/(1-fa).

Then, the static dielectric components are expressed as

. 2
g, —1= s;‘NFh{oc + %Aas + 31:<HT [l ~(1-3cos? \p)S]}

B

, - 1 Fp? 1
d —1=¢"NFh{a ——AaS + 1+=(1=3cos’>w)S . 2.7
e {a 3 3kBT[ 2 V) }} 27)

The corresponding dielectric anisotropy is therefore

2
21; “T (1-3cos’ \p)} . 2.8)

Ae =g, —¢, =¢; NFhS [Aoc -
B

For molecules with a large longitudinal dipole moment, i.e. for y less than 54.7°, the

positive dipolar contribution results in positive Ag. While for molecules with a significant

transverse dipole moment, i.e. with  greater than 54.7°, the negative dipolar term may

yield positive or negative Ag, depending on the relative magnitude of the two terms.’

The parameters N, F and h show little change with temperature. From Equation (2.8), the

temperature variation of Ag is mainly determined by the contribution from the

polarisability anisotropy, which is proportional to S and by the orientation polarisation,

14
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which scales as S/T. For specific combination of molecular properties, the dielectric
anisotropy may also change sign as a function of temperature.’
Maier and Meier’s model can be further improved by taking into account dipole-dipole

interactions via the Kirkwood correlation factor g.%¢

Figure 2.1: Schematic drawing of a LC mesogen exhibiting a dipole moment p, which

makes an angle y with the molecular long axis.

2.4 Visco-elastic properties o f nematic liquid crystals

In the nematic phase, the physical properties of liquid crystals can be described using the

continuum theory initially developed by Leslie and Ericksen.” ®? The theory of curvature

elasticity introduced by Frank is presented here.'® !

2.4.1 Curvature strains of the director

In a nematic liquid crystal, the director orientation at a point r in space is given by
n(r) =n, +3n(r), 2.9)

where ng is the average director configuration and dn(r) is the fluctuating part. For

fluctuations of small amplitude, n,.dn(r) = 0.

Consider a Cartesian coordinate system (x, y, z) with the equilibrium orientation of the
director ng along the z-axis at the origin. For infinitesimal deformations, a Taylor

expansion around ng gives the components of curvature strains for n(r):"°

n, (r)=06n(r)= %nx" ox + Gany" dy + agz" 5z + O(r?),

on on on
n,(r)=38n,(r) = axy 5x + ayy Sy + azy 8z +0O(r%), (2.10)

n,(r)=1+0(?),

where 1r° = x> +y’ +2z°.
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The partial derivatives represent three fundamental elastic distortions, namely:

anx any
splay a, = - a =E;
on
twist  a, = a;‘; a,=-—2; @.11)
on
bend a,= aan" ag=—"- L.
z Z

Any elastic distortion can be decomposed into a combination of splay, twist and bend

deformations. The three fundamental deformations and the associated director curvature

strains are shown in Figure 2.2.

(2) (b) (©

H'
M7
. Ok \ﬂ'lv.mu N
\\\r\ \""T‘":\'m‘ 25 ”’ Iy
l
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u“ % 00 050
\e

2
\\
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u.ﬂ :,) .&L‘\‘.‘.‘

Figure 2.2:  The three fundamental distortions and the associated curvature strains

(a) Splay (b) Twist (c) Bend.

2.4.2 Elastic constants

In liquid crystals, restoring torques oppose the curvature strains of the director. By
analogy with the theory of elasticity in solids, the equivalent of Hooke’s law can be
applied for small deformations. Thus, the free energy density that corresponds to

distortions from a uniform director orientation is assumed to be a quadratic function of

the curvature strains:

e]asnc Zk a i zzku 1 J, (2.12)

1—1 j=1
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where k; and k;; = k;; are the elastic moduli; they represent a change of energy with
change of curvature. The free energy expression can be further simplified if specific
transformations that preserve the symmetry of the phase are taken into account.”!! For an

uniaxial non-polar achiral nematic phase, these transformations are summarised in Table

2.1.

Phase properties Symmetry Associated transformations
Uniaxial Cylindrical Rotations about z-axis
Non-polar Inversion (n=-n) Rotation about x-axis or y-axis
Achiral Mirror image Left-handed coordinate system

Table 2.1: Properties, symmetries and corresponding transformations for the nematic

phase.

k; and k should remain invariant under these transformations. This condition reduces the
number of independent non-zero elastic moduli to four terms. Furthermore, if the bulk of
the nematic material is considered, the surface elastic modulus k4 can be ignored. The

distortion free energy becomes

on, )’ on ) 2 ron V
Felastic =1J. ku Qn_l"""_y +k22 -a—n—x—-——y— +k33 (anxJ + ¥ dv
25 Ox oy oy 0x oz 0z 2.13)

=_;_J'[k“(\7-n)2 +1, (0 (Vx )} +kyy(nx (Vxm)) | dv

where V represents the volume studied and k;;, ky2, k33 are the Frank elastic constants
associated with the splay, twist and bend deformations respectively. k;; >0 fori=1, 2, 3.
In S.I units, k;; are expressed in Newtons (N) and their order of magnitude is usually

10''-10"? N for most low molar mass liquid crystals.

The fluctuating quantities ny(r) and ny(r) can be analysed in terms of their Fourier

components according to®

n,(r) = n,(q) e

and n,(r)=) n,(q)e"“". (2.14)

17
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Hence, the curvature strains can be expressed as a function of wavevector components qy,

qy and q. For instance,

(581‘;) = ; n,(q)q*. (2.15)

As will be shown in Section 2.6.4, the notation using wavevector components 1s

extremely useful to interpret light scattering from nematic liquid crystals.

2.4.3 Viscosity coefficients

Basic concepts from fluid dynamics applied to isotropic liquids® 2

The fluid is regarded as a continuous medium. Consider a fluid region that is a volume
large enough to contain many molecules but is still small with respect to the
characteristic length scale of the flow. Assume the fluid region has a velocity v(r, t) ata

point r in space at time t. In the next section, the notation x; with i = 1, 2, 3 is used for the

variables X, y, z respectively.

For incompressible fluids, such as liquids, the fluid density p(r,t) is constant and the law

of conservation of mass leads to

V-V=——l=0, (2.16)
where v(r,t) is the fluid velocity.

The second-rank velocity gradient tensor is defined as

ov;
Gij =§ =A; +W,, (2.17)
J
. Ov,
with A, =+ P, N 2.18)
1{ov, Ov,
d W.=—1 41} 2.19
wa - 3{2-20) 219

A is a symmetric tensor related to the rate-of-strain; the trace of this tensor is equal to
zero for incompressible fluids. W. is an asymmetric tensor associated with the vorticity

of the flow i.e. with the rotation of the fluid. In general, any shear flow may be

18
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decomposed locally into an irrotational part (W = 0) and a rotational contribution

(A =0) as can be seen in Figure 2.3.2
N

T yal

Irrotational flow + Rotational flow = Shear flow

W=0 =0

1>

Figure 2.3: Decomposition of shear flow into rotational and irrotational flows.

Newton’s second law of motion can be derived:'?

P%%=f+v-g, (2.20)

where f is the resulting force per unit volume acting on a fluid particle (e.g. gravity,

electrostatic, electro-magnetic, etc.) and (o) is the second-rank stress tensor.

For an isotropic fluid, the components of the stress tensor G are given by:
Gy =-pd; + ', (2.21)

where -pJ;; is the hydrostatic pressure, §; being the Kronecker delta function

(8;=1fori=jand §; =0 fori=j). o' represents the viscous stress tensor. For
Newtonian fluids, the viscous stress tensor g' is proportional to the rate-of-strain tensor

A as follows'?

ov. Ov.
c'i. = ZnAi. = n(——-—‘- + —-—JJ R (2.22)
j j 0Xj aXi

where 1) is the viscosity of the fluid.
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Application to nematic liquid crystals

In this case, the situation is more complex due to the coupling between flow and director

orientation n(r,t). It is necessary to introduce a new vector N that describes the rate of

change of the director with respect to the flow:?

N, = %9;— ~W,n,. (2.23)

Dn. . . .
For N =0, _Dt_l = W,n;. In this case, the molecules’ orientation rotates at the same

angular velocity as the flow. As a result, the relative position of the molecules is

unchanged and no viscous dissipation occurs.

The viscous stress tensor ¢' is assumed to depend linearly on A and on N. Furthermore,
by symmetry, ¢'(-n) = g'(n). According to the Leslie and Ericksen theory, for an
incompressible nematic liquid crystal, the general form for o' satisfying these conditions

can be expressed as>®

o'y = o, (m Ayn)nn; + o, Nin; + o, Nn; + o, Ay +as(n, Ay )n; +ogn; (n,Ay) ,(2.24)
o are six viscosity coefficients known as Leslie coefficients and they are expressed in
Pa.s in S.I. units. Parodi showed that only five of these coefficients are independent:’
O, +0ly; =0g—0s. (2.25)
In the isotropic phase, the viscous stress tensor is reduced to o' = o, A and therefore,

the value of the isotropic viscosity coefficient is
Miso =0y /2. (2.26)
The rotational or twist viscosity is defined as

Y1 =0y =0, (2.27)

In order to understand the physical meaning of the Leslie coefficients, it is interesting to
relate these to the Miesowicz viscosities 11, 12 and 13, that are obtained in shear

experiments using three different director configurations depicted in Figure 2.4:"
a. n parallel to the velocity gradient

1
n = -5(—&2 +o, T 0); (2.28)
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b.  n parallel to the flow direction

1 1
nz=5(a3+a4+a6)=5(a2+2a3+oc4+oc5); (2.29)
c. n normal to the flow and to the velocity gradient
1
N3 =My = 5“4- (2.30)

The Miesowicz viscosity coefficients are positive and generally n, <n, <, .

The sign of some of the Leslie coefficients can be discussed taking into account the
previous derivations. Firstly, the rotational and isotropic viscosities should be positive
and therefore a; < 0 and a4 > 0. The coefficient a3 can either be positive or negative; its

absolute value has been predicted to be rather small or negligible compared to the other

viscosity coefficients'* and this has been confirmed experimentally.'> ¢
(b) ©)
\\‘__ N
\ \
\\ \\\<
\ \
AY \
\ \
Nl ol
Ay \
AY \
N \
\ \
_»\\ —v\
\\ \\
—-——»\\ L
\ \
N —;\\
N

Figure 2.4: Definition of the Miesowicz viscosity coefficients in different geometries
(a) nll velocity gradient (1;)
(b) nllflow (137)
(c) n L flow direction and velocity gradient (n3).

2.5 Freedericksz transition

The application of a magnetic or electric field causes a reorientation of the LC molecules
above a certain threshold value if their initial orientation with respect to the field does not
correspond to a state of minimum free energy.’ This field-induced deformation is also
referred to as Freedericksz transition (FT).!” This technique is widely used to measure the

Frank elastic constants.”> %% !:18:19 There are three possible geometries, as shown in

Figure 2.5.
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- L I
TField ® Field — Field
< - i

Figure 2.5:  The three different geometries for the Freedericksz transition
(a) Splay (b) Twist (c) Bend

The double arrows indicate the director alignment at the boundaries.

2.5.1 Magnetic field

In an anisotropic phase, the magnetisation or magnetic moment per unit volume M in S.I.
units can be defined in terms of the magnetic induction B as® 2°

M= HSIXB , (2.31)
where L is the vacuum permeability and y is the second-rank tensor for the magnetic

susceptibility. In this work, the magnetic induction B is called the magnetic field; this

quantity is measured experimentally in Tesla (T).

In the presence of a magnetic field applied at an arbitrary angle to the director n, the
magnetisation becomes®

M =p'y,B+p;'Ax(B-n)n, 2.32)
where Ay =y, —y, is the magnetic susceptibility anisotropy with y and %, being
respectively the components parallel and perpendicular to the director. Most nematic
liquid crystals consist of organic molecules and thus they are diamagnetic materials i.e.

their values of y; and y, are negative and of the order of 10~ S.I. units; since Ix"} < ]x L] ,
Ay >0.

The free energy density of a nematic placed in a magnetic field is:% 20

=—jM-dB

1 . 1 .
= —EHOIX¢B2 "'EHOIAX(B ‘)’

In this expression, the first term can be ignored since it is independent of the director

fmagn

(2.33)

orientation. The second term is important because it takes into account the relative
orientation of the director with respect to the applied field.
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The general expression for the critical field in the splay, twist or bend configurations (see
Figure 2.5 (a), (b) and (c)) can be derived by minimising the distortion free energy at the

transition, which includes the magnetic and the elastic contributions:®°

il " 1/2
B.), =—|—=2| i=1,2,3. 2.34

For instance in the bend geometry, the director is initially uniformly aligned
perpendicular to the cell walls and the magnetic field B is applied parallel to these walls,
as represented in Figure 2.6. The field will induce a bend deformation of the nematic slab
above a threshold field B, given by
1/2

BC=§{%§%) : (2.35)
At the threshold field, the distortion is due solely to the bend term. It is possible to
determine k33 from Equation (2.35), provided Ay is known. When the field becomes
significantly greater than the threshold field, the deformation involves both bend and
splay elastic terms, enabling in principle the determination of the splay elastic constant;’

this will be explained in greater detail in Chapter 3 Section 3.4.2.
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Figure 2.6: Schematic representation of the bend Freedericksz transition induced by a
magnetic field (the blue line corresponds to the director profile)
(a) For B < B, the initial orientation of the molecules is unchanged

(b) For B > B, the bend deformation occurs.

2.5.2 Electric field

The coupling between an applied electric field E and the director fluctuations results in

an energy density term®
fyee == [D-dE. (2.36)

where the electric displacement D is defined in nematic liquid crystals by
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D=¢,[¢,E+Ac(n-E)-n], (2.37)
where Ae =g, — ¢, is the static dielectric anisotropy of the material, defined in Section

2.3.

The electric energy can be rewritten as

£ = —%EOSLEZ - %soAs(n -E)°. (2.38)

As in Equation (2.33), only the second term of this expression depends on the director
orientation:
e for Ag> 0, n tends to align itself along E

e for Ae <0, n tends to be perpendicular to E.

The analogy to the magnetic Freedericksz transition is illustrated in Figure 2.7 for
electric fields applied perpendicular to the cell walls. Similar methods can be applied to
calculate the threshold voltage. In practice, there are two interesting cases:?!
o for Ag <0 with the director initially oriented normal to the walls, the critical
voltage is given by

k 1/2
V. = n(—-—-—”—————J ; (2.39)

!g" - 5¢| gy
e for Ae >0 with the director initially aligned paraliel to the walls, the critical
voltage is then

k 1/2
V, = n[———l—‘——j . (2.40)

(&y—€,) g

However, certain difficulties may arise with the use of electric fields, which are not seen
when a magnetic field is applied instead. Above its threshold value, the electric field
becomes non-uniform inside the liquid crystal due to the induced distortion. Space
charge and flexoelectric effects may also occur. Additionally, it must be ensured that the

sample is pure to avoid conduction-induced instabilities.*
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(a) Ag <0, bend distortion (b) Ae > 0, splay distortion

| | —
B

Figure 2.7: Geometries used for the electric field induced Freedericksz transition.

2.6 Dynamic light scattering (DLS)

2.6.1 Rayleigh scattered light i ntensity

For the purpose of this thesis, the light scattering theory can be derived from simple
electromagnetic calculations.’”** An incident electromagnetic (EM) field acts as a force
on the charges present in the scattering volume; these charges are accelerated and
therefore radiate light. This light is in turn scattered as a result of local fluctuations in the

optical dielectric constant of the medium.

Consider a non-magnetic, non-conducting and non-absorbing medium. The local optical
dielectric constant tensor is of the form
g(r, t) =g, I+06g(r, t), (2.41)
where €,y is the average dielectric constant, I is the second-rank unit tensor and og(r, t)
is the dielectric constant fluctuations tensor at a point r in space at time t.
Assume a plane EM wave incident upon this medium; the electric field with polarisation
direction i , amplitude Eo, wavevector k; and angular frequency ®; can be expressed as
E,(r, t) = iE, expi(k,.r - o;t). (2.42)
By applying Maxwell’s equations, it is possible to show that for a singly scattered wave

with polarisation f and wavevector k_, the scattered electric field at a large distance R

from the scattering volume is given by:*> %

Eo(R, 1) = %ei“‘f““””’ [# e {i, x[k, x @Ge(r, - D]} ’r . 2.43)
0

Scatt. vol.

Es(R, t) results from the superposition of the contributions from the whole scattering

volume as sketched in Figure 2.8.
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detector

Ei(r, t)

scattering volume

Figure 2.8: Definition of the electric field associated with the scattered light at the

detector.

The scattering wavevector q is defined as

q=k; -k, (2.44)
where Kk, and k_ are respectively the direction of propagation of the incident and
scattered waves.

In quasi-elastic scattering, there is little change in energy between the scattered and

incident photons. In an isotropic medium, this can be written:

k| ~ [k, | =-2£-E, (2.45)

where n is the refractive index of the scattering medium and A,; is the wavelength in

vacuum of the incident EM wave. As a consequence,

la| = fl—;{—llsin(em /2), (2.46)

1

¢ is the angle between k. and k_ measured within the scattering medium. Equation

(2.46) specifies the Bragg condition, which determines the wavevector component of the
optical dielectric constant fluctuations that gives rise to scattering at an angle Orc. The

scattering geometry is summarised in Figure 2.9.
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Modulation due to
director fluctuations

Incident light polariser i /\/
MWW — VW

” i

Unscattered light

Scattering
angle 6
analyser f'
Scattered light
Figure 2.9: Light scattering geometry.
The spatial Fourier transform of the dielectric fluctuation tensor is
Se(q, t) = j e Sg(r, t)d’r . (2.47)

Scatt. vol.

After substitution into Equation (2.43), the expression for the scattered field can be

obtained*
2
E.(R,t) = -lis—?-&e“kv“-mi"[&if(q, t)], (2.48)
4nRe,
with g, =f-8e(q,t) 1. (2.49)

Sgir corresponds to the component of the dielectric tensor along the initial and final
polarisation directions. Equation (2.48) relates the Rayleigh scattered electric field to the

fluctuations in local dielectric constant tensor.

2.6.2 Fluctuations and time autocorrelation functions

At the detector, the resulting scattered electric field fluctuates in time due to the thermal

motion of the molecules in the scattering volume. These fluctuations can be described

using time-dependent correlation functions.

Consider a dynamical property A(t) that depends on the positions and momenta of all the
molecules in the system. A(t) is represented in Figure 2.10 (a) and is similar to a noise
signal. Assume that A(t) is a stationary quantity, such that its average is independent of

the time at which the measurement is started. The average value of A(t) over time T is
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<A>-= %1_1)13% ::"A(t)dt . (2.50)
The autocorrelation function of the property A is defined as®?
Ct) =< AD)A (1) >= %1_{2% ::[A(t)A* (t+7)dt, (2.51)
where A" is the complex conjugate of A.

When 7 is very small compared to the timescale of the fluctuations in A, A"(t+t) will be
very close to A(t): A(t+1) and A(t) are correlated. As 1 increases, A’(t+t) will
progressively differ from A(t): the correlation is lost for values of t larger than the period
of the fluctuations.? It can be shown that the autocorrelation function of a non-conserved
and non-periodic quantity decays from complete correlation <A*> at T = 0 to non-

correlation <A>? at large 7 as illustrated in Figure 2.10 (b).

(2) (b)

<AMA(r)>
A(t) A

<A™>

S U,

0 TA Time 1
Figure 2.10:  (a) Schematic representation of a fluctuating quantity A(t)

(b) Time-dependent autocorrelation function <A(0)A'()>.
By definition, the time-dependent autocorrelation function C(t) = <A(0)A"(1)> and the

frequency spectral density s(w) of the signal are Fourier transforms of one another:*?

s(0) = % f:d'c e ™" < A(0)A" (1) >. (2.52)
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If C(1) is represented by a single exponential decay with a characteristic time 1. = 1/T

then s(w) corresponds to a Lorentzian spectrum of half width I" at half maximum as can

be seen in Figure 2.11.

C(7)
s(w)

Time © Frequency ®
_ T
T)=exp(~1/T s(w)=
g(t)=exp( c) (®) 02412

Figure 2.11: Autocorrelation function C(t) and frequency spectrum s(w) in the

Lorentzian case.

In optical mixing experiments, a correlator analyses the time-dependent autocorrelation
functions of the scattered field by dividing the time axis into very small intervals At over
which the property A is constant. Let suppose that t = jAt, T = nAt and T = NAt, j, n and

N are integers. To a good approximation, Equations (2.50) and (2.51) become

respectively
<A>=limi§_:A. (2.53)
N-»o0 N P J
* 1 N *
and <A(0)A’(7)>=lim &-;A Al (2.54)

where A, is the value of A at the beginning of the j™ interval.

For the scattered field, two autocorrelation functions can be defined:?

o the first order field autocorrelation function

g,(1)=<E,(R, )E;(R,t + 1) >; (2.55)

¢ the second order intensity autocorrelation function

g,(1) =< (R, 1) I (R,t + 1) >=< E¢(R,t) E5(R,t) Eg(R,t + 1) Eg(R,t + 1) >. (2.56)
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2.6.3 Detection techniques

The instantaneous current output i(t) of a photomultiplier tube (PMT) is proportional to

the square of the electric field E(t) and hence to the light intensity I(t) reaching the

detector. This can be written as i(t) oc lE(t)}2 oc I(t).

A correlator computes the time autocorrelation function of the PMT output current as
<i(0)i(r) > = B <[E(0)'[E(v)[* >, (2.57)

where B is a constant associated with the PMT efficiency.

Different autocorrelation functions are measured depending on whether homodyne or

heterodyne detection techniques are used.”?

Homodyne (or self-beat mode)
Only the scattered light impinges on the detector so that E(R, t) = E¢(R, t).
The autocorrelation function of the PMT output current is given by

<i(0)i(r)>=B g, (7). (2.58)
Assuming that Eg(t) follows a Gaussian distribution (i.e. the scattering volume can be
subdivided into many statistically independent regions), g(t) is related to g;(t) via the

Siegert relation:

2 2
g,(1) = }g1 (O)l + ,g1 (T)l . (2.59)
In this particular case, homodyne detection yields the same information as the heterodyne
mode.*
Heterodyne

The scattered field Eg(t) is mixed with a portion of unscattered field Ey(t) derived from

the same laser source, which acts as a local oscillator. The autocorrelation function of the
PMT output current becomes
<i(0)i(t) > = B<|By(0) + E4(0)|Ey (¥) +E(v) >.  (2.60)
Let us assume that:
e the fluctuations of the unscattered field Ey(t) are negligible;
e Eg(t) and Ey(t) are statistically independent, such that <Ig Iy>=<Ig> <Iy>;

o Iy(t) >> Ig(t) can be achieved experimentally.
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Under these conditions,?

<i(0)i(t) >=B[I, +2I, Reg, (1)], (2.61)

where Re gi(t) represents the real part of the field correlation function g;().

Heterodyne detection offers important advantages over homodyne detection:

¢ no Gaussian approximations are necessary;

o for processes involving several relaxation times, g,(t) has a more complex form
than g;(t), making homodyne spectra more difficult to analyse than heterodyne
data;

e experimentally, in homodyne mode, static scattering from impurities inside the
sample or due to glass flare will cause partial heterodyning and affect the
measured linewidth.?*

Note that the heterodyne method requires coherent mixing of the scattered light and of

the local oscillator i.e. their wavefronts must be parallel at the detector surface.

Finally, the autocorrelation functions g;(t) and g;(t) can be expressed in terms of the
dielectric constant fluctuation tensor deif(q, t) by substituting Equation (2.48) into
Equations (2.55) and (2.56):

g, (1) =<8, (q,t) 8 (q, t +T) >; (2.62)

g, (1) = <[3e, (a,1)]" [Se (.t + )| > (2.63)

Using heterodyne detection, g;(t) can be obtained directly and thus the dynamic

properties of the medium can be easily deduced.

2.6.4 Light scattering from two uncoupled modes of director fluctuations

In uniaxial nematics, the optical dielectric tensor component along the initial and final

polarisation directions is:*

g, (r) =¢+Ae[(i-n)(f-n)-1/3], (2.64)
where € = (g, +2g,)/2 represents the mean value of dielectric constant and
Ag = g, — ¢, is the dielectric anisotropy of the material.
Recalling Equation (2.9) for n(r), the fluctuating part of g;; becomes

86, (r) = Ac [(m, -D)on - ) + (n, - )(on - ). (2.65)
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The fluctuations of the local optical dielectric constant tensor arise from fluctuations in

the director orientation.?

As explained in Section 2.4.1, the equilibrium orientation of the director ng is assumed
parallel to the z-axis, which is therefore an axis of symmetry. Two new unit vectors can

be defined as®’

s - Moxq
" Imoxqf
and € =¢&,xn,. (2.66)

In this new coordinate system, the director fluctuations can be written

dn(q) =n,(q)é, +n,(q)é,, (2.67)
where n;(q) and ny(q) correspond to respectively the splay-bend distortions (mode 1)
confined to the (&;, ng) plane and the twist-bend deformations (mode 2) confined to the
(&3, mp) plane. These two modes of director fluctuations are independent. The new
coordinate system is illustrated in Figure 2.12 (a) and the two modes of director

fluctuations are outlined in Figure 2.12 (b) and (c).

(a) (b) (©
z on
_ y
ny = oz .
]
]
H
i
T~
&
qe
X y X y X y

Figure 2.12: (a) Definition of the new coordinate system and of the two uncoupled
modes of director fluctuations
(b) Splay-bend mode n(q)
(c) Twist-bend mode ny(q).
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After expressing the curvature strains as a function of wavevector components in

Equation (2.13), the elastic free energy becomes:
1 2 2
Felastic = EVZ ﬁnl (q), (kllqi + k33q!2I ) + ,n2 (q), (k?_zq_zL + k33q5)], (2'68)
q

where the component of ¢ normal to the director, q, = q,, is related to either the splay or
twist distortions while the component of q parallel to ng, q, = q, is associated with the
bend deformations. In the frame defined by (&, &, ng), the scattering wavevector is in the

(x, z) plane and q, = 0.

Consider a classical system in thermal equilibrium. According to the equipartition
theorem, the average energy per degree of freedom is kpT/2, kg being the Boltzmann
constant. The thermal average associated with each mode of director fluctuations, ni(q, t)
and n,(q, t), was derived by de Gennes as*®

k,T 1

,withm=1, 2. (2.69)
V kmmq.zl. +k33qﬁ

< Inm (a, t),2 >=

The fluctuations of the optical dielectric tensor can be related to ni(q, t) and ny(q, t) by
substituting Equation (2.67) into Equation (2.65):
8e;c (a,8) = e 3, n,, (@ D@, - D, - £+ @, - Dim, - D]

m=1,2

or 8e.(q,t)=Ac ) G, n,(q,1), (2.70)

m=1,2
where the geometrical factors G; and G, depend on the scattering configuration and are
given by
G_=(&, )n, f)+@, f)n, i), form=1,2. 2.71)

m

The intensity of the light scattered by the two modes of director fluctuations is:

2 2
I, =[Es(R,t)|" = Cyy, A2 kBT(k G, + G ] (2.72)

\% llqi +k33q121 kzzqi + k33qlzl
KE, \
where C = ——>| . 2.73)
4nRe,

Note that Cyps is a constant depending only on the conditions of observation.
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Finally, the autocorrelation function of the scattered field is expressed in terms of the

autocorrelation function associated with each fluctuation mode i.e.
<BgRDE;(R,t+7) >=CyAe’ Y G <n,(qt)n, (¢t +1)>,m=1,2.  (2.74)

m=1,2

2.6.5 Relaxation of the director fluctuations

The director fluctuations dn(r, t) will relax towards zero with a characteristic time. This
over-damped relaxation process is predicted to be purely viscous and can be described

using the following equation:?

c 0
M (@) 5 1 (40 + (] +Kdi)n,, (G, ) = 0. @.75)
‘7—) h \j‘
viscous or damping term elastic restoring term (m = 1, 2)

The effective viscosity nmeff (q) associated with each mode is?

(q_ZLas “QIzlaz)z
qj.nz +QiQﬁ(a1 +o, +ay, +oc5)+qﬁn1

0, (@) =y, -

. a2 2
" (q) =y, - ——21— 21 —, (2.76)
q.ns +qmn,

where 7y, is the rotational viscosity, o, (i = 1-6) are the Leslie coefficients and n; j = 1-3)

are the Miesowicz viscosities defined in Section 2.4.3.

Equation (2.76) can be further simplified in two specific geometries

e qlln,q, =0:
20
bend mode n,*" =1, = =y, - 2 2.77
¢ UM N, Moena =Y1 77 o, ta, + o, ( )
* qln g, =0:
202
laymode m," = =y —— 2.78)
Splay M T]splay Y o, +a4+a6 (
twistmode m,” =y, =0, —q,. (2.79)

It has been established experimentally that y, > 1.0 > Nye 12
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A solution for the time dependent director fluctuations, that satisfies Equation (2.75) is:

n,,(0,1) = 1,,(@)exp(-T,,1). (2.80)
where Iy, is the Lorentzian frequency broadening due to mode m. Iy, is related to the
decay time 1, and to the visco-elastic parameters via:

2 2
I, =t =Smlt ki gy (2.81)
Tm nm (q)

This equation is important because the linewidth I'y, is usually the experimental quantity

measured in DLS experiments.

The autocorrelation function for the scattered field becomes:

<E4(R,DEg(R,t+1) >=C, As’ [Gf <In, (@) >e™ +G2 <[n,(q)" > e"r“J. (2.82)
This equation shows that the first order autocorrelation function decays exponentially. As
will be discussed in Section 2.7, the splay, twist and bend mode of director fluctuations
can be isolated using particular scattering geometries, for which the autocorrelation

function can be reduced to a single exponential.

2.6.6 Electric field dynamic lig ht scattering (EFDLS)

From the measured linewidth of the scattered intensity autocorrelation function, it is only
possible to obtain visco-elastic ratios. In this case, the application of an electric field to
dampen the director fluctuations only couples to the viscous term. This extra energy
contribution allows the accurate determination of the individual elastic constants and
viscosity coefficients.> 27 25:2° The stabilising electric field is applied along the
equilibrium director orientation ny for materials with Ag >0 and perpendicular to it for

materials with Ag < 0. Only the case As > 0 will be considered in the following

derivation.

From Equation (2.38), the electric energy density can be obtained:

£ = -%go AeE?. (2.83)

elec

For the pure twist and bend modes, the situation in the presence of an electric field is
adequately described by this equation. However, this expression has to be modified to
account for the linewidth observed experimentally for pure splay distortions. Leslie and

Waters considered the coupling between an applied dc electric field and the splay mode.
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They also discussed the influence of conduction and flexoelectric effects on the measured
linewidth. It was shown that conduction may lead to a second decay rate in the

fluctuation spectrum and that flexoelectric effects can be ignored. An outline of the

Leslie and Waters’ calculations will be given for the splay distortions.>

Suppose the electric field can be decomposed into a uniform field E, and a small
perturbation SE:

E(r,t) = Eyn, + SE &'@Y, (2.84)
In nematics, the local director can similarly be written as the sum of two contributions:

n(r,t) = n, +dne @ (2.85)
where ng 1s the average orientation and dn is a fluctuation term, such that n,.0n(r) = 0.
The angle ¢ can be defined as the angle between q and &; such that

n,-q=qsing. (2.86)

For a non-conducting and non-magnetic medium, the Maxwell’s equations for E and D

become
VxE=0 (2.87)
and V.D=0. (2.88)
By using Equation (2.84), Equation (2.87) can be rewritten
OE = ?—]T—' q. (2.89)
q

Furthermore, substituting Equation (2.37) into Equation (2.88) yields
_AgE,
e(d)q

where  g(¢) =g, +Aesin® §. (2.91)

OE = (6n-q), (2.90)

For pure twist mode, 6n = 8n,€&, and q = q €, hence dn-q = 0. For pure bend mode,
dn =0n,é, + 8n,¢&, and q = qn,: in this case, since n,.0n(r) ~0,s0 én-q=0.
However for a splay deformation, én = 8n,é, and q = q €, ; in this case, dn-q is
maximum and the electric field perturbation is only coupled to the splay fluctuations in

mode 1. The three cases are illustrated in Figure 2.13.
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o Sna ony on2
no 1, q=qin,
q=q.:& q=q. &
splay twist bend
5n.q=0 én.q=0 on.q=0

Figure 2.13: Coupling between the electric field perturbation and each fundamental

distortion.

In the presence of a stabilising electric field, the scattered light intensity and the resulting

frequency broadening for each fluctuation mode become:?*

Mode 1
-1
k. T g€,8,A¢
= Cunts? 261 i ke + S50 g2
k.q? +k.q> (s.g0e) E?
I = queff 339 _*_( o0& - ] (2.92)
m () e(¢9) Jn, (q)
Mode 2
k.T i
I, =CobsA82 {3, Gj[kzzqi+k33q,2,+soAsE2]L;
k.,,q2 +k.q2 2
T, = 22q¢eﬁ 33 + g Ag ——— . (2.93)
n, (q) n, (q)

In practice, measurements ofithe linewidth associated with damping times are easier to
implement and more accurate than measurements ofithe scattered intensity.>?* A plot of
I, or I'; as a function of E? allows the viscosity coefficients 1;°" and 2" to be
determined directly from the gradient ofithe curves. The visco-elastic ratios and hence
the elastic constants can be deduced from the intercept of the plots at E = 0. g, €; and Ag
are measured from a separate experiment at the same frequency as the applied electric

field.

In the heterodyne detection mode, Sefton showed that single exponential spectra were
obtained for pure splay fluctuations at all amplitudes of applied ac fields and for a wide
range of frequencies.” Nevertheless, the decay linewidth depends on the frequency of

applied electric field for frequencies below 2.5 kHz. The values of dielectric
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permittivities are invariant in the frequency range 200 Hz-100 kHz. Above 2.5 kHz, the
decay linewidth is independent of frequency and thus, accurate values for the splay
elastic constant k;; and viscosity coefficient 1.y are obtained. Furthermore, conduction
effects can be neglected for single exponential Lorentzian spectra and for electric fields
of high enough frequency (in the kHz range). No such dependence on frequency exists

for the twist or bend modes.

Equations (2.92) and (2.93) can be further simplified by using particular scattering

geometries as will be demonstrated in the next section.

2.7 Experimental geometries for DLS studies

The splay, twist and bend mode can be isolated in specific scattering configurations
characterised by:
o the equilibrium director alignment ng;
e the polarisations iand f of incident and scattered light such that either G, or G,
can be cancelled;

o the scattering angles such that q, or q becomes negligible or zero.

For the experimental set up used in this work, only light at normal incidence to the cell is
discussed. There are two preferred director orientations:

o homeotropic alignment with the director ny normal to the substrate;

e planar or homogeneous alignment with the director ng parallel to the substrate.
These orientations may be achieved by treating the glass substrates using various surface

alignment agents (see Chapter 3, Section 3.2).

Van Eck investigated the available experimental geometries for the study of pure splay,
twist and bend modes.’! In the laboratory frame, the subsequent coordinate system was
defined: the x-axis is chosen parallel to the incident light direction k;, the (x, y) plane is
the scattering plane and the z-axis is perpendicular to this plane. Figure 2.14 shows

schematically this geometry. In this section, Van Eck’s convention has been adopted.
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y

Figure 2.14: Coordinate system used by Van Eck to define the experimental geometries.

2.7.1 Homeotropic alignment

For convenience, the director orientation ny is chosen parallel to the incident wavevector

k;. In this configuration,
n, = (1: 0, O) 5

~

é =& xn,=(0,-1,0);
g, =29 _(0,0,-1). (2.94)
q.
The incoming light beam will not be refracted since it is at normal incidence to the glass
walls; furthermore, it will experience the ordinary refractive index n, of the nematic
liquid crystal, whereas the output light beam scattered at an angle 0;c will be refracted. If

it is polarised perpendicular to the scattering plane, the scattered beam will encounter a

refractive index n, and if its polarisation is within the scattering plane then the ray will be
subject to an effective refractive index™>

n(0,.)=n,n (n’sin’ 0, +n’cos’0,.)7""%. (2.95)
To avoid any confusion, we consider two scattering angles: 0 ¢ is defined within the
liquid crystal medium, while 0y, is measured in the laboratory reference frame. These

two angles are related via Snell’s law:

n(0,.)sin0,. =sin0,, . (2.96)

The polarisation or geometrical factors G; and G; are defined as:

G, =|@, D, D+ (@&, -Hn, -] form=1,2. @)
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To isolate mode 1 or mode 2, the input and output polarisations should be selected to
cancel either G; or G,. The states of polarisation are denoted VH or HH where V and H
refer to the vertical (orthogonal to the scattering plane) and horizontal (within the
scattering plane) polarisations, the first letter representing the plane of polarisation of the

incident light and the second letter the polarisation of the scattered light.

Mode 1: splay-bend distortions (HH configuration)

Both the input and scattered light polarisations lie in the scattering plane (see Figure

2.15) and are given by

i=(0,1,0)
and f=(-sin 0,c,c0s0,.,0). (2.97)
Then
G, =sin0,.
G, =0. (2.98)
L/C cell y

input 6
polarisation 1 % ” ﬂ
V444
—
director ng /

output polarisation

Y

f

scattering plane

Figure 2.15: Experimental geometry for the study of pure splay distortions.

Mode 2: twist-bend deformations (VH configuration)

The incident light polarisation is perpendicular to the scattering plane while the scattered
light polarisation lies in the scattering plane i.e.
i=(0,0,1

and f=(-sind,,cos6,,0). (2.99)
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This configuration is depicted in Figure 2.16. In this case:

G, =0
and G, =sin6,,. (2.100)
LCcell
input 0
polarisation 1
—
director no /
scattering plane output polarisa‘cionf

Figure 2.16: Experimental geometry for the study of pure twist distortions.

Minimisation of the bend component

The bend contribution to mode 1 or 2 can be neglected if certain restrictions are imposed
on the scattering wavevector (. The expressions for the components g and q, are:

_n

qy = 2 [no "n(eLc)COseLc]

and q, =——2Tnn(6w)sin6w. (2.101)

In the isotropic medium approximation, n(6;c) =n, =n. and k; =k . Thus

2 2
Q__ (1= cos6,c)” (2.102)
q, sin” 0,

This function is plotted in Figure 2.17. For internal scattering angles Oc less than 15°,
q“2/q f is less than 2%. Therefore, to a good approximation, q 2>> q"2 and the bend

contribution can be neglected.
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Figure 2.17: Plot of the function q||2/q 2 versus internal scattering angle 0.

For O ¢ < 15° and in the presence of an applied electric field, the linewidths for modes 1
and 2 are given by:

k., €,A¢g, B2

I=T,,, = (2.103)
1 P nsplay . 8((1))Tilsplay
[ =Ty =22 + 2582, (2.104)
Y1 Y1

In an isotropic medium, the angle ¢ is approximately equal to 8y /2. By combining
Equations (2.95) and (2.96), 0 can be obtained from the following expression:

sin®,. = (n,sinB,, ) [(n’n2 + (02 -n?)sin’0,,]"">. (2.105)
In practice, the scattering angles in the laboratory frame 6y,, are easily measured and the

refractive indices are determined via a separate technique, described in Chapter 3 Section

3.5.

2.7.2 Planar alignment

Director normal to the scattering plane

In this scattering geometry, sketched in Figure 2.18, the scattering wavevector is

perpendicular to ny and consequently q = 0. Its expression is given by

q=(q,,q,,0), with |g| =q, =(q} +q})"*. (2.106)
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Van Eck’s coordinate system becomes

n() =(O,Oa 1);
A 1
e, =€, xn,=—I(q,,q,,0);
9,
A n, x 1
g, =" (q,q,,0). 2.107)
q, q.

The polarisations of incident and scattered light are respectively normal and parallel to

the scattering plane (refer to Figure 2.18) i.e.

i=(0,0,1)
and f=(-sin6,,cosb,,0). (2.108)
LCcell
=
input 6
polarisation 1
director ng
N ;
scattering plane output polarisation
o
1 X
1
1
1
v Yy

Figure 2.18: Experimental geometry for the study of pure splay distortions.

The polarisation factors G, and G, are derived from Equation (2.71) as:

—q, sin0;; +q,cos6,
G, = 2 SINTE >
(9% +9y)

G - q,sind . +q, cosO,; . (2.109)

’ (@ +q2)"
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By expressing the components of qy and qy in the coordinate system (x, y, z), we obtain:

-n,sind, .

1 1/2

ST 2 2
(n; +n; —2n.n_ cosO,.)

n_cosf,.—n
G, = < Le 2 . 2.110
> (n?+n?-2n,n,cosh, )" (2.110)

At a specific angle 8% =cos™'(n, /n,), G = 0 and thus pure splay distortions can be

studied. The linewidth is given by:

Fsplay = kll qi + 8OAS'SII EZ , (2.103)
nsplay 8(eLC / 2 )nsplay

with q =~2-7-E(n§ -n2)'"2.

A

This expression for the splay linewidth is identical to the one derived in the homeotropic

case.

Director in the scattering plane

The coordinate system becomes:

n, =(0,1,0);

€ =¢,xn,=(1,0,0);

6, =29 _(00,-1). @.111)
q.
The scattering wavevector ¢ can be written as
q=(q.,q,0). (2.112)
The polarisations of the incoming and scattered light are given by
i=(0,0,1)
and f=(-sin@,,cosO,,0). (2.113)

This experimental configuration is illustrated in Figure 2.19. The resulting polarisation

factors are
G, =0
and G, =-cos0.. (2.114)
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The components of q can be deduced using the expression of k; and k:
q, =(2n/A)(n, -n(B,.)cosO,.)
and q, =-(2n/A)n(0,.)sin0d,, (2.115)
where n(0,.) =n,n,(n?sin’ O, +n’cos® 0, )", (2.116)
The bend deformations can be isolated whenq, = 0, which occurs at an angle defined

by:

0y = cos"{

e J @.117)

(nl—n})"”

The linewidth becomes

k
Dong = —2-0 + SlE 2 (2.118)

bend nbend

with q, = %—(nz (0,.)—n?)"*. (2.119)

There is another geometry, also represented in Figure 2.19, which is available to
investigate the pure bend mode at low scattering angles;’"” 3 both input and output light
polarisations are in the scattering plane i.e.
i=(0,1,0)
and f=(-sind,,cos0,.,0). (2.120)
In this case, the polarisation factors are:
G, =-sin0,
and G, =0. (2.121)
The two components of scattering wavevector q are given by

q, =@n/A)n, -n(0;)cosO,.)

and q,=—-(2n/A)n(0,)sind,. (2.122)
In the isotropic approximation, the function
4, _ (1-cos8,0)’ 2.123)
a’ sin” 0,

can be plotted against the scattering angle 0y c. The roles of gy and q; have been inverted
compared to the homeotropic case (recall Equation (2.102)). For scattering angles Orc

less than 15°, q,% << qi” and the splay component of mode 1 can be ignored.
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The linewidth for the pure bend distortions is given by Equation (2.118). However, in
this configuration, there will be a minor contribution from the splay mode, since q; # 0.
Furthermore, the noise factor will be greater because of the parallel polariser

arrangement.

The detection process for these two geometries is discussed below:

e Mode 1: Both input and scattered light polarisations are in the (ng, q) plane (HH
configuration) at low scattering angles 0, in the laboratory frame. For 0y, < 10°,
the scattered light beats with the intense unshifted light in the 0y, = 0° direction
and full heterodyning occurs.>

e Mode 2: The incident and scattered light polarisations are respectively normal
and parallel to the (ng, q) plane (VH configuration) at sufficiently large 6. In
this case, the measured signal is purely homodyne and by recombining the

scattered beam with a portion of unscattered light derived from the same laser

source, heterodyne detection could be employed.**

LC cell No E &

[}

v
input director ne
polarisation 1 / A .
(mode 2) 0 ! q
input o W o
polarisation 1 Ks -
(mode 1) aQ

. ut polarisation f
scattering plane outputp

Figure 2.19: Experimental geometries for the study of pure bend distortions; the two
input polarisations corresponding to mode 1 (HH geometry) and to mode 2 (VH

geometry) are included in the same figure.
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2.8 Conclusions

In this chapter, the relevant physical properties of nematic liquid crystals have been

introduced and related to theoretical models.

First, the order parameter has been defined as

B
s:(l—;] , 2.2)

where the exponent 8 and the temperature T" are calculated using Haller’s method and S

is deduced from measured refractive indices.

The static dielectric permittivities parallel and normal to the director g and €, have been
derived from the Maier and Meier’s theory. For polar LC molecules, the sign of the
resulting dielectric anisotropy depends on the relative contributions of the dipolar term

and of the polarisability term.

The free energy density (per unit volume) associated with the three fundamental elastic
deformations can be expressed in terms of curvature strains of the director as
forsplay f_. =k, (V.n)’,

splay

for twist  f,,, =k,,n(Vxn)f, (2.124)

twist

forbend f,,, =ky,[nx(Vxn)],

where ki1, kp; and ki3 are the corresponding Frank elastic constants.

The Freedericksz transition describes the coupling of a magnetic or electric field to a
uniformly aligned sample of nematic LC and this allows in principle each elastic constant
to be determined separately using specific configurations. The magnetic field is applied
in a direction perpendicular to the initial orientation of the nematic director. In this case,

the field-induced reorientation of the LC molecules occurs above a threshold or critical

field given by

- k“ 1/2
B.), =—|—4=2| i=1,2,3. 2.34
(3o, =5 S @39

47



Chapter 2: Theory

For electric fields applied across the cell, the critical voltage can similarly be written

1/2

k.

chn(!Ag!"g J ; (2.125)
0

i= 1 for Ag > 0 materials using planar aligned samples; i = 3 for Ag < 0 materials using

homeotropic aligned samples.

The theory associated with dynamic light scattering from nematic LCs has been
examined thoroughly. The linewidths associated with the relaxation of the director

fluctuations can easily be measured in DLS experiments. For each single mode, the

linewidths become simply

k g,Aeg
Ty = —1-q1 +————F7, (2.103)
P n . 8(eLC /z)nsplay

splay

1—‘twist = qui + SOAS E2 > (2-104)
Y1 Y1
A
and T, = Ky ay + 2| E?, (2.118)
bend Nbend

g0,./2)=¢, +Aesin’(0,./2)

and sin®,. = (n,sin0,,) [(m2n2 + (@2 —n2)sin?0,,17"%;

O1ap 1s the scattering angle measured in the laboratory; n. and n, are the extraordinary and
ordinary refractive indices of the nematic liquid crystal. The splay, twist and bend

viscosities are related to the Leslie coefficients a; with i = 1-6 in the following way:

20,2
Mgy =1 =~ (2.78)
o, +0, +0
Y, =0y —0,, (2.27)
20,2
Moend = V1 — : . (2.77)

—Q, + 0, +0
The measurement of the frequency broadening allows the determination of the visco-
elastic ratios. If an electric field is applied to quench the director fluctuations, the elastic

constants and viscosity coefficients can be derived individually.
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There are several possible scattering geometries to isolate each mode. In this thesis, the
pure splay and twist modes associated with director fluctuations are studied using the
configuration given below:

e homeotropic cells

e HH or VH polarisation states respectively

e scattering angles O ¢ less than 15° to minimise the bend contribution.
The bend mode can be isolated from either mode 2 or mode 1 using planar aligned

samples using the scattering geometries shown in the table below:

Mode 2 Mode 1
VH polarisations HH polarisations
Ore =cos™ (n,/n(0,c)) scattering angles ;¢ < 15°

This time, n(0,.) = n,n (n’ sin’ 0, +n’ cos’ 0,.)""%.

Although the values measured with VH polarisations are less noisy and more accurate,
measurements of the bend visco-elastic constants in this scattering geometry are difficult
with the current DLS spectrometer (see Chapter 3 Section 3.3) due limitations in the

range of accessible scattering angles.

Experimental requirements, considered in the next chapter, will ultimately decide which
technique is more accurate and/or easier to implement, depending on the LC material and
on the type of deformation under investigation. For instance, DLS in the presence of an
electric field is particularly suitable to measure accurately values of kj, Nplay, K22 and v1

using cells with homeotropic configuration.
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CHAPTER 3: EXPERIMENTAL APPARATUS AND TECHNIQUE

3.1 Introduction

This chapter describes the different experimental techniques employed in the course of
this work to measure the physical parameters defined in Chapter 2. The first part deals
with the sample preparation and characterisation. In Section 3.3, the apparatus used for
dynamic light scattering (DLS) is presented. Section 3.4 introduces the Freedericksz
transition (FT) set-up. The next two sections, 3.5 and 3.6, are dedicated respectively to

the measurements of refractive indices and of dielectric constants.

3.2 Sample preparation and characterisation

3.2.1 Uniform alignment of the liquid crystal director

All the experiments discussed in this chapter require well-aligned samples:
e homeotropic cells where the director is perpendicular to the glass substrates

e planar (or homogeneous) cells where the director is parallel to the glass plates.

Homeotropic orientation

Surfactants are generally used to induce homeotropic alignment of liquid crystals.
Surfactant molecules are made of two antagonistic parts: a polar (ionic or non-ionic) head
group and long aliphatic carbon tails. The head group anchors itself to the glass substrate
by polar interactions while the alkyl chains bind to the nematic molecules via steric

interactions and force them to lie normal to the glass surface."”

In this thesis, two different surfactant solutions were investigated:
o 0.25% wt/wt lecithin in chloroform’

e 1 g/100 ml cetyltrimethylammonium bromide (CTAB) in methanol."”?
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These surfactant molecules do not react chemically with the surface of the glass and can
be removed easily with acetone. Below 90 °C, lecithin gives a good and uniform
homeotropic orientation for most low molar mass mesogens. Above this temperature, the
lecithin starts to decompose and the uniform alignment may be destroyed. An alternative
solution for the study of homeotropically-aligned high temperature liquid crystalline
materials is to employ CTAB, which can withstand temperatures of up to 300 °C.
Nevertheless, the quality of alignment is not as good as with lecithin; the texture appears
grainy when viewed by polarising microscopy. Furthermore, problems may arise when
electric fields are applied since CTAB is an ionic compound. Therefore, lecithin was
employed as a homeotropic aligning agent for most materials investigated in this thesis.
To deposit the alignment layer, a 0.25% wt/wt solution of lecithin in chloroform was

drawn across the ITO surface ofithe glass plates using a lens cleaning tissue.

Planar orientation

Planar alignment is generally achieved by first coating the glass substrates with a
polymer or surfactant and then by rubbing the treated surfaces unidirectionally to create a
series of parallel microgrooves.' The liquid crystalline rod-like molecules will tend to
orient parallel to the grooves since this corresponds to the lowest energy configuration. In
order to form a polymeric planar alignment layer, a solution of 1% wt/wt of poly-vinyl
alcohol (PVA) in deionised water was rubbed onto the glass plates and allowed to dry on
a heating stage. A slide wrapped with lens cleaning tissue and impregnated with PVA
was drawn parallel to the long edge of the cell using a guide to create straight

microgrooves.

3.2.2 Cells used in DLS experim ents: fabrication procedure

For DLS measurements, it is crucial to ensure that the sample cells are free from
impurities. Thus, all cells were cleaned and prepared in a dust-free environment provided

by an on-site clean room, specifically designed for working with liquid crystals.

To make the cells, glass carrying on one side an electrically conductive layer of indium-
tin-oxide (ITO) was cut into rectangular pieces of 10 mm by 20 mm, using a diamond
scriber and a ruler. These glass plates were wiped clean with a tissue to remove glass

particles and then immersed for an hour in acetone to remove organic contaminants. The
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glass slabs were rinsed with distilled water and dried with a nitrogen air gun. The
resistivity of the ITO side of the glass, measured with a multimeter, was found to be
about 50 Q per cm?. At this stage, the alignment layer was applied to the conducting
layer of the glass substrates by the techniques explained in the previous section. The
spacers used were glass fibres of 43 um diameter. Previous studies showed that above 40

pm, the measured visco-elastic ratio is independent of cell thickness and of scattering

angle.*

Then, the two glass spacers were coated with rapid Araldite Epoxy glue and placed
parallel to the long side of the glass at about 1 or 2 mm from each edge. The cell was
assembled by positioning a second glass plate over the first with a small longitudinal
displacement. Pressure was applied in different points of the cell in order to obtain
parallel walls. This was achieved by checking under a sodium lamp (A = 589.6 nm) the
number of interference fringes across the cell. After approximately 20 minutes, the cell
could be handled and more glue was applied to seal its edges, leaving two small gaps at

each end.

Afterwards, the cell was heated to about 80 °C for at least 12 hours to ensure that the
glue had fully cured. Otherwise, uncured glue would contaminate the liquid crystal
material, modifying its physical properties, in particular causing a significant drop in its
nematic-to-isotropic temperature.* The cell fabrication process is summarised in Figure

3.1.

Prior to filling, the LC sample was left under vacuum conditions to de-gas. The cell was
filled by capillary action at a temperature above the material’s clearing point; this was
done to reduce the viscosity of the sample thereby increasing the rate at which the cell
fills and, more importantly, to avoid flow alignment of the director. Before sealing the
cells with rapid Araldite Epoxy glue, an air pocket was created by blowing compressed

gas into the cell to prevent any contact between the LC and the glue.

Finally, thin wires were soldered to the ITO substrates using molten indium to enable the
application of electric fields to the sample cell. A film of PTFE tape was wrapped around

the connections to provide good electrical insulation.
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43m glass fibres
—>
Z
A/
ITO coated glass gap for cell filling epoxy glue

Figure 3.1: Cell fabrication procedure.

3.2.3 Cells used for other measurements

Freedericksz transition

In this work, the magnetic Freedericksz transition is usually performed to determine the
bend elastic constant k33, which requires homeotropically-aligned samples to be utilized.
In order to measure the threshold field independently of any surface effects caused by the
anchoring strength between the liquid crystal/surfactant/ITO glass interfaces, the
thickness of the cells should be at least 40-50 um.” Since the sample holder could
accommodate cells of dimensions 10 mm by 20 mm, the cells used for FT are the same

as the ones prei)ared for DLS experiments.

Dielectric constants

Accurate measurements of dielectric constants are ensured by employing cells with a
well-defined electrode area. The Lucid cells manufactured by EEV® were available for
the course of this work; their thickness is about 7.5 um and they have a square active
electrode area of 5 mm by 5 mm. Both the empty and filled cell capacitances are
increased when measured in thinner cells since the capacitance is inversely proportional
to cell thickness d. Furthermore, previous studies showed that in thin cells, the edge

effects are minimised.’

The measurements of dielectric constants require homeotropic and planar alignment to
determine respectively the dielectric components parallel g; and normal €, to the director.
The planar Lucid cells are supplied with a polyimide layer, which orients the liquid

crystal molecules along the diagonal of the cell. Lucid cells without aligning agent were
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also available and they were filled by capillary action with the solution of 0.25% wt/wt
lecithin in chloroform to obtain a homeotropic alignment layer. Short leads soldered to

the Lucid cell allow the application of a probe voltage for the capacitance measurements.

3.2.4 Quality assessment and m easurement of clearing points

After filling, the cells were inspected using an Olympus® BH-2 model microscope
between crossed polarisers. The samples were placed on a Linkam® heating stage,
directly mounted onto the microscope’s rotation stage. This allows the quality of the
alignment and the absence of impurities or disclinations in the cell to be checked. Cells
with poor alignment i.e. those containing large domains with different director
orientations were discarded. This thesis is mainly concerned with birefringent materials

that exhibit a uniaxial nematic phase with the optic axis along the nematic director.

As the cell is rotated, planar-aligned samples exhibit a minimum in transmitted light
intensity when the LC molecules lie parallel to either axis of the polarisers. Good
homeotropic orientation is characterised by a uniformly dark texture between crossed
polarisers. The texture should remain unchanged upon rotation of the cell, indicating that

the optic axis is perpendicular to the glass substrates.

The uniaxial symmetry of homeotropically aligned cells can be assessed by conoscopy.
A conoscopic figure is a characteristic interference pattern produced by the illumination
of the sample with strongly convergent light. Experimentally, the polarising microscope
can be employed as a conoscope by inserting a Bertrand lens between the analyser and
the eyepiece to magnify the birefringence pattern formed by focusing light onto the
material. As illustrated in Figure 3.2, when viewed between crossed polarisers the
conoscopic figure of a homeotropic cell appears as a symmetric black or grey cross,
which is invariant when the cell is rotated. Any deviation of the optic axis is seen as a
non-symmetric pattern that changes with rotation of the sample. In this work, this

technique is utilized in order to check if a dark optical texture can be attributed to a

homeotropically aligned sample.
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Figure 3.2: Conoscopic figure obtained for a homeotropic cell filled with 5CB.

The nematic-isotropic transition temperatures Tn; were measured using the heating stage
on the polarising microscope and 7.5 pm planar Lucid cells.® The heating rate of the
Linkam heating stage was 0.2 °C/min. The temperature of the Linkam can be controlled
to an accuracy of + 0.1 °C via the temperature controller TMS 90.°

3.2.5 Differential scanning cal orimetry (DSC)

The temperature, nature and enthalpy of a given phase transition can be determined by
differential scanning calorimetry or DSC. This technique is generally used as a
complementary tool to polarising microscopy. In DSC experiments, the sample is heated
or cooled at the same rate as an empty pan, taken as a reference. The energy flow into or
out of the sample is monitored against the energy input into the reference as the

temperature is changed.

DSC measurements were performed using a Perkin Elmer DSC 7.19 Software supplied
with the apparatus allows the experiment to be computer-controlled. The instrument
calibration is carried out with indium. 5-10 mg of LC sample is weighed into a small
aluminium pan. For the mesogenic materials investigated in this thesis, the temperature
scan was performed at a heating/cooling rate of 5 °C/min over a temperature range of
—40 °C to 200 °C. The transition temperature and enthalpy are determined respectively

as the onset and the peak area of the heat flow curve.'”
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3.2.6 UV-Visible spectrometer

A Hewlett Packard HP 8453 UV-Visible spectrophotometer'! is employed to measure
cell thicknesses and to record the absorption spectra of the dichroic materials, studied in
Chapter 5. The built-in illumination sources are deuterium and tungsten lamps for
ultraviolet and visible light respectively. The detector consists of a photodiode array,
aligned with the incident beam, which detects wavelengths in the range 190 nm to

1100 nm with a resolution of 1 nm. The instrument is computer-controlled and the
software displays the absorbance or transmittance spectra relative to a reference

measurement.

Determination of cell thickness

In dynamic light scattering and Freedericksz transition experiments in the presence of an
electric field, it is important to define accurately the applied electric field from the

following relation:

\
E=—, 3.1
4 G.D

where V is the applied rms voltage and d is the distance between the two electrodes.
Since the electrodes are the conductive surfaces of the glass substrates, the electrode gap

d is equal to the cell thickness.

Cell thicknesses were determined by an interference method using the UV-Visible
spectrophotometer. First, a reference measurement is run to correct for the background
noise and to calibrate the instrument. The cell is placed normal to the incident beam and
a uniform area is isolated by using a mask. As the wavelength A is scanned (typically
from 700 nm to 900 nm for a 45 um cell), the transmitted intensity shows interference
peaks and troughs that satisfy:

mA_ =2n_,d 3.2)

m cell™?
where m is the peak (or valley) order corresponding to the wavelength An, and ngy is the

refractive index of the material inside the cell with n.e; = 1 for an empty cell.

Thus, the cell thickness d can be deduced from a linear fit of m plotted as a function of
2/Am. For the cells used in this study, 44.0 pm < d < 46.0 um; this indicates a good

reproducibility in cell thickness during the fabrication process. The deviation from true
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parallelism is estimated to be of the order of 1 to 2 um for cells with typically three to
five broad interference fringes across their area. Therefore, the uncertainty in the
measured cell thickness is about 5%. However, this variation will not influence the
measurements since both DLS and FT techniques require only a very small area of

sample, which is limited by the size of the laser beam spot (~ 0.1 mm).

Absorption spectra

In this instance, spectra are recorded at different temperatures (ranging from ambient to
45 °C) by inserting a Mettler FP82'? sample stage into the light path. The controller FP80
allows the temperature to be set with an accuracy of 0.1 °C. The sample cell is securely
enclosed between two heating elements, perforated with a 2 mm aperture. The Mettler
heating stage, mounted on its side, is positioned within the spectrometer. It is crucial to
ensure that the aperture of the stage is centred with respect to the light beam and also that

the cell lies normal to the beam’s direction.

A polaroid sheet is added in front of the light source. Lucid cells® with planar alignment
and thickness of 7.5 um are filled with dye guest-host materials. The absorbance spectra
parallel A and perpendicular A, to the director can be observed by changing the pass
direction of the polariser. Prior to any measurements, a reference measurement is
recorded by using the Mettler stage containing a Lucid cell filled with the host LC

material.

3.3 Light scattering experiment

Figure 3.3 (a) and Figure 3.3 (b) show two photographs of the experimental set-up
utilized in this work. The light scattering spectrometer has four main components: a laser
light source, the input and heterodyne optics, the sample holder and finally the collection
optics. The detection equipment consists of a photomultiplier tube, an amplifier-
discriminator unit and a correlator. The data from the correlator are collected and
analysed using a PC computer. The spectrometer and detection equipment are depicted
schematically in Figure 3.4. The alignment of the spectrometer and of the sample cell is

essential to guarantee that reliable data are obtained. A description of the alignment
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procedure as well as an outline of the calibration procedure will be given in Chapter 4,

Section 4.2.

(a) Overview of the light scattering apparatus and detection equipment

See photo below Beam Pinhole P1 Lens L2
splitter BS2 Analyser

. Temperature Photomultiplier =~ Preamplifier
Multimeters controller tube (PMT)

(b) Photograph of the laser source, input/heterodyne optics and sample holder
Aperture Al (with

Polari
Sample holder Aperture A2 N4 A2 plate at the back) Beam steering
Lens L1 prism BSP4

He-Ne laser
light source

Goniometer

Figure 3.3: Photographs of the experimental set-up used to perform dynamic light

scattering measurements.
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Figure 3.4: Schematic diagram of the light scattering experiment.

3.3.1 Spectrometer

The light scattering apparatus, represented in detail in Figure 3.5, will be described in
this part. The apparatus is mounted on an optical table, which rests on a foam layer and
the steel frame of the table is supported by pillars of sand (see photo (a) of Figure 3.3).
This ensures that the spectrometer is isolated from any vibration or mechanical noise that
may influence the measurements. The whole set-up was originally built at the University
of Manchester for the study of the diffusion coefficients and particle sizes of dilute
macromolecular solutions.'® After minor transformations, the spectrometer could also be
employed to measure accurately the twist and splay visco-elastic constants of low-molar
mass nematic liquid crystals.* '* Most of the subsequent investigations performed with
this instrument were focused on the influence of the addition of a side-chain polymer to a
nematic host, which caused a significant increase of the viscosity coefficients of the

host.>*71* The original sample holder consisted of a glass annulus jacket to house the
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cell with an outer brass chamber, through which oil heated at the desired temperature was
circulated. A new sample holder was designed to achieve thermal equilibrium more

rapidly’ and this was utilized in the course of this work.
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Laser source

Photon correlation experiments require a monochromatic laser light source operating in a
single mode with a well-defined linear polarisation. Since nematic liquid crystals scatter
light strongly, lasers of power lower than 50 mW are usually sufficient for accurate
linewidth measurements. Nevertheless, they should be powerful enough to allow for the
use of the heterodyne mode, to overcome transmission losses at the various optical
interfaces and to compensate for the reduced efficiency of the photomultiplier in the red

region of the electromagnetic spectrum.

The source employed in this work is a red helium-neon (He-Ne) laser model 05-LHP-
927, manufactured by Melles Griot,'> of wavelength A = 632.8 nm operating in the
TEMj mode. Its polarisation ratio is greater than 500:1 and its maximum output power
is 35 mW. The output beam is characterised by a Gaussian intensity profile with a waist

diameter, measured at the 1/¢? points, of 1.25 + 5% mm and an angular divergence of

0.66 + 5% mrad.

Input optics

The laser light is guided by a series of prisms to the beam splitter BS1, which separates
the beam into the input and heterodyne components of equal intensity. The beam-steering
prisms BSP3 and BSP4 direct the input beam towards the input optical rail, as drawn in
Figure 3.5. The polarisation of this beam can be defined precisely by first rotating a half
wave plate to change the plane of polarisation and then by adjusting a polariser to select
the desired polarisation state. Though Glan-Taylor polarisers have a higher extinction
ratio (> 1:10%), polaroid sheets are preferred since they do not displace the beam when
rotated and their extinction ratio of 1:10° is satisfactory for DLS experiments. As a
consequence, the spectrometer does not have to be realigned each time the input
polarisation is changed. Two variable apertures A1l and A2 allow the removal of off-axis
light at the beginning and at the end of the input optical path. Finally, a converging lens
L1 of focal length 20 cm is added before the aperture A2 to increase the power density at

the scattering volume.
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Heterodyne mode

After the beam splitter BS1, the heterodyne beam follows an optical path parallel to the
input optical rail and of similar length (see Figure 3.3 (b)). The intensity of the
heterodyne beam is adjusted to its correct value by the use of a pair of polarisers. This
procedure will be explained in Chapter 4 Section 4.2.3. Then several beam-steering
prisms guide the beam along the axis of rotation of the goniometer towards the pellicle

beam splitter BS2 where it recombines with the scattered light.

Sample holder

The sample holder was specifically built for the study of the splay and twist visco-elastic
constants. It is illustrated in Figure 3.6 and its design was based on the Mettler FP80
heating stage.’> The presence of two aluminium plates containing nichrome heating wires,
reduces the temperature gradient across the sample cell. A stabilised power supply was
constructed to provide a steady noise-free dc current. A S mm by 2 mm hole is pierced in
the centre of each plate for the incident light to enter the cell and for the scattered light to
exit it. The long side of the rectangular hole is parallel to the scattering plane to enable

the collection of the light at a wide range of scattering angles from — 13° to + 40°.°

A thermistor located close to the scattering volume measures the temperature. A
thermistor is a semi-conductor device characterised by a temperature-dependent
resistance R given by

R=Aexp(-E/k;T), 3.3)
where E represents the excitation energy from the valence band to the conduction band of
the carriers, kg is the Boltzmann constant and T is the temperature in Kelvin. The
thermistor used here has a resistance ranging from 10 kQ at 0 °C to 100 Q at 100 °C and
its nominal value is 3 kQ at 25 °C. After calibration of the device, the change in
temperature can be monitored to an accuracy of 0.05 °C by measuring the corresponding
resistance with a multimeter. Good thermal coupling with the heating plates is achieved
by coating the temperature sensor with heat sink compound. The temperature of the
heating stage is controlled by a comparator circuit, described in detail in chapter 3 of
reference 3. The voltage across the thermistor measured at the inverting input of the

amplifier is compared to the reference voltage (corresponding to the required
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temperature) at the non-inverting input and the sample cell is heated accordingly. The

temperature is very stable over long periods of time.

As can be seen in the photograph of Figure 3.6, the upper heating plate is attached to a
door, which allows easy access to the sample cell. The size of the outer case containing
the temperature jacket is approximately 14 cm x 8 cm x 4.5 cm. The case is mounted on
a metal frame, which can be translated using a series of micro-positioners along the x-
and y-axes to select a suitable area of the liquid crystal sample and along the z-axis to
position the cell at the intersection of the input and scattered beams. Four screws placed
at each corner of the metal frame hold the sample case in place and they can be adjusted
so that the cell’s walls are normal to the incident beam. The whole assembly is fixed to a

small table support and stands over the goniometer (refer to Figure 3.3 (b)).

thermistor

aperture for the
light

heating plates

Figure 3.6: Photograph of the sample holder designed by Birtwistle for DLS

experiments.’

Collection optics

The collection optics, mounted on an optical rail connected to the goniometer, can be
rotated in the horizontal plane. The axis of the goniometer defines the rotation axis and a
vernier scale gives the scattering angles with a precision of 0.1°. The scattered and
heterodyne signals recombine at the pellicle beamsplitter BS2, which is inclined at 45° to
the horizontal plane. The diameter of pinhole P1 defines the acceptance angle of the
collection optics and thus the uncertainty in the measured scattering wavevector, as will

be explained in the next paragraph. A focusing lens L2 produces an unmagnified image
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of the scattering volume onto the pinhole P2 located at the entrance of the PMT tube. A
polariser sheet is placed between L2 and P2 and defines the polarisation of the scattered
light. The scattered beam is guided through the different optical components between
BS2 and the PMT detector via tubes to prevent any external signal from interfering with
it. The amount of light detected is governed by the diameter of P2. From noise

considerations, a diameter of 200 pm is chosen for both pinholes P1 and P2.*

The accuracy of the measured value of scattering wavevector q is related to the accuracy
of the scattering angle and derives from:
o the finite size of the scattering volume;
o the focusing of the incident laser beam onto the sample using the converging lens
LI;
o the diameter of the first pinhole P1 in the collection optics.
Recalling Equations (2.81) and (2.101), the uncertainty in the linewidth 8" depends on

the uncertainty in scattering angle 86, as:

o %q_ O . 3.4)
' q tan0,

This relative uncertainty can be estimated to be around 0.5% for a scattering angle of

14°.

3.3.2 Detection equipment

Photomultiplier tube (PMT)

As mentioned in Chapter 2, Section 2.6.3, the output current of a photoelectric detector is
proportional to the intensity or the square of the electric field incident upon it. Through
the photoelectric detection process, the noise spectrum of the scattered light, centred
about the optical frequency, is converted to a noise spectrum of the anode current,

centred at zero Hz.'* '

Scattered photons impinging on the photocathode of a photomultiplier tube generate
photoelectrons via the photoelectric effect. These electrons produce more photoelectrons
as they are accelerated through a series of dynodes. In this way, the anode photocurrent is
multiplied by up to 107 times for an applied voltage of 2 kV. The PMT employed here is

a Thorn'” EMI 9863/100 characterised by an active photocathode area of 2.5 mm? and a
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low dark count rate of 40 Hz when operated at 2 kV. The PMT is contained in a
cylindrical housing incorporating a mu-metal shield to protect it from stray magnetic
fields. A 10 nm bandpass interference filter centred at 632.8 nm is used to remove

extraneous light.

Amplifier and discriminator

The output pulses from the PMT are amplified by a factor of ten using an Ortec 9301 fast
preamplifier,'® which is connected directly to the detector to minimise the influence of
noise. The signal is further increased by an Ortec 474 timing filter amplifier. An Ortec
473A discriminator eliminates small noise pulses, such as the dark count rate, that may
affect the measurement of the linewidth. The lower level discrimination is set to 70 mV
and a dead time of 80 ns is chosen to avoid double counting of the pulses. This dead time
reduces the bandwidth of the detection system to approximately 10 MHz. In practice,
since the pulses are randomly spaced in time, count rates should not exceed 1 MHz to
prevent any saturation effects. Finally, the — 0.8 NIM and 5 V TTL outputs of the

discriminator are fed respectively into the correlator and the photon-counter.

Correlator
The correlator counts the PMT output pulses n(t) arriving during a fixed time interval At
called the sample time. Then, it calculates the autocorrelation function of the noise

spectrum of the photo-detection current by using the following discrete approximation:]6
1 N
gZ(Tm) zﬁzn(ti) n(ti+m)' (3'5)
i=1

Tm = mAt represents the time associated with the mt" delay channel (m=1, 2,....,L), L
being the total number of channels of the correlator; N = Ny - m where Nj is the total

number of samples or sweeps defined as

=L (3.6)
At

where T is the total duration or integration time.

For N; sufficiently large, Equation (3.5) can be rewritten:

&:(t,) = 2n(t) 0t 3.7)
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This equation accurately describes the full unormalised correlation function, provided At
is much smaller than the timescale of the fluctuations. Figures 3.7 (a) and (b) show
schematically the operating principle of a correlator. First, the counter records a string of
photocounts n(t) arriving during a sample time interval At, leading to N numbers for a
total integration time T. The values of n(ti-mAt) with m = 1,..., L are stored in the shift

register and then multiplied by the currently measured value of n(t;).

The correlator used throughout the course of this work is a Malvern K7025 4-bit digital
correlator'® containing 128 delay channels equally spaced in time. The input prescaling
divides the incoming signal by 2° to 27 so that the pulse rate remains lower than the
maximum rate of 16 pulses per sample time. The sample times available At range from
100 ns to 990 ms and the experimental duration T can be set between 1 ps and 9000 s.
An IEEE 488 bus interface that connects the correlator to a PC computer allows the
autocorrelation function, initially stored in the delay channels, to be transferred for data

analysis and the operating parameters to be set remotely.
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(a) Example of the photocounting process and of the calculation of the

autocorrelation function associated with the photoelectron pulses

At

] ]

n(D=3 | n@)=t

\

n(3)=0 | n@)=2 | n(5)=3 t

l n(1)xn(3)=0 l
l n(2) X n(4) = 24]
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(b) Schematic representation of a correlator
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Figure 3.7: Operating principle of a correlator.
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3.3.3 Data analysis

Fitting procedure

For a single mode of director fluctuations, the experimental autocorrelation function y;
can be described by a single exponential decay of the form

Y (8, T;) =a, +a, exp(-a,T;), 3.8
where 1; is the delay time of the i™ correlator channel and a; are the parameters to be
determined by the fitting procedure: a; is the background signal, a, is the amplitude of
the correlation function and a; =T  is the frequency broadening of the scattered light that

is related to the visco-elastic properties of the liquid crystal.

The fitting routine, written by P. Birtwistle in C language, is based on a least-square fit
method and uses the powerful Marquadt algorithm.® The main features of the data

analysis program are summarised below:

e A function for the figure of merit y? is introduced to account for the quality of the

fit:

X2 _ i (Y = Ya (aja'c;)) (3.9)

2 b4
=1 GI

where L represents the total number of delay channels (L = 128 for our

correlator) and o;” is the estimated uncertainty on the experimental value y;
(assuming Poisson statistics, we have o =y, ). The best values for the

parameters a; are obtained by minimising the function % with respect to each 3 (j

=1,2,3).

e The Marquadt algorithm is run to increment the parameters in order to determine
the minimum value of y2. This algorithm is fast and yields reliable results
provided the initial values of the parameters are of the same order of magnitude

as the final values.’

e The residuals to the single exponential fit and the noise factor f, are displayed on
the computer screen during data collection and enable the data quality to be
continuously monitored. The residuals are the difference between the
experimental and the fitted autocorrelation functions (yi-ys)-
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The noise factor f, is given by

f ——m (3.10)

where o5 is the root mean square of the residuals to the fit defined as

(aj’Ti))z
3 .

(3.11)

Gfm =ZL: Vi =Y

i=1
For a good data set, the residuals should be random and the noise factor is typically less
than 0.02% when 5 x 10° counts are accumulated in each channel of the correlator.
Figure 3.8 represents a typical autocorrelation function which was fitted by a single

exponential decay. The corresponding residuals y; —yg (a;, T;) are plotted as an inset in

the same figure.

Although care has been taken to ensure that a single fluctuation mode has been isolated,
the correlation function could not be fitted to a single exponential on a few occasions.
This was indicated as structured residuals and in these cases the data were fitted to a

double exponential using Origin 6.0.
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Figure 3.8: Typical correlation function fitted with a single exponential decay (data
obtained for SCB+1% anthraquinone after averaging 25 runs of 40 s each, at T = 34.5 °C,
for the twist mode and with no voltage applied); the inset represent the residuals to the fit

for the same experimental data.
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Sample time and integration time

The sample time At and the integration time T are two important operating parameters of
the correlator that control the accuracy of the linewidth calculated from the fitted
autocorrelation function. In photon correlation spectroscopy, the optimum sample time At
is chosen such that

27, SLAt<37,, (3.12)

where 1. = 1/T" is the characteristic decay time of the exponential.'®

However, previous studies showed that the uncertainty on the linewidth did not increase
as rapidly for oversampling as for undersampling.”’ As a consequence, the sample time
At should preferably be selected so that the correlation function spans at least 5 decay
times in order to define accurately the background signal level. In the data analysis
program, a quantity called U-value is defined as:

U =exp(-TAt), (3.13)

with the best sample time corresponding to a U-value of 0.94.

Theoretical calculations estimate the uncertainty 8" on the measured frequency
broadening I" to be dependent on the integration time T and on the decay time of the
fluctuations 1. according to

s?r o (%)m ; (3.14)
this means that the relative uncertainty on an experimental linewidth of 500 Hz is 1%

after an integration time of 20 s.

The spectrometer control program

The main functions performed by this program are outlined below:
e after each short run, it plots the autocorrelation function (experimental data plus
fitted exponential) and corresponding residuals;
e it allows the user to remotely set and change the operating parameters of the
correlator during the measurement i.e. prescale factor, sample time, duration time
and number of experimental runs;

e all data are saved automatically under user-specified file names;
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¢ it calculates and displays for each data set the noise factor, U-value, fitted
linewidth, amplitude of the correlation function, and finally the visco-elastic ratio
(using the value of scattering angle 645, provided by the user);

e it reads and displays continuously the temperature at the sample;

e it gives additional information such as the total number of input pulses, the
background counts, the total number of samples, the number of counts per sample

time and the PMT count rate.

At the end of a series of experimental runs, another existing program was used to add all

data sets and to calculate the resulting linewidth.

3.3.4 Electric field dynamic lig ht scattering (EFDLS)

For Ae > 0 materials in the homeotropic configuration, voltages were applied across the
cell to dampen the director fluctuations by means of a Thurlby Thandar?' TG102
function generator. In this way, the splay and twist elastic constants and associated
viscosities can be determined separately. All the measurements were carried out with an
ac square wave signal of frequency 10 kHz since it was demonstrated that for both splay
and twist modes at this frequency, the fitted linewidth does not depend upon frequency
and is not affected by the waveform.* The amplitude of the signal can be further
increased up to 130 Vs through a high-voltage, wide-band amplifier EW1134B,
designed at the University of Manchester. At each temperature for each splay or twist

mode, five different amplitude voltages were applied in order to get an accurate fit.

k33 and Mpeng can be determined solely from dynamic light scattering experiments in the
presence of an electric field using planar aligned samples.> However, materials with

Ag > 0 require special cell design for the application of transverse damping fields and
these cells were not available for this study. Furthermore, in this geometry, the high
uncertainty in the variation of the electric field across the sample leads to experimental
errors of about 30% on the bend elastic constant and viscosity coefficient obtained.’
Therefore, the bend visco-elastic ratio K33/Mpeng Wwas measured by dynamic light scattering

without any applied electric field.
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3.3.5 Experimental procedure

The measurements of the pure twist and splay modes were performed at a scattering
angle in the laboratory frame 0y, = 14° for which the bend contributions are negligible.
For the determination of the bend visco-elastic parameters, the two geometries

introduced in Chapter 2, Section 2.7.2 were investigated.

Depending on the scattering power of the material and on the voltage applied, the
integration time is chosen between 40 s and 100 s for one run, so that the number of
counts in each channel is about 10° counts. The final linewidth is derived after
accumulating and fitting at least 25 to 50 individual runs. The relative uncertainty in the
fitted linewidth is determined from the standard deviation calculated from these data sets

and is evaluated to be less than 2% in most cases.

3.4 Freedericksz transition

Experimentally, the Freedericksz transition can be observed in a slab of uniformly
aligned nematic material subject to sufficiently high fields by measuring the changes in
any anisotropic macroscopic property, such as the capacitance, the thermal conductivity
or the birefringence.?” The latter method is employed in the course of this work since it is
very accurate and offers the advantage that only a small region of well-aligned sample is

required.”?

3.4.1 Presentation of the apparatus

Figure 3.9 (a) shows the magnet, analyser and detector mounted on an optical rail. On
picture (b), we can see the different elements used to control the voltage applied to the

cell and to collect the data.
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(a) Magnet and optical components

Electro-magnet

Aperture Polariser

Oil bath Photodiode

(b) Detection equipment

teslameter

function

generator

digital multimeters to measure the  photodiode and its  aperture oil bath polariser
photodiode’s output and the Pt100  power supply

resistance

Figure 3.9: Photographs of the set-up for the magnetic Freedericksz transition

experiment.
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Overview

A schematic drawing of the apparatus is sketched below in Figure 3.10. The optical rail
is divided into two parts, one on each side of the magnet. The monochromatic
illumination source is provided by a linearly polarised He-Ne laser, operating at 632.8
nm with an output power of 10 mW. Both polariser and analyser consist of polaroid
sheets, the polariser ensuring that the incident beam is linearly polarised at 45° with
respect to the direction of the applied magnetic field. The sample holder, containing the
liquid crystal cell, is connected to a temperature regulated oil bath and is positioned
between the magnet pole pieces. After the analyser, an aperture removes any stray light
component and finally, a photodiode detects the intensity of the transmitted signal. The
photodiode has a fast linear response and its output is monitored using a digital
multimeter. A neutral density filter has been added in front of the detector to avoid any

saturation effects, which occur when the output voltage of the photodiode exceeds 15 V.

The electromagnet can generate magnetic fields up to 1.3 T with stability of

% 0.0005 T and uniformity of + 0.0002 T. The gap between the magnet pole pieces is 4
cm. A calibrated Hall probe, connected to a teslameter, measures the magnetic field at
one of the magnet poles with an accuracy of about 1%. A function generator allows a
square wave electric field to be applied across the sample cell and its amplitude is
measured with another digital multimeter. This crossed-field method will be explained in

detail in Section 3.4.4.

The experiment has been almost fully automated. The magnet power supply and the
electric field generator are computer-controlled. The magnetic field B is increased by
increments of 0.0004 T and the system is left to stabilise for 10 s before a measurement is
carried out. For each value of B, five runs are averaged. The values of the light intensity
at the photodiode and the magnetic field are automatically acquired and saved into a file.

The temperature is constantly monitored to check that it is stable to within 0.1 °C.
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neutral density filter

magnet
He-Ne laser U analyser l
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polariser photodiode
pinhole

sample holder

Figure 3.10: Schematic diagram of the apparatus.

Sample holder

The sample holder, shown in Figures 3.11 (a) and (b), was specifically designed for the
Freedericksz transition experiment.24 It consists of two parts, an outer heating jacket and
an inner brass cell holder. This system guarantees that good thermal and vibrational
stability is achieved at the sample cell. The external jacket is a hollow brass drum with
chambers for the oil circulation; it also has two circular windows and a cylindrical
opening to insert the inner cell holder. This can be seen in Figure 3.11 (a), which depicts
the outer jacket, containing the inner cell holder, in place between the magnet pole
pieces. The oil is heated in a Braun Thermomix 1441 circulating bath® and the
maximum temperature available is 150 °C. The bath is connected to flexible insulated
hoses and the fluid is pumped into the chambers through two pipes located at the base of
the jacket. The liquid crystal cell is enclosed between two flat brass plates, perforated
with two large apertures. Thin brass sheets with smaller holes have been added on both
sides of the cell to reduce thermal gradients. The different elements constituting the cell
holder are pictured in Figure 3.11 (b). When the cell holder is in place in the heating
jacket, its apertures are positioned in front of the two transparent windows of the jacket
and in this way, allow the light to pass though the sample. A Pt 100 platinium resistance
thermometer is located in a groove close to the cell and measures the temperature to an
accuracy of £ 0.1 °C. The soldered wires from the cell are attached to two clips, located
inside the top of the brass holder and directly connected to the BNC terminals visible in
Figure 3.11 (a). One of the BNC terminals enables the application of electric fields to the
cell. The second BNC and the switch were previously used to perform consecutive

measurements of dielectric constants and threshold fields.?>
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It is important to note that good thermal stability of the sample necessitates the presence
of a cooling system, which circulates water around the magnetic coils and the power
supply unit of the magnet.?® In fact, the magnetic coils are subjected to large currents that
can produce heat in the magnetic pole pieces and this heat energy can easily be
transferred to the adjacent sample holder. A flow of water is diverted to cool the oil bath
through its counter-cooling coil to ensure better thermal regulation and to allow

measurements close to room temperature.

(a) Outer heating jacket containing the cell holder in place between the magnet pole

pieces
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(b) Detail of the different components of the inner brass cell holder

thin brass
sheets

brass plate

groove for the
Pt100
resistance

BNC connectors
for the
application of
electric fields

sample cell

Figure 3.11: Photographs of the sample holder used for Freedericksz transition

experiments.

Alignment of the set-up

The alignment procedure for the Freedericksz transition experiment has been described in
detail in reference 23. The main requirements are outlined below:
e the optical rails on each side of the magnet have to be horizontal, levelled,
centred and collinear;
e the optical rails and the laser beam must be normal to the direction of the
magnetic field;
e the sample cell must lie normal to the incident laser light and parallel to the

magnetic field.

3.4.2 Observation of the FT using optical techniques

The bend geometry was mainly used in this thesis in order to measure directly k33, which
could not be determined from DLS experiments alone. This configuration for the
Freedericksz transition was defined explicitly in Chapter 2 Figure 2.6.

Consider a linearly polarised light wave at normal incidence to a homeotropically-
aligned cell. For B < B, the light propagates at a speed characterised by the ordinary

refractive index n, since the polarisation is perpendicular to the optic axis i.e. to the
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director. For B > B, the molecules distort and tend to align along the field. This causes a
variation in the index of refraction experienced by the laser beam passing through the
sample. The liquid crystal cell acts as a variable retardation plate. If the light is polarised
along the y-axis, it experiences n, as previously; however if it is polarised along the x-
axis, it travels at a speed associated locally with an effective refractive index nggthatis a

combination of ordinary and extraordinary refractive indices n, and n,:
n.4(z) =n,n [n?sin® ¢(z) +n? cos® p(z)]™"2. (3.15)
This situation is depicted in Figure 3.12. A light beam polarised in an arbitrary direction

and incident upon a distorted nematic sample will be split into an ordinary ray (o) and

extraordinary ray (e).

T T T T T
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S LSS S S S J S S S S S S
VAV A A S e VA A A A4
——————— —_— L
VAV A A A A A B>B VAV A L A A G B>B
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I O A I A O

(© polarisation of an E polarisation of an

o-ray z e-ray
direction of Lo direction of
incident light L incident light
y X

Figure 3.12: Propagation of an o-ray (a) and of an e-ray (b) at normal incidence to the

cell for B > Be.

Experimentally, from the interference of the two beams at the analyser, the difference in

optical path length & is obtained from:

21 ¢
8= [ng —n,|dz, (3.16)
7\' 0

where A is the incident light wavelength in vacuum.

Near threshold for weak deformations, the expression for the phase difference or

retardation 8(B) can be written:**

2 2
5(B) = 2740, 1. f"ﬁ _B 1], (3.17)
» 12 k,|B.(0)

€
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. T KoKy
with B.(0)=— |——. 3.18
c(0)=7 ™ (3.18)

In this case, §(B) is proportional to the applied magnetic field B. The critical field Bc and
therefore the bend elastic constant are determined from the linear portion of the
retardation curve §(B) extrapolated to &(Bc) = 0. The bend-to-splay elastic constant ratio

can be derived from the gradient of the line, provided the refractive indices are known.

The variations in transmitted light intensity I are related to the phase difference and thus
to any changes in birefringence of the liquid crystal. For a birefringent sample viewed
between crossed polarisers, the resulting intensity I at the detector is described by:
I=1,sin®2asin*(8/2), (3.19)
where I is the maximum intensity of transmitted light; a is the angle between the
polarisation direction of the incident light and (x, z), which is the plane of reorientation
of the optic axis. Below the critical field, no light is transmitted since J is zero. As the
magnetic field is increased above threshold, the transmitted intensity is characterised by a
succession of minima and maxima. If the polariser is set at 45°, the oscillation amplitude
of I is at a maximum. Typical data for the intensity plotted as a function of magnetic field

are presented in Figure 3.13.
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Figure 3.13: Intensity data versus magnetic field obtained for 5SCB at T=30°C (V=1

V); the curve and plots correspond both to experimental points.
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3.4.3 Data analysis

First, the retardation data 8(B) is extracted from the transmitted intensity following the
procedure adopted in reference 23. The analytical treatment is done using an Excel
worksheet specially developed in-house for this purpose by Dr. S. Meyer. A summary of
the principal steps performed for data analysis is given below:
1. The intensity data are normalised i.e. 0 < I(B) < 1 to ensure the peaks have the
same height.
2. Then sin (8/2) is determined by taking the square root of the intensity. Since the
calculation only yields the positive roots, every second peak has to be inverted to
take into account the negative values of the function sin (8/2).
3. Finally, § is calculated. Note that since the inverse sin function only returns
values for the retardation between —n/2 and n/2, it is necessary to correct these

data by adding the appropriate phase information.

The retardation 8(B) is plotted against magnetic field in Figure 3.14. The value of the
threshold field B is determined by extrapolating the linear fit to the curve just above the
critical field. The error in B¢, which includes random experimental errors and the

uncertainty in the extrapolation procedure, is estimated to be + 1.5%.

20

Phase difference (rad.)
= 7Y

(9]
N N T ]

T T T T T T T

0.18 Bc 0.2 0.22 0.24 0.26

Magnetic field (T)

Figure 3.14: Phase difference curve derived from intensity data (see Figure 3.13) for 5CB
at T =30 °C (V =1 V); the intercept of the line fitted to the linear portion of the graph
yields the value of threshold field Bc.
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3.4.4 Experimental method

As shown in Equation (3.18), the magnetic anisotropy Ay should be known in order to
calculate the bend elastic constant. Direct measurements of Ay are difficult and usually
inaccurate for measuring small anisotropies.! A solution is to use a crossed-field method,
i.e. to apply simultaneously an electric field E, such that E is perpendicular to B and to
the cell’s substrates.?” For Ag > 0 and for an initially homeotropic sample, the presence of
E counteracts the magnetic field B and therefore causes an increase of the threshold field
Bc. This results in an extra term in the threshold field equation:

B (V) =[Bc O +5—Z—f(%) , (320)

where d is the cell thickness expressed in microns.

Experimentally, an ac square wave signal of 1 kHz was applied via a Turlby Thandar*'
programmable function generator TG1304, which can generate voltage amplitude
ranging from 1 mV to 10 V. B¢ is measured at different applied voltages V. Figure 3.15
shows that each plot of Bc? against V2 obtained for 5CB at different temperatures gives a
straight line that can be fitted using Equation (3.20). Considering the experimental
uncertainty of about 2% for each data point, the gradient of this graph is independent of
temperature. The magnetic susceptibility Ay can be determined from the gradient of this
curve since the dielectric anisotropy Ag and cell thickness d are measured separately. The

bend elastic constant can be finally deduced using Equation (3.18)

An initial run is performed by increasing the magnetic field manually to get an estimate
of the threshold field; this step is required in order to set the appropriate parameters for
the computer control program, namely the initial and final values of magnetic field as
well as the increment. For each temperature five voltages were applied (0, 0.5, 0.75, 1
and 1.2 V). At each new temperature, the apparatus is left at least half an hour to
equilibrate. The acquisition time for each run at one temperature is between one and two

hours and the data analysis can be performed in less than 10 minutes.
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Figure 3.15: Squared threshold magnetic field versus squared voltage for SCB at

different temperatures; the lines are the fitted curves to the experimental data.

3.4.5 Electro-optic measurements”

Electro-optic experiments were carried out to investigate the switching behaviour of
nematic materials with low dielectric anisotropy, which will be discussed in Chapter 6.
The samples are enclosed in planar aligned cells and the electric field is applied normal
to the initial orientation of the director. This geometry allows in principle the observation

of the splay Freedericksz transition.

The basic set-up was introduced in 3.2.4 and consists of a polarising microscope
equipped with a heating stage. A photodiode was added to the microscope’s photo tube
to monitor the intensity of transmitted light. Altérnatively, an Olympus® OM-1
photographic camera was mounted to obtain images of the different textures. Electric
fields were applied using a Turlby Thandar®' programmable function generator TG1304
and the signals were further amplified to 130 Vs by means of a wide band voltage
amplifier EW 1134B, identical to the one employed in DLS experiments (see Section
3.3.4). A Hewlett Packard'' two-channel, 100 MHz digitising oscilloscope was used to
measure the amplified voltage and the output from the photodiode. The whole set-up for

electro-optic measurements is pictured in Figure 3.16.
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Figure 3.16: Photo of the experimental set-up for electro-optic measurements.

3.5 Measurements of refractive indices

In nematic liquid crystals, both ordinary and extraordinary refractive indices n, and n,
can be measured accurately using a Bellingham and Stanley 60/HR Abbé refractometer.?’
This technique is based upon total internal reflection. As sketched in Figure 3.17, a thin
layer of sample is sandwiched between an illumination prism and a second (or
measuring) prism of higher refractive index. The optical path of an incident ray emerging
at the critical angle for total internal reflection is also illustrated in Figure 3.17. In the
eyepiece of the instrument, a light-dark boundary that corresponds to this critical angle
can be seen. A scale measures precisely the value of angle for total internal reflection. A
table supplied with the refractometer converts these angular data into refractive indices at
the wavelength of light used. A change in refractive index is directly related to a

variation in critical angle.

For nematic materials, the experiment requires a well-aligned homeotropic film. In this
case, the director is normal to the prisms. When the incident light is polarised in the
horizontal plane, the polarisation is perpendicular to the director and thus, n, is measured.
Alternatively, if the polarisation of the incoming beam is in the vertical plane, the light
will experience n.. The two cases are indicated in Figure 3.18 (a) and (b). This method
works well for nematic liquid crystals since it does not rely on absolute intensities, which
depend on the turbidity of the mesogenic material studied. Furthermore, only a small
quantity of sample is needed. For strongly absorbing samples, such as some types of dye

guest-host mixtures, observation of the critical angle may not be possible.
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Figure 3.17: Basic principle of the Abbé refractometer.
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Figure 3.18: Geometry for the measurement of the refractive indices of a nematic LC

material.

The experimental set up is summarised in Figure 3.19. The measurements are performed
using a 10 mW He-Ne laser at the same wavelength (A = 632.8 nm) as in the DLS
experiments. A neutral density filter is added at the output of the laser to reduce the light
intensity. A beam expander is mounted on the optical rail after the laser source. A
polaroid sheet defines the polarisation of the incident light. The beam is then reflected by
a plane mirror and steered towards the illumination (or upper) prism of the refractometer.
A Braun Thermomix? 1419 circulating bath is connected to the Abbé via plastic hoses

which pump deionised water around both prisms to heat them to the required
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temperature. After 30 min, a temperature stability of 0.1 °C can be achieved. The
operating temperature is limited to a maximum of about 80 °C, which corresponds to the
maximum temperature the optical cement of the refractometer can withstand. A platinum
resistance thermometer Pt 100 measures the temperature at the prisms with an accuracy
of + 0.1 °C. The laser and thermal bath are switched on at least half an hour prior to any
experiments. The refractometer is calibrated using a sodium light source and a silica
piece as reference (of refractive index n = 1.45839 at 20 °C measured at A = 589.6 nm).
A 0.25% wt/wt solution of lecithin in chloroform is applied to both prisms to form a
homeotropic alignment layer. Then, a small drop of liquid crystal is placed onto the

measuring prism and covered with the illumination prism. The accuracy on the measured

refractive indices is + 0.0002.

Polariser

Filter

He-Ne laser
Beam expander

Abbé
refractometer

Figure 3.19: Experimental set-up for the measurements of refractive indices.

3.6 Measurements of dielectric constants in nematic liquid crystals

It is important to know the sign and value of the static dielectric anisotropy Ag =g, —¢€,
since this parameter controls the coupling to an applied electric field. If we recall
Equations (2.103) and (2.104) in Chapter 2, the visco-elastic ratios obtained from DLS
measurements can be deconvoluted in the presence of a damping electric field, provided
the dielectric constants can be determined by an independent technique. The calculation

of the threshold magnetic field in Freedericksz transition experiments also requires the

knowledge of the dielectric anisotropy Ae.
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The static dielectric constants g and €, can be measured by a capacitance method using
homeotropic and planar cells respectively. The Lucid sample cell, used for dielectric
measurements (see Section 3.2.3 for a description of the cell), may be considered as a
parallel plate capacitor. The dielectric measurements are carried out for the same

temperature range and at the same frequency as for EFDLS experiments.

3.6.1 Experimental technique

The capacitance of the cell is measured using a Wayne-Kerr 6425 multibridge®® with a
probe voltage of amplitude 250 mV and of frequency 10 kHz. The Wayne-Kerr bridge is
switched on at least two hours before starting any experiments. Two short leads, soldered
to the ITO side of an empty Lucid cell (carrying either a homeotropic or a planar
alignment layer), are twisted together and placed within a thin rigid tube to minimise
signal fluctuations arising from movement of the wires. The cell is placed inside a
Mettler'? FP82 heating stage and its wires are attached to the Kelvin clip, which consists
of a 4-terminal electrical connector for the application of the probe voltage. Since the
capacitance measurements are extremely sensitive to any displacement of the cell and
leads, the Kelvin clips and soldered wires are secured on the table with adhesive tape and
care is taken not to move them between successive runs on the same cell. The bridge and
the heating stage are mounted on an optical table to eliminate any mechanical shock or

vibration that might affect the experiment.

The capacitance of the empty cell is measured at room temperature. The cell is filled in
situ by capillary action at a temperature that is above the material’s clearing point. Then,
the liquid crystal in the cell is cooled down in the nematic phase and left for several
minutes to reach thermal equilibrium. Values of filled cell capacitance are collected over
the required temperature range. The temperature measurements are accurate to + 0.2 °C

and the random error on the dielectric constants is estimated to be 0.5%.

3.6.2 Determination of dielectric constants

The dielectric constant can be deduced from the ratio of the capacitance of the filled cell
Crun to the capacitance of the empty cell Cempy. However, the measured capacitances also
include contributions from the lead capacitance Cje,q that increases with the length of the

soldered wires.
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Therefore, the final value for the dielectric constant is given by:
C i C ea .
g, =—nl T yherei=1II, L. (3.21)
Cempty,i ~ “iead

For the 7.5 um Lucid cells used, Cempty usually lies in the range 35 to 45 pF and the
values for Cgy; range from 120 pF to 700 pF, depending on the material and temperature
investigated. Cicaq is determined (after the empty and filled cell capacitances have been
measured) by severing the connection between the soldered leads and the Lucid cell. For

short wires of about 5 cm long, Cieaq = 1-2 pF.

3.7 Summary

The experimental techniques that were introduced in this chapter are commonly used for

the characterisation and for the measurements of the physical properties of nematic liquid

crystals.

First, we have presented the methods to achieve uniform homeotropic and planar
orientations of nematic materials and to prepare the cells required in the different
experiments. The LC samples, studied in the course of this work have been characterised
by optical microscopy and DSC. The thickness of the cells employed in DLS and
Freedericksz transition experiments have been measured by a UV-Visible spectrometer
and their values usually range from 44.0 um to 46.0 um with a variation of = 1 to 2 pm

across their whole area, which corresponds to a 5% uncertainty.

In Section 3.3, the dynamic light scattering apparatus has been described in detail. This
set-up allows the use of heterodyne detection and the available range of collection angles
are —13° to +40°. The sample holder was specifically constructed for the determination of
splay and twist visco-elastic constants and its temperature is measured to an accuracy of
0.05 °C. The relative uncertainty in the scattering wavevector q is considered to be
approximately 0.5% for a scattering angle of 14°. After averaging, the standard deviation

for the fitted linewidth of the resulting autocorelation function is less than 2% in most

cascs.

89



Chapter 3: Experimental apparatus and technique

The Freedericksz transition experiment has been fully discussed in Section 3.4. The

magnetic field between the magnet’s poles is defined with a resolution of 1%. The value

of threshold field can be obtained to an accuracy of £1.5%.

The refractive indices are measured directly by Abbé refractometry at the same
wavelength (A = 632.8 nm) as the DLS experiments; the overall uncertainty is & 0.0002.
For both the FT and the Abbé set-ups, the temperature at the sample is stable to within

0.1 °C and is measured to an accuracy of 0.1 °C.

The dielectric permittivities of nematic LCs are determined via a capacitance technique

with a random error of about 0.5% while the temperature of the Mettler heating stage is

monitored to +0.2 °C.

The alignment and calibration of the light scattering spectrometer will be explained in the

next chapter.
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CHAPTER 4: EVALUATION OF THE DLS TECHNIQUE FOR THE
MEASUREMENTS OF VISCO-ELASTIC PROPERTIES IN
NEMATICS

4.1 Introduction

The light scattering spectrometer was described in Chapter 3; the next step, explained in
Section 4.2 is to align the apparatus prior to making any measurements. When collecting
data, it is important to ensure that the autocorrelation function is a single exponential for
a homodyne signal arising from a single mode of director fluctuations. Multiple
exponentials occur for partially heterodyned signals or for spurious scattering due to
impurities or in scattering geometries when mixed fluctuation modes are present. Part 4.3
of this chapter shows that the apparatus yields accurate and reliable results for the splay
and twist visco-elastic constants using a well-characterised standard material such as
5CB. In Sections 4.4 and 4.5, the calibrated spectrometer is utilized to investigate the
visco-elastic properties of various nematic mixtures. The nematogens of the first series
have different chemical compositions, which result in low and high birefringence.
Nevertheless, their splay and twist elastic constants are found to be comparable. The
second series consists of guest-host mixtures for the study of the influence of dopants on
the properties of the host material. The twist elastic constant kj, and the associated
viscosity coefficient y; are of particular importance because they determine the in-plane
switching behaviour in liquid crystal displays (LCDs) along with the dielectric

anisotropy.">

4.2 Preparation of the light scattering spectrometer

4.2.1 Optical alignment of the spectrometer

In dynamic light scattering (DLS) experiments, it is essential that the input and collection
optical paths coincide with the axis of rotation of the goniometer at any scattering angle.
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The light scattering apparatus is illustrated in Figure 4.1. The detailed alignment
procedure is given by Bowdler” in his thesis and only the main steps are outlined below,

taking into account the recent modifications of the spectrometer:*°

a) Firstly, the path of the heterodyne beam is adjusted by tuning the beam steerers
BSP5 and BSP6, so that it follows the rotation axis of the goniometer. This is
accomplished by observing the resulting spot (also called fiducial point) on a
screen mounted on the collection optical rail: the heterodyne beam coincides with
the rotation axis when no circular movement of the spot is detected as the

goniometer is rotated.

b) The detection arm is aligned collinear to the input rail (8 = 0° on the Vernier
scale) and fixed to the optical table in this position. The input beam is steered,
using BSP3 and BSP4, to be parallel to the arm by directing it through a series of

pinholes.

c¢) The half-wave plate, apertures A1 and A2, polariser and lens L1 are attached to
the input optical rail. Care has to be taken to ensure that all optical components
are mounted normal to the input beam by observing the back reflection of the
laser light. The position of the focusing lens L1 can be further adjusted and

translated by means of two screws so that it does not cause a displacement of the

input spot.

d) With the Vernier scale still set at 0°, the recombination beam splitter BS2 and the
first 200 um pinhole P1 are both attached to the collection optical rail. P1 is
positioned in the path of the incident light beam. Both the heterodyne and the
input beams should follow the same optical path after BS2 in order to obtain full
heterodyne efficiency. This is achieved by tuning the beam steerers BSP7
(located on top of the goniometer) and BSPS8 (situated just below BS2) that
control the optical path of the heterodyne ray.

e) Finally, the lens L2, analyser, 200 pm pinhole P2 and PMT detector are mounted
onto the collection optical rail. The position of the focusing lens L2 is adjusted in

order to optimise the detected scattered signal at the pinhole P2.
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Figure 4.1: Diagram of the light scattering spectrometer (see Figure 3.5).
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4.2.2 Aligning the cell with respect to the spectrometer

The spectrometer is initially configured for the study of the twist fluctuations (mode 2):
the polariser and analyser are respectively orthogonal and parallel to the scattering plane
and the scattering angle is set to 14° to minimise the bend contribution to mode 2.

The appropriate experimental geometry described in Chapter 2, Section 2.7.1 requires the
use of homeotropic cells with the director oriented along the incident beam. The sample
holder is positioned correctly by using three screws to ensure the back reflection from the

cell is incident on the input aperture A2.

The main requirement for aligning the cell in the spectrometer is that the scattering
volume has to be precisely located at the intersection of the input beam, the collection
optics and the rotation axis of the goniometer (refer to Figure 4.1). This is achieved in the
homodyne mode by moving the cell parallel to the input beam along the z-direction until

a sharp increase (of about 5 kHz) in count rate is detected at the photon counter.

However, it is also necessary to perform a few experimental runs of short duration times
(10-20 s) to maximise the dynamic component of the scattered light due to the
fluctuations of the liquid crystal director, rather than the static component caused by
impurities or glass flare. The cell alignment was found to be optimal when the
normalised amplitude of the correlation function a,, is maximised to 0.8-0.9; a,orm 1S
defined as a,om = @y/a; where a; and a, are respectively the fitted background and signal
amplitude. Fine adjustments to the sample holder are then made using the micro-

positioning screws, which enable translation along x-, y- and z-directions.

4.2.3 Heterodyne mode

Previous studies have shown that when the heterodyne intensity is over 20 times the
scattered intensity, there is no dependence of the fitted linewidth on the heterodyne
intensity.® To confirm this, we have repeated the same experiment, which consists of
collecting spectra at different heterodyne intensities. In Figure 4.2, the linewidth is
plotted against L/, which is the ratio of total intensity to scattered light intensity of
the autocorrelation function. The fully heterodyned linewidth is obtained for a scattering-

to-heterodyne intensity ratio higher than 1:15, which corresponds to a normalised

96



Chapter 4: Evaluation of the DLS technique for the measurements of visco-elastic properties in nematics

amplitude anem of the order of 0.03-0.04. In the pure homodyne detection mode, for
which Lio/Iica = 1 OF aperm = 1, the linewidth should be twice the fully heterodyned one.
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Figure 4.2: Twist linewidth as a function of the ratio between total and scattered

intensities obtained using 5CB at temperature T = 24.6 °C.

4.3 Calibration using SCB

The standard liquid crystal material chosen to calibrate the instrument is 4-pentyl-4’-
cyanobiphenyl, also known as 5CB, provided by Merck. This compound, first
synthesised by G. Gray and co-workers in 1973, exhibits a high photo and chemical

stability. Since that time, it has been widely studied and its physical properties are well-
documented.”°
As it has been characterised by a number of different techniques, including DLS and

Freedericksz transition, the data measured in this work can be readily compared to the

values existing in the literature. Its chemical structure is sketched in Figure 4.3. The

melting and clearing temperatures are given below:

Cr 20°C N 34.9°C I

Figure 4.3: Chemical structure of 4-pentyl-4’-cyanobiphenyl (5CB).
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In this thesis, most of the experimental results are reported as a function of relative or
shifted temperature Ty;-T, where T is the measurement temperature and Ty; is the
clearing point or nematic-to-isotropic transition temperature. Both temperatures are
expressed in degrees Celsius. In order to account for the different heating systems used,
Tni for a given sample is usually determined for each experimental technique by
monitoring a significant change in the measured property (eg. change in capacitance).
For most experiments carried out in this work, the absolute error on Ty is 0.4°C (except
for polarised microscopy where the Linkam hotstage employed allowed transition

temperatures to be accurate to within + 0.1 °C).

4.3.1 Dielectric constants, refra ctive indices and orientational order parameter

The components g and g, of relative dielectric permittivity, obtained in this work, are
plotted in Figure 4.4 for 5CB. The uncertainty of + 0.5% on the dielectric constants is
contained within the experimental data points and the absolute error of + 0.4°C on Ty-T
is shown in the same figure. Both g; and g, are lower than the data measured by Sefton®’
also included in Figure 4.4. Figure 4.5 represents the resulting dielectric anisotropy

Ae =g, —¢, determined in this work and by other groups. Our values of Ag are generally
about 5% lower than the results quoted in the literature.” ’® The dielectric permittivities
are extremely sensitive to impurities and are influenced by the chemical purity of the
mesogenic material.” Consequently, different batches of 5CB may account for a
discrepancy of up to 2% in the experimental values of g, and €,.” The three data sets
taken from different references seem in good agreement compared to one another. Since
the values of static dielectric permittivity are independent of the probe frequency in the
range 100 Hz to 100 kHz,° the fact that the measurements were carried out at 10 kHz

(this work/Birtwistle) or at 1 kHz (Sefton/Bradshaw et al.) should not affect the results.

It should be mentioned that Sefton and Bradshaw et al. used a single planar cell with a
gap of about 50 um to evaluate both dielectric components gy and € .88 This cell has a
circular electrode enclosed by a guard ring to prevent fringing field effects. For materials
with Ag > 0, an electric field, applied normal to the glass plates, will induce a
homeotropic alignment above the Freedericksz threshold. The effective dielectric

constant is proportional to the reciprocal of the applied voltage 1/V and the value of gy is

98



Chapter 4: Evaluation of the DLS technique for the measurements of visco-elastic properties in nematics

given by linear extrapolation to infinite voltage.'® This extrapolation method has an
accuracy of about 0.5% and yields results in good agreement with those obtained from

the direct measurement with two cells.

In this work, we employed the two cell-method with homeotropic and planar alignment
to measure respectively g and €,. The type of cells used in this study may explain the
discrepancy regarding our data; these Lucid cells, manufactured with thickness around
7.5 pm, are described in Chapter 3 Section 3.2.3. They differ from those used in single
cell measurements in that they have square electrodes, no guard ring and are much
thinner. The cells used by Birtwistle were identical to the cells employed in the present
work except that they were 14 um thick. In this case, the values of capacitances of the
cells filled with liquid crystal were corrected by 10% to take into account electrode edge
effects.* However, this calibration procedure seems quite arbitrary since the correction
factor should account for the coupling between fringing field effects and a given LC
material and thus should be dependent on the dielectric constants of the individual
sample. As will be discussed later in Section 4.3.4, the lower values for the dielectric
anisotropy do not affect significantly the values of the elastic constants and viscosity
coefficients, which are consistent with those determined by other workers. Thus, our

dielectric measurements with no further correction are considered scientifically

acceptable.
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Figure 4.4: Dielectric constants (+ 0.5%) for 5CB.
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Figure 4.5: Dielectric anisotropy (£ 1%) for SCB.

In Figure 4.6, the experimental ordinary and extraordinary refractive indices for SCB,
measured by Abbé refractometry, are shown against shifted temperature. They agree well

with the values reported by other workers using similar techniques.’
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Figure 4.6: Extraordinary n, and ordinary n, refractive indices (£ 0.0002) for 5CB.

As explained in Chapter 2 Section 2.2, it is possible to deduce the nematic orientational

order parameter S from the measured values of refractive indices using the following

equation derived from Haller’s extrapolation technique (recall Equation 2.3):
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The three parameters T*, B and Ao/ o. were determined using a powerful non-linear least
square fit method (based on the Levenberg-Marquardt algorithm) available from the

software Origin 6.0. Then, S was calculated from the following expression:

B
s=[1—;£j . @.2)

The order parameter is drawn in Figure 4.7 for 5CB. The resulting uncertainty on S is
typically 0.02. The values obtained by Sefton® are also presented for comparison. The
agreement between our data and the order parameter determined in the cited reference

provides a good assessment of the accuracy and demonstrates the validity of the fitting

routine employed.
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Figure 4.7: Nematic orientational order parameter S (+ 0.02) for 5CB.

4.3.2 Light scattering from director fluctuations

In DLS experiments, the visco-elastic ratios can be determined from the measurement of
the linewidth associated with the exponential decay of each mode of director
fluctuations. Using the experimental geometries introduced in Chapter 2, Section 2.7.1,

the splay and twist linewidths are given by
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k
[ =T = u qi 4.3)
nsplay
_r ke
and T, =D = q. 4.4)
Y1

where ki1 and kj; are the splay and twist Franck elastic constants, 1y and y; are the
: S : 2n . :
corresponding viscosity coefficients and q, = Tsm 0, 18 the component of the

scattering wave vector normal to the director.

The twist and splay elastic constant to viscosity coefficient ratios are illustrated
respectively in Figure 4.8 and Figure 4.9 for 5CB against relative temperature. The
results obtained for the same material by previous workers using a similar spectrometer
are also included on the same graphs.* ®'! Our twist and splay visco-elastic ratios are
measured respectively with + 1.5% and £ 3% uncertainties, also indicated on both
graphs; the values are in excellent agreement with the ones determined by Birtwistle. In
both cases, the data were collected on a DLS spectrometer, based on the same
experimental design.” The twist and splay ratio values measured in this work are
systematically about 2% and 5% lower than the ones quoted by Sefton/Bancroft.* ' The
main modification between the recent version of the apparatus and the original one
employed by Sefton/Bancroft is the sample holder. The minor differences in visco-elastic
ratios may be attributed to slight differences in the optical alignment required by the

geometry of each sample holder.*
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Figure 4.8: Ratio of twist elastic constant to viscosity coefficient for SCB.
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Figure 4.9: Ratio of splay elastic constant to viscosity coefficient for SCB (+ 3%

accuracy).

4.3.3 EFDLS

An external electric field E may be applied parallel to the director (for a material with
positive dielectric anisotropy) to dampen the thermal fluctuations. In this case, the

characteristic decay time is increased and the scattered linewidth becomes:

k A
rsp]ay = = q.zL + 80 88” E 2 (4'5)
n splay 8(9 LC / 2 )n splay
k g,A€
Diise = __22_q-2L + L’Y_EZ > (4.6)
1 1

where g, is the vacuum permittivity, Ag is the dielectric anisotropy of the liquid crystal,
gy and g, are the dielectric constants parallel and perpendicular to the director and

£(0,./2) =€, +Aesin’®(0,. /2). Orc is defined as the scattering angle in the LC medium

and is directly related to the scattering angle in the laboratory 6y, via the refractive

indices n. and n, of the nematic material (see Chapter 2, Equation (2.105)).

From the theory, both the splay and twist linewidths are expected to be proportional to
the squared rms voltage V2. This relationship is well-verified for any values of the
applied voltage and at all temperatures within the nematic range as can be seen in Figure
4.10 where I'gay and I'ywis; are depicted against V2 for 5CB. If the scattered linewidth is

represented as a function of the square of the applied voltage, the gradient G, of the plot
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will yield the viscosity, provided that the cell gap d and the dielectric constants g and g
of the material are known. For the splay mode, it is also necessary to measure the
refractive indices ne and n, of the liquid crystal independently. The gradient G, is

calculated from

g, Agg
Splay mode = e 4.7
b0, /2)n,,,,d”
Twist mode G, = Iy 4.8)

Y}dz

The elastic constant can be deduced from the visco-elastic ratio given by the intercept of
this curve at V = 0. In the presence of an applied electric field, the elastic constants and

viscosity coefficients can be determined separately.
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Figure 4.10: Experimentally measured linewidths for the splay and twist modes as a

function of squared rms voltage at different temperatures for SCB.

4.3.4 Elastic constants and visc osity coefficients

Figure 4.11 represents the twist and splay viscosities as a function of shifted temperature
for 5CB. The twist viscosity coefficients measured by Birtwistle and Sefton using DLS
on the same material are plotted on the same figure.* ® Our twist viscosity values are
obtained with an uncertainty of + 2% while the splay ones are given to within an

accuracy of + 6% and any deviations seen in Figure 4.11 between different data sets are
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within experimental errors. Therefore, our data can be considered in very good
agreement with those of references 4 and 6. The splay viscosity is related to the twist

viscosity through

20,2
nsplay =Y - 2 s (4.9)
Oy +0l, + 0
where o are the Leslie viscosity coefficients.
o 20; al
As shown in Figure 4.11, Ngplay = ¥1. The term ———=—— = — is positive and

Oy +0, +0s M,
negligible since o3 is much smaller than the other coefficients'? (), is the Miesowicz

viscosity coefficient defined in Chapter 2, Equation (2.29)).
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Figure 4.11: Twist (+ 2%) and splay viscosity (+ 6%) coefficients for SCB.

The twist and splay elastic constants measured for 5CB in this work are illustrated in
Figure 4.12 and Figure 4.13. The error bars for our values of k;; and k;; correspond
respectively to + 3% and + 5% uncertainties and they are indicated in the figures. Results
from previous DLS experiments using a similar apparatus are also included for
comparison. Our elastic constant data agree well with the values taken from Birtwistle’s
thesis® but they are systematically 10% lower than the ones obtained by Sefton®. As
explained in Section 4.3.2, the discrepancy stems mainly from the differences between
the values of splay and twist visco-elastic ratios determined using different experimental

set-ups. The twist and splay elastic constants and associated viscosities can be considered
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sufficiently accurate since the purpose of this thesis is to compare the visco-elastic

properties of a wide-range of nematic liquid crystals.
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Figure 4.12: Twist elastic constant for SCB.
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Figure 4.13: Splay elastic constant for SCB.

It is interesting to compare our results with the visco-elastic data measured with different
techniques: static and dynamic light scattering,'> ' 14:13,16 preedericksz transition
induced by magnetic or electric fields® ' and flow viscometry'®. The rotational
viscosity, twist and splay elastic constants from a number of these experiments are added

to the same graphs as our data in Figures 4.14, 4.15 and 4.16.
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The twist viscosity derived in the present study is in good agreement with the values
determined by other methods. Nevertheless our data exhibit a slightly different
temperature dependence, especially at lower temperatures, with a decrease in our twist

viscosity of about 13% at Tn-T = 10 °C compared to the value given by Gu ef al.'®

The twist and splay elastic constants quoted from various references reveal quite a wide
dispersion range and they also have different temperature dependences. The values
measured by Madhusudana et al. are significantly lower than the ones obtained in all
other references.!” This discrepancy may be attributed to the indirect procedure employed
by this group to evaluate the magnetic susceptibility anisotropy Ay.” !’ The absolute
values of kj;, reported in this work are within 5% of the measurements of Breddels et al.,
who observed the twist Freedericksz transition using a conoscopic technique'® (in which
both k;; and y; were determined by monitoring the dynamic response of the interference
pattern). Furthermore, the thermal behaviour of k;; is rather similar between these two
data sets. Toyooka et al. used four distinct experimental methods based on light
scattering to evaluate ky,:'® (electric field) static light scattering, electric field dynamic
light scattering and forced Rayleigh scattering. The accuracy of these experimental
techniques is about 7% and their results (not presented here) are in good agreement with
the data from Chen'? and Breddels'®. Our data for k;; are about 10-15% lower than the
values reported by Chen ez al. '* and by Bradshaw et al.%; whereas, they are in good
agreement with the splay elastic constants from Madhusudana ez al..!” The twist and
splay elastic constants of SCB determined by Hakemi ez al. by anisotropy of turbidity*
are systematically 2.5 to 6 times larger than the values found in the literature and

therefore are not included for discussion.
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Figure 4.14: Comparison of twist viscosity coefficients for SCB obtained via different

methods.
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Figure 4.15: Comparison of twist elastic constant values for SCB measured in various

experiments.
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Figure 4.16: Comparison of splay elastic constant for SCB.

4.3.5 Conclusion

In this section, we have reported on the initial calibration measurements using a standard
nematic material SCB. The dielectric constants are about 5% lower than the reference
data while the refractive indices agree well with the values quoted in the literature. The
twist and splay visco-elastic ratios are measured in this work with a relative uncertainty
of 1.5% and 3% while the elastic constants ky, and k;; are determined to within + 3% and
+ 5%. The twist viscosity coefficient is obtained with a 2% error. Our values are
consistent though slightly lower than the data obtained on other light scattering
spectrometers or using different techniques. Minor discrepancies have also been
observed in the thermal dependence of the results obtained from various methods. The
uncertainty on the visco-elastic constants will depend not only on the associated
experimental quantity but also on the accuracy of other related experiments necessary to
derive the absolute visco-elastic values, in particular, measurements of material constants

(e.g. A, Ay, n. and n,) and of external parameters, such as temperature and cell

thickness."”

The reproducibility of the results obtained in this work has been thoroughly checked by

repeating the same measurements on three different cells of similar thicknesses filled

with 5CB.
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4.4 Investigation of a series of mixtures of different birefringence

After calibrating the spectrometer, the visco-elastic constants of a series of nematic
mixtures were measured. The three mixtures were provided by Merck Ltd (UK) and each
contains several low molar mass mesogenic components based on cyanobiphenyls (A),
phenylbenzoates (B) and dicyclohexyls (C). These mixtures are characterised by different
optical anisotropies. The aim of this study is to compare the absolute values of the twist
and splay elastic constants as well as the ratio k,y/k;; obtained for each mixture. Table

4.1 below recapitulates the main properties of each sample.

Mixture Clearing point Ty; Birefringence
Cyanobiphenyls (A) 35°C high
Phenylbenzoates (B) 35°C medium

Dicyclohexyls (C) 45°C low

Table 4.1: A, B and C mixtures with their main constituents and their clearing points.

4.4.1 Dielectric and optical properties

The values for the dielectric anisotropy Ae (+ 1%) and birefringence An (+ 0.0002)
measured for each mixture are given versus relative temperature Ty;-T in Figure 4.17 and
Figure 4.18 respectively. The experimental uncertainties on both parameters are
contained within the data points. The dielectric anisotropy is significantly higher for the
mixture of cyanobiphenyls (Ae = 8.5 to 13) than for the samples containing
phenylbenzoates or dicyclohexyls. This increase is due to the presence of LC molecules
with strongly polar nitrile groups in sample A. The dielectric properties of B and C are
quite similar: their Ag is low (between 1 and 2), almost constant and shows a weaker
temperature dependence than in the case of mixture A. The three mixtures have very
different optical behaviour: the sample with cyanobiphenyls is a high birefringence
mixture (An = 0.15 to 0.2), the mixture of dicyclohexyls is a low birefringence mixture

(An = 0.03 to 0.05) while the sample containing phenylbenzoates exhibits intermediate

values of An (between 0.08 and 0.12).
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Figure 4.17: Dielectric anisotropy of the A, B and C mixtures.
02 7 < .
1 .
.
] AN
0.15 *e
B
g;n ol - e o) o o *A
£ 0 ° o
= 1 o
o) - AC
0.05 4 A A
: A A s g
0 T T T T T T T T T T T T T T T T T T T T T T T L4 =1
23 18 13 8 3 2

Tni-T (°C)

Figure 4.18: Optical anisotropy of the mixtures A, B and C.

4.4.2 Visco-elastic properties

The twist and splay elastic constants k;; and k, and associated viscosity coefficients
were determined at the same shifted temperature, to enable comparison between the three
mixtures. Table 4.2 summarises all visco-elastic results as well as the dielectric

anisotropy and birefringence data taken at Ty-T = 13 °C.
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Cyanobiphenyls | Phenylbenzoates| Dicyclohexyls
T (°C) 22 22 32
Tnr-T (°C) 13 12.9 13.2
An £ 0.0002 0.188 0.114 0.046
Ag £ 1% 12.8 2.1 1.8
ka2 (pN) 3.7+0.1 3.5+0.1 3.3+0.2
ki1 (pN) 59+03 6.4+0.3 59+04
koo/ky 0.63 £ 0.03 0.55+0.03 0.56 + 0.04
Y1 (mPa.s) 84+2 9242 18 +1

Table 4.2: Summary of the physical properties of the three mixtures at Ty;-T = 13 °C.

Neither kj, nor k;; change significantly with mixture composition. Therefore, the three
samples have the same twist-to-splay elastic constant ratio if the experimental errors on
ky, and k;; are taken into account. This ratio does not vary with mixture composition or
nature, which is confirmed in this work. k;,/k;; has been found experimentally to range
from 0.5 to 0.7 and to be weakly dependent on temperature for most nematic materials?!

(if pre-transitional effects are excluded).

As expected, the splay viscosity Nspay is equal to y; within experimental uncertainties for
samples containing cyanobiphenyls and phenylbenzoates. Furthermore, the rotational

viscosity y; is of the same order of magnitude for these two mixtures. By contrast, in the

case of the dicyclohexyl compounds, y; is reduced by approximately a factor of 5. In
general, higher rotational viscosity coefficients are associated with strongly polar
materials,?' such as the cyanobiphenyls. For the dicyclohexyl mixture, Nplay is much
lower than y;, which would lead to a negative value for __20@_ . This result can be
O, +0, +0g
interpreted as a greater experimental error for sample C due to the weaker scattered
signal from this low birefringence sample, as illustrated in Table 4.3. Though the
experimental duration is increased to 3000 s for this mixture, the number of scattered
photons is still significantly reduced compared to the samples containing cyanobiphenyls
and phenylbenzoates. From the data collected in Table 4.3, there is a direct correlation

between the birefringence of a material, its scattering behaviour and the noise factor

associated with the measured linewidth. The noise factor, defined in Chapter 3, Equation
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(3.10), is a measure of the accuracy of the fitted data with respect to the experimental

values.

DLS still gives reliable order-of-magnitude information on the viscosity but in the case

of mixture C, the absolute viscosity is obtained with an accuracy of + 6% while for

samples A and B, the uncertainty is only £ 2% as indicated in Table 4.2. This also leads

to further error on the elastic constant values for sample C.

Cyanobiphenyls Phenylbenzoates Dicyclohexyls
Scattered signal
75 kHz 58 kHz 20 kHz
(for one run)
Experimental
) 40 s x 25 runs 40 s x 30 runs 100 s x 30 runs
duration
Twist linewidth 254.7 Hz 221 Hz 1161.8 Hz
Noise factor 0.01% 0.013% 0.055%

Table 4.3: Experimental data for the three mixtures at Ty-T = 13 °C for the twist mode

(using heterodyne detection).

4.4,.3 Conclusion

The chemical structures of the mixtures and their polarities have a small effect on the
twist and splay elastic constants.?? Both ki, and ky, depend to a certain extent on the
geometrical factors characteristic of a given mesogenic molecule, although the influence
of the molecular shape is extremely complex to quantify in the case of mixtures of
several components. The ratio ky,/kq; is remarkably constant for mixtures of different
chemical nature. In contrast, the twist and splay viscosities are directly related to the
polarity and the composition of the mixtures. Strongly polar nematic liquid crystals
exhibit higher rotational viscosity coefficients.?! This study also confirmed that the
accuracy of the measurements of visco-elastic parameters depends on the birefringence

of the material investigated.
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4.5 Influence of dopants on the switching properties of LCDs

In the last section of this chapter, the influence of dopants on the visco-elastic properties
of a nematic host was investigated using DLS.?**** The measurements were performed on

our spectrometer in collaboration with Dr. N. Kunimatsu from Displays, Hitachi, Ltd..

4.5.1 Introduction

The in-plane switching (IPS) mode was developed to improve the performance with
respect to poor viewing angle and contrast ratio of the conventional twisted nematic (TN)
display.">2* In an IPS cell, the reorientation of the mesogenic molecules, initially in a
twisted configuration, occurs above a threshold field applied parallel to the substrate. In
this mode, the liquid crystal switching behaviour is governed by the electric field and not

by the voltage.! The threshold field depends only on the twist elastic constant kj, and is

given by:

n | k
E.=— |—2— 4.10
¢ d\e, |ag’ (“.10)

where Ag is the dielectric anisotropy and d represents the thickness of the liquid crystal

layer.

The switch-on and switch-off response times are expressed respectively by:?

Y1
. @.11)
M g |AgE* —n’k,, /d?
v, d’
and T = ———), 4.12)
OFF nzkzz

where y; is the rotational viscosity and V is the applied voltage.

Materials with positive or negative Ae are both suitable for the IPS mode. Only liquid
crystals with Ag > 0 are considered in the present study since they present better

switching characteristics, such as faster response time and lower threshold field.

Lower y; coefficients and higher values of Ag are required to improve response times,
while the twist elastic constant kj, has an opposing effect on the switch-on and switch-off

. . . . . 24
response times; low kj; leads to a decrease in 1oy while it causes an increase 1 Togr.
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4.5.2 Materials and clearing points

The host liquid crystal is a commercial mixture ZLI-4792 supplied by Merck. This
mixture is based on superfluorinated materials, containing cyclo and phenyl carbocycles
with fluoro substituents. The four different dopants used are sketched in Figure 4.19,
including their abbreviated names and chemical structures. All of the guest-host mixtures

contain about 10% by weight of dopant molecules.

CH,
O
CsH,,(0) O c 4-pentyl(oxy) phenylcyclopentenone or 5(O)PCP
Can(O)CN 4-pentyl(oxy) 4’-cyanobiphenyl or 5(0)CB

Figure 4.19: Chemical structure of the four dopants used in this work; the brackets

indicate the presence of an oxygen atom.

The nematic-to-isotropic transition temperatures are reported in Table 4.4. The addition
of SPCP and SOPCP decrease Ty of the pure host by about 30 °C whereas the same
concentration of SCB and SOCB reduces Ty by only 10 °C and 7 °C respectively. The
greater effect of the phenylcyclopentenone is due to the fact that SPCP and SOPCP are

non-mesogenic molecules while both SCB and SOCB exhibit a nematic phase, their

clearing points being respectively 35 °C and 68 °C.

Sample Clearing point Ty; (£0.1°C)

ZLI1-4792 92.2

5CB 35

50CB 68
ZLI-4792 +10% 5CB 82.6
ZLI1-4792 + 10% 50CB 85.3

ZLI1-4792 + 10% 5PCP 60
ZLI1-4792 + 10% 50PCP 61.8

Table 4.4: Nematic-to-isotropic transition temperatures for Z1.1-4792, SCB, SOCB and

the four doped mixtures.”
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4.5.3 Results

Dielectric anisotropy

Both dielectric constants parallel and perpendicular to the director were determined using
a single uniform planar cell.” As mentioned in Section 4.3.1, the single- and two-cell

methods should yield identical values for the relative dielectric permittivities gy and €;.

The resulting dielectric anisotropy Ae for ZLI1-4792 and the four doped mixtures is
plotted in Figure 4.20 as a function of measured temperature T. It can be seen clearly that
at any given T, Ae of the phenylcyclopentenone-doped samples is identical to Ag for the
host material. The values of Ag in the cyanobiphenyl-doped mixtures are higher than

those characterising the host and the 5(O)PCP-doped mixtures i.e. the addition of the

(O)CB dopant increases Ag at a given temperature.

The same experimental data are given versus relative temperature Ty;-T in Figure 4.21.
On this scale, the addition of any dopant increases the dielectric anisotropy of the pure

host ZLI-4792. The Ag values lie on the same curve for 5(O)CB and SOPCP and are
slightly lower in the case of SPCP.
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Figure 4.20: Dielectric anisotropy As (x 1%)for pure ZLI-4792 and with 5(O)PCP and

5(O)CB additives against temperature (Courtesy of Dr. N. Kunimatsu).23
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Figure 4.21: Dielectric anisotropy Ag ( 1%) for pure ZLI-4792 and with 5(O)PCP and
5(0)CB additives versus shifted temperature (Courtesy of Dr. N. Kunirnatsu).23

Twist elastic constant

Figure 4.22 shows the twist elastic constants k, of the four mixtures as a function of
temperature. The addition of 5(0)CB has almost no influence on the value of kj; of the
pure host mixture: ks, is identical for the pure ZLI-4792 and the SOCB-doped sample
(except at 61 °C). At all temperatures, the mixture with 5CB exhibits twist elastic
constants about 10% lower than these of ZLI-4792. In the case of the

phenylcyclopentenone additives, the twist elastic constant of the host mixture is reduced

by about 30%.

If k,, is represented against relative temperature as depicted in Figure 4.23, the data
obtained with the four different guest molecules can be considered to be superimposed
onto a master curve. This may be explained by the fact that ky, is essentially proportional
to S? where S is the nematic orientational order parameter, which itself depends on Tn-
T.672 A greater spread of data is noticed at about Ty-T = 32-35 °C, where the value of
ky, is about 20% lower for SPCP compared to the pure ZLI-4792; this discrepancy

probably arises from an unexpectedly higher value for k;, measured for the host mixture

at this shifted temperature.
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Figure 4.22: Twist elastic constant (+ 3%) versus temperature.*>
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Figure 4.23: Twist elastic constant (£ 3%) as a function of relative temperature (redrawn

from 23).

Rotational viscosity

In Figure 4.24, the rotational viscosity coefficient y, is illustrated on a log scale as a
function of temperature. It shows a weak dependence on the nature of the added dopants:
the twist viscosity of the nematic host remains unchanged in the presence of 5(0)CB and
50PCP while it is decreased by approximately 30% when doped with the same

concentration of 5PCP.
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The rotational viscosity coefficient y; is plotted on a logarithmic scale at different Ty-T
in Figure 4.25. All of the guest molecules are found to increase dramatically the value of
v of the host at a given Ty;-T; this increase is about 45% for S(O)CB and 180% in the
case of 5(O)PCP. For nematics, experimental data for y; can usually be described by a
type of Arrhenius law that also takes into account the orientational order parameter S.*
2> The general form is given by

v, o« S* exp (E(S)/k4T), (4.13)
where E(S) is an activation energy. E(S) = Eq or E¢S and x = 0, 1, or 2 depending on the
best fit for the data; kg is the Boltzmann constant. In Chapter 5, the temperature
dependence of the rotational viscosity will be discussed in more detail. Equation (4.13)
indicates that the rotational viscosity depends on both the relative and the standard
temperature scales, the former is linked to the order parameter S while the latter is

associated with the pure Arrhenius exponential behaviour which is dominant at lower

temperatures.
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Figure 4.24: Twist viscosity coefficient (+ 2%) versus temperature (redrawn from 23).
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Figure 4.25: Twist viscosity coefficient (£ 2%) as a function of shifted temperature

(redrawn from 23).

4.5.4 Conclusion

The phenylcyclopentenone molecules cause a greater reduction in the nematic-to-
isotropic transition temperature of the host mixture ZLI-4792 than the cyanobiphenyl-
based compounds. The temperature dependence of the dielectric and visco-elastic
constants may be more complex than originally thought. The results of the comparison
between the pure host and the four different doped mixtures are strongly correlated to the
type of temperature scale used. The addition of the cyanobiphenyl or of the
phenylcyclopentenone dopants has a small influence on the values of the twist elastic
constant ky, of the host if the orientational order is accounted for by using a relative
temperature scale. The temperature dependence of the rotational viscosity y; is more
subtle: in the presence of phenylcyclopentenone additives, y, is slightly reduced at a
given temperature but it is significantly increased if plotted as a function of shifted
temperature. For the mixtures doped with cyanobiphenyl compounds, y; exhibits the

same values as for the host ZLI-4792 at all temperatures and exhibits higher values on a

relative temperature scale.

From the comparison of the influence of the four additives on the switching properties of

the host, the pure host ZLI-4792 seems the most suitable mixture for the in-plane

switching mode. The advantage of using ZL1-4792 doped with a few percent of a polar
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compound such as 5CB or 50CB would be that it increases the dielectric anisotropy Ae
and therefore lower switching voltages are achieved. However, the response time of the
cyanobiphenyl-doped samples is not expected to improve significantly: on one hand,
higher Ag leads to faster switch-on time but on the other hand, the addition of polar
molecules causes an increase of the rotational viscosity y; at the same relative

temperature.

4.6 Summary

This chapter shows that DLS is suitable for the investigation of the splay and twist visco-

elastic behaviour of quite diverse types of low-molar mass nematic liquid crystalline

e Before carrying out any experiment, it is crucial to check the optical alignment of
the spectrometer. The collection of accurate measurements also requires careful
positioning of the sample cell within the apparatus. Once aligned, the
spectrometer should be calibrated using a well-known material such as 5CB.
After that, it can be used to perform routine measurements on a regular basis

since the optical alignment is stable for several months.

o The values of twist and splay elastic constants and viscosity coefficients
determined in this work for 5CB are in good agreement with those obtained by
previous workers using DLS. They are accurate to within 10% of the values

measured by other experimental techniques.

e Three mixtures, consisting of cyanobiphenyls (A), phenyl benzoates (B) and
dicyclohexyls (C) were investigated. The dielectric anisotropy is significantly
higher for sample A than for samples B and C, which contain non-polar
molecules. The birefringence An of the three mixtures is significantly different:
An =0.15to 0.2 for A, An = 0.08 to 0.12 for B and An = 0.03 to 0.05 for C. Both
k,, and ki, remain unchanged with mixture composition and therefore kay/k;; 1s
almost constant with values between 0.5 and 0.6. The values of rotational

viscosity y; are similar for A and B but is reduced by a factor of 5 in the case of
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sample C. The associated experimental uncertainty on v, is estimated to be 2%

for high birefringence samples and 6% for low An materials.

e The next series of samples consists of a nematic host mixture ZL.I-4792 doped
with the same concentration of four additives (5CB, SOCB, 5PCP and SOPCP),
in an attempt to improve the in-plane switching characteristics of a device. A
comparison of the twist elastic constants kj; and the rotational viscosities y;
measured for the pure host and the four different doped mixtures indicates that
this result is greatly influenced by the temperature scale used. Since ky, depends
mainly on the relative temperature, it shows similar values for the pure host and
the doped mixtures when plotted on this temperature scale. In contrast, y; is
dependent on both the standard and the relative temperature. The addition of
dopants causes an important increase in y; at the same relative temperature, this
effect being more pronounced in the case of the phenylcyclopentenone

molecules.
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CHAPTER 5: DYE GUEST-HOST NEMATIC MIXTURES

5.1 Introduction

Dichroic dyes strongly absorb light, of a specific wavelength, polarised along a given
direction. When they are dissolved in small quantity in a liquid crystal host, the dye
molecules become aligned with the LC matrix and will reorient with the mesogenic
molecules upon the application of an external field. This electro-optical phenomenon is
called the dye guest-host effect (DGH) and was first demonstrated in 1968 by Heilmeier
and Zanoni.' Since that time, the display industry has been increasingly interested in
dichroic DGH systems since they can greatly improve the brightness and viewing angles
of liquid crystal displays (LCDs). They can provide a colour image without the use of
polarisers. One of the possible applications is to incorporate these materials to make
bright reflective LCDs with no backlight.

The performance of these displays depends on the dye parameters (such as chemical and
photochemical stability, wavelength of maximum absorption, dichroic ratio, order
parameter and solubility), the host liquid crystal characteristics and the compatibility
between the dye and the host.” The nematic-to-isotropic transition temperature and some
of the physical properties of the liquid crystal host may be affected by the addition of
dye. It is especially important to determine quantitatively the influence of dye
concentration on the dielectric and visco-elastic properties of the nematic host since these
parameters determine the threshold field and the response time of a device. In general,
the addition of dye is expected to have a weak influence on the dielectric anisotropy or
elastic constants of the host and to cause a noticeable increase of its viscosity

coefficients.’

The first part of this chapter explains the dye guest-host effect by introducing the concept

of the order parameter associated with the dye’s absorption and by showing the principle

of a DGH display.
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In Sections 5.3 and 5.4, we report on the first measurement of the splay and twist elastic
constants and viscosity coefficients by electric field dynamic light scattering for dye-
doped nematic mixtures. We have investigated a series of orange azo dye mixtures and a
series of purple anthraquinone dye mixtures; in both cases, the concentration of dye
varies from 1 to 3% wt/wt and the host used is 4-pentyl 4’-cyanobiphenyl, known as
5CB. The transition temperatures, absorbance spectra and dielectric constants of all
samples have also been measured. The dichroic ratio and the order parameter of the dye’s

transition moment have been calculated from the absorbance data.

In the next section, the temperature dependence of the elastic constants and of the twist
viscosity has been studied for the azo-doped samples. Prior to this, the refractive indices
had been determined and then the orientational order parameter of each mixture has been

calculated following Haller’s extrapolation method, outlined in Chapter 2.

The effects of each type of dye on the visco-elastic constants and on the dye absorption
order parameter are discussed in Section 5.6. A comparison between the values of the
order parameter of the host and of the dye’s absorption illustrates the interactions

between the dichroic and mesogenic molecules.

The samples containing anthraquione dye absorb light strongly and thus no birefringence
data could be obtained. Nevertheless, this dye appears more suitable for display
applications since it offers a better dark state than the azo dye. The bend elastic constant
and viscosity coefficient have been determined by combining DLS and Freedericksz
transition for the anthraquinone DGH mixtures. The experimental procedure and the

results are included in the final part of the chapter.

5.2 Dye guest-host effect

5.2.1 Nematic orientational ord er parameter and absorption order parameter of the
dye
The guest dyes are oriented by the liquid crystal matrix and therefore the director of the

dyes coincides with the director of the host n. As mentioned in Chapter 1 Section 1.3.2,

the orientational order parameter of the nematic liquid crystal host can be defined as
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SLC=%<300826—1>, (5.1)

where 0 is the angle between the long molecular axis of the liquid crystal L, and the
director n as illustrated in Figure 5.1. Similarly, the orientational order parameter of the

dye is given by
SD=—;—<3cos2¢—l>, 5.2)

where ¢ is the angle between the long molecular axis of the dye Dy, and the director n
(see Figure 5.1). Sp may be different from S ¢ because thermal fluctuations may have a
different impact on the dichroic and mesogenic molecules, depending on their respective

molecular structures.?

The dichroic dye efficiency is determined mainly by the order parameter of the transition
moment of the dye absorption St, which defines the colour and absorption of the dye. By
analogy with Equation (5.2), if the transition moment makes an angle ¢r with the director

n, St can be written as:

ST=%<3cosz¢T—1>. (5.3)
n
A
i Dm
| 4
e
b Tt S~ T
' A

Figure 5.1: Geometrical representation of the mesogenic and dichroic molecules as well

as of the dye transition moment T, in the presence of polarised incident light.
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The dye absorbs incident light polarised at an angle y with respect to the director

orientation. The absorbance (also called optical density) is expressed as:?
SD .2 1 - SD SD - 2 2
A(B,y) = Tcd > sin” 3 + 3 + > (2-3sin”B)cos vy |, 5.4)

where T is the magnitude of the transition moment, c is the dye concentration and d is the
cell thickness. 3 is the angle between the direction of the absorption T and the dye long
molecular axis Dy, as shown in Figure 5.1. The dichroic ratio is defined by

_ Ay _ AB, v =0°
A, AR,y =90°

2+4S, —6S, sin’ B
2-2S, +3S, sin? B’

or D= 5.5)

where Aj and A are respectively the absorbance along and normal to the director
measured at the wavelength of maximum absorption A,y D is influenced by the order
parameter of the nematic host Si¢ but on the other hand, it is independent of dye

concentration and of sample thickness.*

Experimentally, St is obtained from absorbance data as follows:

A -A D-1
p=——L = . (5.6)
A,+2A, D+2

Using Equations (5.5) and (5.6), the dye order parameter Sp, is related to St via

2
D=ST5j§576, (5.7)
The order parameter St is directly related to the dichroic ratio, while Sp depends on the
molecular structure of the dye.” In the general case, B # 0 and so St # Sp. However, for
elongated positive dyes, the angle B is extremely small leading to a negligible term sin 3.

In this particular case, St = Sp and the dichroic ratio can be written:

D= 1+ ZSD . (5.8)
1-S,

The effects of internal field have to be taken into account and the order parameter

becomes

ne‘AIl _noA.L (5.9)

STcorr = ’
n,A,+2n A
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where n, and n, are the extraordinary and ordinary refractive indices of the liquid crystal
host. The values of n. and n, have been measured by refractometry (this technique is
described in detail in Chapter 3, Section 3.5) at A = 632.8 nm, which differs from Apx.
The wavelength dispersion effects have been evaluated on the system 5CB + 2%
anthraquinone dye (Amax = 553 nm) at Tyy-T = 11.7 °C by using the data for n, and n,,
measured at 632.8 nm and 546.1 nm, for pure 5CB° to determine the order parameter
Steorr- The results, given in Table 5.1, show that the influence of wavelength dispersion
on Sty is negligible and that the values of refractive indices at A = 632.8 nm can be
used as a good approximation. Bahadur ef al. conducted a similar study on various
mixtures consisting of a single azo or anthraquinone dye dissolved in a liquid crystalline
host E8; the St values were then calculated from refractive indices measured at A =

436-644 nm and were found to be within 2% of each other.’

Wavelength (nm) ne N, Steorr
632.8 1.711 1.5296 0.553
546.1 1.7302 1.5383 0.555

Table 5.1: Comparison between the order parameter St obtained from refractive index

data measured at A = 632.8 nm and A = 546.1 nm for 5CB + 2% anthraquinone dye (at
TNI-T =11.7 OC).

5.2.2 Basic principle of DGH displays

The main component of the absorption T of the dye is either parallel (positive dichroic or
pleochroic) or lies in the plane normal to the long molecular axis Dy, of the dye (negative
dichroic).* Positive and negative dichroic dyes absorb light polarised respectively along
and normal to Dy, as depicted in Figure 5.2. The dyes are usually characterised by a

narrow absorption region in the visible spectrum, with a maximum occurring at

wavelength Apax.
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(a) Positive dye (Ay > A))

Dln
A
; Ty T
- ! A
Incident light ;
Parallel polarisation ANNAN \I/ Absorbed
VVVVV
-
T,
Normal polarisation 7%%%4 7%%4_
N Transmitted
(b) Negative dye (A <A))
Dln
A
o Ty
! T
Incident light E V
: T ™ Transmitted
Parallel polarisation AWAWAWAWAN \I/ * NANAN
\JVVVV \VVVVYV

Normal polarisation ﬁ%ﬁ Absorbed

N

Figure 5.2:  (a) Positive dichroic dye absorption mode
(b) Negative dichroic dye absorption mode.

DGH devices require low dye concentration of typically 0.5-2% wt/wt, depending on the
solubility and absorption coefficient of the dye?. Positive elongated dichroic dyes are
usually preferred since the major component of their transition moment T coincides with
the long molecular axis of the dye (B ~ 0°). In this case, they will exhibit a higher
dichroic ratio and dye absorption order parameter. High values for D are desirable to

improve brightness and to achieve good colour contrast in a DGH device.’

The principle of a simple dichroic DGH display, the so-called Heilmeier display, is
represented schematically in Figure 5.3. This mode requires a positive dye and a host LC

with positive dielectric anisotropy As. Initially, the alignment of the liquid crystal and
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dye molecules is planar and the cell appears dark due to the absorption of the dye. In the
presence of an applied electric field, the director reorientation towards a homeotropic
configuration causes a change in the absorption direction of the dye molecule and the
display becomes transparent. The dye behaves as a switchable polariser and in principle,
no polarisers are necessary to observe the electro-optical switching. However, the use of
a single polariser enhances the absorption and improves the contrast. The addition of dye
results in brighter displays with intrinsic colour. In display devices, it is advantageous to
employ a black dichroic dye. This is usually achieved by mixing dyes of three colours
(such as orange, green-blue and purple) with high order parameter, good absorption,

photostability and solubility properties.

The two main classes of dyes commonly used are the azo dye (high dye order parameter)
and anthraquinone dye (good photochemical stability);* > their molecular structures are
given in Figure 5.4. It is mainly the core of the dye molecule that determines its colour
(with slight differences in hue) while lateral substituents have little influence.>® In liquid
crystals, the absorption peak is usually shifted by about 20 nm towards longer
wavelengths; this leads to minor differences in colour compared to the same dye
dissolved in a solvent such as chloroform.® Azo dyes with satisfactory photostability can
provide yellow, orange and red colours, while anthraquinone dyes can produce blue,
purple and red colours. Some of the azo compounds may undergo photodecomposition

and/or cis-trans changes when exposed to UV light of specific wavelengths.? 3
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——> DARK

Polarisers /

™ )
3 ||| 3//‘;/0 R

1z

Figure 5.4: Core chemical structure for the (a) azo dye (b) anthraquinone dye.
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5.3 Azo mixtures

5.3.1 Characterisation of the azo DGH nematics

Materials and their transition temperatures

The pure host 5CB and the azo DGH samples were provided by Toshiba and were used
without any further purification. No mixture preparation was required since the dye was
already dissolved in the host. The exact structure of the azo dye molecule is illustrated in
Figure 5.5. The properties of the host SCB has been described in detail in Chapter 4,
Section 4.3. Another sample of SCB, which was heated at 140 °C for 30 min in order to
dissolve the dye, was also supplied. As the physical properties of the heated 5CB (i.e.
transition temperature, dielectric anisotropy, elastic constants and viscosity coefficients)
are identical to the standard SCB, the data obtained for this sample are not included in
this work. The mixtures investigated contain up to 3% wt/wt concentration of orange azo
dye. The nematic-to-isotropic transition temperatures Ty; are summarised in Table 5.2.
The temperature range of the nematic phase increases with dye concentration. Therefore,

the addition of dye can stabilise the nematic phase to higher temperatures.
T P E g Sy S

Figure 5.5: Chemical structure of the azo dye investigated.

Sample Clearing point Tn; (°C)
5CB pure 349 +0.1
5CB + 1% azo dye 35.6 £0.1
5CB + 2% azo dye 36.8 £0.1
5CB + 3% azo dye 38.0 £ 0.1

Table 5.2: Nematic-to-isotropic transition temperatures Ty for pure SCB and for the azo

containing mixtures.
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Dichroic ratio and dve order parameter of the azo doped mixtures

The maximum absorption, determined from the absorbance spectra of all the azo-doped
5CB mixtures, occurs at Agax = 457 £ 1 nm.
As explained in Section 5.2.1, the dichroic ratio D and the order parameter St of the dye

absorption can be deduced respectively from

D= (5.5)
A_L

_ neIA‘lI _noA_L

= ) 5.9
T eo n,A,+2n A, (5-9)

and S

The dichroic ratio D and the corrected order parameter of the dye absorption Stor have
been determined for all azo DGH samples. An example of typical data sets for D and
Stcorrs measured for the 2% azo-doped sample, are shown respectively in Figures 5.6 (a)
and (b) as a function ofishifted temperature Ty-T. The dichroic ratio D and order
parameter St are found to increase with increasing dye concentration, although other
studies™’ have reported results indicating that these parameters are independent of the
amount of dye; at about Tn;-T = 6 °C, Stcor = 0.6 for 3% azo compared to Steor = 0.51
for 1% azo. For this reason, to obtain the values of D and S, for the azo dye in 5CB,
an average over the three dye concentrations has been calculated and found to agree very
well with the corresponding values measured for the intermediate concentration. Thus, in

the following discussion, when no dye concentration is clearly stated, this means that the

data are quoted for 2% azo dye content.

(@) (b)
23T = 06 T g
= ] = B i ]
: ] E E n
s 4] [ g 057 n
R n 2 u
A ] ]
3 T T T LI S N R T 0.4 T T T T T T TeTerTTY
15 10 5 0 15 10 5 0
Tni-T (°C) Tni-T (°C)

Figure 5.6: (a) Dichroic ratio D (£ 5%) obtained for SCB+2% azo dye
(b) Corrected values of the dye absorption order parameter Stcorr (£ 3%)

for the same sample.
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Dielectric permittivities

The dielectric constants parallel g and perpendicular €, to the director are represented in
Figure 5.7 for pure SCB and all azo dye concentrations. The values of g and €, and the

resulting dielectric anisotropy Ae = ¢, —¢, are clearly independent of the dye

concentration.
21
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Figure 5.7: Dielectric constants g; and g, (£ 0.5%) for the azo DGH mixtures and for

pure 5CB against Tn;-T.

5.3.2 Twist and splay visco-elastic constants

The rotational viscosity coefficient y; and the elastic constants k;; and kj;, are plotted in
Figure 5.8 and Figure 5.9 for all mixtures. Within experimental errors, the graphs
obtained for the host and for different dye concentrations are superimposed. This means
that the azo dye has a negligible effect on the viscous and elastic properties of the liquid
crystal host. The splay viscosity Nspiay has also been measured and for all samples

studied, Neplay & v1 taking into account the experimental uncertainties.
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Figure 5.8: Rotational viscosity y; (£ 2%) for azo DGH samples versus shifted

temperature.
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Figure 5.9: Splay (& 5%) and twist (+ 3%) elastic constants at different azo dye

concentrations as a function of Tyn;-T.
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5.4 Anthraquinone mixtures

5.4.1 Physical properties of the anthraquinone DGH samples

Materials and their transition temperatures

The DGH mixtures, supplied by Toshiba, were used without any further purification. The
structure of the anthraquinone dye molecule investigated is presented in Figure 5.10.
Concentrations of 1 to 3% by weight of this purple-coloured dye dissolved in a host
nematic 5CB were studied. The nematic-to-isotropic transition temperature Ty; increases

with dye concentration as illustrated in Table 5.3.

Cﬁ;—@—-NH o)

Figure 5.10: Molecular structure of the anthraquinone dye.

Sample Clearing point Ty; (°C)
5CB pure 349 +0.1
5CB + 1% anthra dye 358+0.1
5CB + 2% anthra dye 36.7 £ 0.1
5CB + 3% anthra dye 37.5+0.1

Table 5.3: Nematic-to-isotropic transition temperatures Ty; for pure SCB and for the

anthraquinone mixtures.

Dichroic ratio and dye order parameter of the anthraquinone mixtures

The maximum absorption occurs at a wavelength Ap.x =553 = 1 nm. No particular
absorption problems were observed in DLS experiments using homeotropic cells when
the samples are exposed to a He-Ne laser (A = 632.8 nm).

The dichroic ratio D and the order parameter of the dye absorption Steor Were determined

from the absorbance spectra of the anthraquinone samples following the same method as
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for the azo DGH mixtures (see Equations (5.5) and (5.9)). D and Sty are respectively
illustrated in Figures 5.11 (a) and (b) for the 2% anthraquinone-doped sample against

shifted temperature. They exhibit a weaker dependence on dye concentration than the

samples containing azo dye.
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Figure 5.11: (a) Dichroic ratio D (£ 5%)

(b) Order parameter Steor (£ 3%) for the 2% anthraquinone dye mixture.

Dielectric permitivities

As can be seen in Figure 5.12, neither of the components of the dielectric permittivity g
and g, of the doped mixtures are affected by the presence of up to 3% of anthraquinone

dye.
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Figure 5.12: Dielectric constants g and g, ( 0.5%) for all anthraquinone DGH samples

against relative temperature Tyn;-T.
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5.4.2 Twist and splay visco-elastic constants

Figure 5.13 represents the twist viscosity coefficient versus Ty;-T for SCB and the
anthraquinone-doped samples. y; decreases by about 5% for the mixture containing 3%
dye compared to the host, although the viscosity data of the 1% and 2% samples can be
considered (within the uncertainty limits) to be equal to the values of the host. The twist
and splay elastic constants kj, and k;; are both given in Figure 5.14 on a shifted
temperature scale. The values of k;; are more disperse than the data for k;; but none of

the elastic constants are affected by the addition of dye.
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Figure 5.13: Twist viscosity y; (x 2%) for the pure 5CB and the three dye-doped mixtures

as a function of Ty;-T.
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Figure 5.14: Splay (£ 5%) and twist (£ 3%) elastic constants for all samples against

shifted temperature.

5.5 Temperature influence on the visco-elastic properties

5.5.1 Refractive indices and orientational order parameter

The extraordinary and ordinary refractive indices n. and n, as well as the nematic

orientational order parameter S are plotted in Figure 5.15 and Figure 5.16.
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Figure 5.15: Refractive indices n. and n, (+ 0.0002) for 5CB and for the azo-doped

samples.

139



Chapter 5: Dye guest-host nematic mixtures

0.6

Jo
¢ % x

05 ] H ‘%"%OM e

0 1%azo

Order parameter S

7 %({X X 2% azo
1 a,

0.4 ¢ 3% azo
_ e

0,3llllillllllllll]lllllll|||||lll

14 12 10 8 6 4 2 0 2

Tne-T (°C)

Figure 5.16: Nematic orientational order parameter for pure SCB and for the azo

mixtures as a function of Ty;-T.

The presence of azo dye seems to cause a very small increase in n, while it does not
affect n,. As a result, the birefringence An = n-n, of the azo doped samples is about 3%
higher than for the pure liquid crystal host, taking into account that the accuracy on the
measured values is less that 1%. However, this small change in birefringence does not

affect the optical properties of the host LC.

The orientational order parameter S, calculated from refractive index data using Haller’s
analysis, remains unchanged upon the addition of up to 3% of azo dye. In fact, at low dye
concentrations, the elongated azo dye molecules are aligned by the liquid crystal matrix
and do not disturb the orientational order of the host material. Recalling Chapter 2,

Equation (2.2), S can be derived according to:

* B
SS(T ';TJ . (5.10)

T

The fitting parameters, used in Haller’s method, are the exponent  and the temperature
T" associated with a “continuous” nematic-to-isotropic transition. The values for T*
(obtained to within + 0.1°C) are recapitulated in Table 5.4 for SCB and for the three azo-
doped mixtures. The parameter { is independent of dye concentration and is equal to
=0.187 £ 0.005. For all samples, the temperature T" is higher than the clearing point Tn

and follows the same evolution i.e. it increases as a function of dye concentration. From
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Equation (5.10), it is obvious that greater transition temperatures induce an upward shift

in S.
Sample Temperature T~ (°C)
5CB 35.8
5CB + 1% azo 36.5
5CB + 2% azo 37.6
5CB + 3% azo 39.0

Table 5.4: Transition temperatures T" derived from Haller’s method for the azo DGH

samples.

5.5.2 Temperature dependence of the visco-elastic constants

Several phenomenological models have been developed to describe the thermal
dependence of the twist viscosity y;. For nematics, experimental data show that v,
follows generally a type of Arrhenius law that takes into account the orientational order
parameter S, such that;% % 1011

v, < S* exp(B(S)/k,T), (5.11)
where E(S) is an activation energy. E(S) = E; or ES and x = 0, 1, or 2 depending on the
best fit for the data.

Maier-Saupe theory predicts that E(S) is proportional to S and y; is expected to scale with
S? exp(E,S/k,T).” However, there is strong empirical evidence for x = 1, E(S) = Eo to
account for the thermal behaviour of the twist viscosity for several nematic materials
including 5CB.!° For our 5CB data, the best fit for the rotational viscosity is achieved
with x = 0 and E(S) = E¢S i.e.

v, < exp(E,S/k,T). (5.12)
This unexpected dependence may be explained by the fact the temperature range
investigated is relatively narrow (~ 10 °C) and close to the nematic-to-isotropic
transition. Under these conditions, the Haller’s method used to derive the orientational
order parameter S may not give reliable and consistent results (see Chapter 2, Section
2.2).'2 1t should be mentioned that our twist viscosity values for pure SCB and for the

azo-doped samples also seem to vary linearly with temperature (refer to Figure 5.8).
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Cui et al. also measured the visco-elastic properties of SCB by DLS and found that their
twist viscosity data were best fitted using x =2 and E(S) = E; over a similar temperature
range of 10 °C."! The activation energy calculated for 5CB and the azo DGH mixtures is
0.16 eV * 2% (compared with 0.46 eV> "> and 0.27 eV'" obtained by other groups for
5CB). The discrepancy not only between the theoretical predictions and the experimental
findings but also between the measurements made by various groups on the same

material suggests that other models should be investigated in order to describe accurately

the temperature dependence of the twist viscosity.

From the mean field theory, Saupe and Nehring predicted that the elastic constants are
expected to scale as the squared order parameter” i.e. k;; < S2. For 5CB and all azo
mixtures, this relation is verified for both k;; and kj;, as illustrated in Figure 5.17, where
ki/S? s plotted versus Ty;-T. Using Equation (5.10), the variation of elastic constants
with temperature can be written

k, <« (1-T/T")*. (5.13)
It is clear that the elastic constants, like the order parameter, increase with T* and

consequently with dye concentration since § does not change significantly.
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Figure 5.17: Ratio of twist and splay elastic constants to the squared order parameter

against shifted temperature.
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The twist-to-splay elastic constant ratio kyy/ky; is presented in Figure 5.18 for the SCB
and the azo samples; it is nearly constant within experimental errors for all mixtures as

expected'* and takes values between 0.6 and 0.7 in this work.
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Figure 5.18: Twist-to-splay elastic constant ratio (+ 6%) as a function of shifted

temperature.

5.6 Comparison between the azo and anthraquinone-doped systems

From the data in Tables 5.2 and 5.3, both dyes produce a similar raise in the clearing
point of the host 5CB. They do not exhibit large dipole moments and thus they do not
change the dielectric permittivities of the host liquid crystal'” (see

Figure 5.7 and Figure 5.12).

5.6.1 Dichroic ratio and dye order parameter

The dependence of the dichroic ratio D and of the order parameter Stcor 0N dye content is
less significant for the anthraquinone dye than for the azo dye; for example, at a shifted
temperature of about 11.5 °C, for the mixtures containing 1% and 3% anthraquinone,
Sitcorr 18 €qual to 0.53 and 0.57 respectively while at Ty-T = 6 °C, Steor = 0.6 for 3% azo
compared to Steorr = 0.51 for 1% azo. As explained in Section 5.3.1, in both instances,

average values for D and St are taken over the different dye concentrations.
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Table 5.5 summarises the data for the maximum absorption wavelength Anx, dichroic
ratio D and transition moment order parameter St.o,r determined at Ty-T = 8.8 °C for the
azo and anthraquinone dyes. The values of Ay and D measured by other groups on
analogous azo and anthraquinone dyes, illustrated in Figure 5.19 are compiled in Table
5.6.%3 7161718 The transition moment order parameter St is also included in the same
table. Although, St is slightly lower than the corrected values St.,, both parameters
behave similarly. Their difference varies in the range 0.02 to 0.05, depending the dye and

the host material considered.”

Within each class of dye, the values of Ay, are almost identical. Previous investigations
showed experimentally that the absorption occurs in the central part of the dichroic
molecule;> 3 terminal chains do not affect the direction of the transition moment T of the
dye absorption but they have a direct influence on the dye orientational order parameter
Sp.” The data in Table 5.6 were obtained at room temperature in various liquid crystalline
host materials of different polarities, which explain the minor differences in Amaxe
Schematically, the dye can be represented as a cylinder of length L and of breadth a. If
we define a dye geometrical factor as L/a, there is a correlation between the order
parameter of the transition moment St and L/a:’ Steorr inCreases with L/a.
Consequently, azo dyes will generally exhibit a higher dye absorption order parameter
and a higher dichroic ratio than the anthraquinone type. This results from the
combination of two effects: the increased length of the azo molecule yields higher values
for Stcorr While the greater breadth of the anthraquinone acts to reduce STcorr.7 However,
in this work, the value of Stc and D for the azo dye is only slightly higher than that
measured for the anthraquinone dye at the same shifted temperature, as reported in Table
5.5. This is because the absorption order parameter of the dye Stcor also depends on the

nematic orientational order parameter of the host S;¢.”

For both dyes investigated in this thesis, the values of St are systematically lower than
the data of St quoted in Tables 5.6 (a) and (b) obtained for analogous dyes. This
difference can be removed by taking into account the shifted temperature Ty;-T at which
the measurements were performed. Most of the liquid crystal materials used as hosts to

obtain the data of Tables 5.6 (a) and (b) are commercial mixtures with wider nematic
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range than SCB and with clearing points Ty; > 60 °C. St is usually measured at ambient
temperature i.e. T = 20-25 °C, which corresponds approximately to a shifted temperature
Tni-T = 35-40 °C for these host mixtures and to Ty-T = 10-15 °C in the case of 5CB. For
example, both anthraquinone dyes in Table 5.6 (b) from Cox’s reference were studied in
E7, which consists of a eutectic mixture of cyanobiphenyls. The nematic orientational
order parameter Sic of the host is found in this work to be 0.53 for 5CB compared to a
value of about 0.51 quoted by Allinson et al. for E7?° at the same Ty-T = 10 °C. As
expected, these cyanobiphenyl-based hosts have values of Sy ¢ in close agreement with
each other. At Tyi-T = 35-40 °C, the absorption order parameter of the anthraquinone
dyes St reported by Cox is about 0.67'® while the order parameter S;c of E7 is higher

than 0.63% (see Table 5.6 (b)). Thus, St > S|, in agreement with our observations.

Azo Anthra
Amax (nm) 457 553
D 4.4 4.0
Steor 0.566 0.536

Table 5.5: Comparison of dye parameters for both azo and anthraquinone dyes at Ty-T =

8.8 °C.

(2)
Azo dye of Figure 5.19 (a) | Amax (nm) D St References
R; =Ry = OC,H; 451 11.3 0.77 Cox'®"
R;=R, =0C,H, 450 12.1 N/A Uchida ef al.*
Figure 5.19 (b) 446 N/A 0.71 Seki et al.’
(b)
Anthra dye of Figure 5.19 (¢) | Amax (nm) D St References
554 N/A 0.67 Cox'® ™
Rs =Gty 553 65 | N/A | Uchidaetal®
R; = OCsH, 557 N/A 0.68 Cox'® 18
R; = C4Hpy 556 N/A 0.66 Constant et al.'®

Table 5.6: Maximum absorption wavelength, dichroic ratio and dye absorption order

parameter measured for (a) azo and (b) anthraquinone dyes in various nematic hosts.
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(a) Generic structure for the azo dye
OO O
1 l
H O

(b) Azo dye from reference 5

c4H;—©—N:N O N=N‘®—0C2H5

(¢) Generic structure for the anthraquinone

0 HN—@—RS

R; NH O

Figure 5.19: General formula of the dyes discussed in Tables 5.6 (a) and (b).

Good contrast between the on and off states in a DGH display requires a dye order
parameter Stcor higher than 0.73.2! In practice this criterion is seldom fulfilled by the
anthraquinone dyes. Values of Sty between 0.7 and 0.76 were only reported for
compounds with alkoxyphenyl groups substituted in position 2 and 6 of the
anthraquinone core® (compared to position 1 and 5 for our dyes). This type of dye is
soluble up to 7% in E7. St is found to increase with the length of the substituted

chains. An example of such a dye is given in Figure 5.20.

NH, O  OH

DOOA T au
- %

OH O NH,

Figure 5.20: 2, 6- substituted anthraquinone dye with high order parameter.
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The ratio of Stcon/Sic is plotted in Figure 5.21 against Ty;-T in order to compare the
order parameters of the host and of the dye absorption. St¢on/Sic is greater than 1 and
tends to increase with temperature, this latter effect being more pronounced for the
anthraquinone dye than for the azo dye investigated. This can be understood in the
following way: for dyes whose length exceeds the length of the LC molecules,
Steor/Stc > 1 and this ratio increases at higher temperatures which means that the dyes
are less affected by thermal fluctuations than the LC molecules. Whereas, for dichroic
molecules shorter than the mesogenic molecules, St.o/S ¢ < 1 and in this case, the dyes

are more sensitive to these fluctuations.” '

12

0OAzo

1.1 4
J % m Anthra

Ratio Steorr/SLC

15 10 5 0
Tni-T (°C)
Figure 5.21: Ratio (£ 2%) between the dye absorption and the nematic orientational order

parameters versus shifted temperature.

5.6.2 Twist and splay visco-elastic constants

In Figure 5.22, the twist viscosity y; is depicted against dye concentration at several
temperatures for both dyes. In this graph, the lines represent linear fits to the
experimental data and they show that y; increases proportionally with the percentage of
added dye (by about 15% for 3% azo dye and by only 5% for 3% anthraquinone dye at
26.6 °C). Thus, the value of rotational viscosity is higher for the azo dye than for the

anthraquinone dye at the same temperature and concentration.

The twist and splay elastic constants kj; and ki, are given in Figure 5.23 and in Figure

5.24 as a function of dye concentration for both dyes. At a given temperature, ky; and ky;
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increase with the addition of azo and anthraquinone dyes and they appear to be
approaching saturation values at 3% concentration, the highest concentration
investigated. However, the rise in the values of elastic constants with dye percentage is
not observed on a shifted temperature scale as illustrated in Figure 5.9 and Figure 5.14
since both kj; and k;; are proportional to the squared order parameter S2, which is
directly related to Ty;-T. The dependence of ky; and k;; on dye concentration is similar
for both dyes, which indicates that none of the dye molecules show preferential ordering
within the host. The elastic constants are less affected by the addition of the guest dye

than are the corresponding viscosity coefficients.?

At T =34.5 °C, the increase in y;, ky; and k;; appears more pronounced due to a sharp
drop in the visco-elastic parameters of SCB due to pretransitional effects in the vicinity

of the nematic-to-isotropic transition.

Temperature (°C)

& 006 1 m266 0266
= i v
)
7 - P | ¢ 30.6 ¢ 30.6
o
2 3
2 0.04 - L | A 345 A345
E i \

]

0.02 T T
0% 1% 2% 3%

Dye concentration

Figure 5.22: Rotational viscosity coefficients (£ 2%) versus dye concentration for the azo
(open symbols) and for the anthraquinone (filled symbols) doped mixtures at several

temperatures.
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Figure 5.23: Twist elastic constant (£ 3%) against dye content at different temperatures

(same caption as Figure 5.22).
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Figure 5.24: Splay elastic constant (+ 5%) as a function of dye concentration at different

temperatures (same caption as Figure 5.22).

5.6.3 Discussion and comparis on with other DGH systems

The influence of dye solute on the nematic-to-isotropic transition temperature is
determined not only by the size, shape and concentration of dye molecules but also by
the intermolecular interactions between the guest and host molecules.'® First of all, the
pure azo and anthraquinone dyes investigated in this work are expected to have very high

149



Chapter 5: Dye guest-host nematic mixtures

melting points; for instance, the pure anthraquinone dye, sketched in Figure 5.10, is
reported to exhibit a melting point of 158 °C.'® Thus the addition of a few percent of this

dye will increase the value of Ty; of the host material.

In the case of the azo dye, the complementary structure of the elongated dye molecule
with respect to the host nematic enhances the effects of the shape anisotropy of the host,
leading to an increase in the nematic-to-isotropic transition temperature and elastic
constants. It has been shown that highly anisotropic guest molecules can stabilise the
nematic phase leading to an increase in the nematic-to-isotropic transition temperature
Tni and in the order parameter on the host.”> A DGH system composed of a 5%
photochromic mesogenic azo-benzene dye in SCB was investigated and it was found
that:?

o A small elevation of Tyj occurred in the dye-doped mixture.

¢ The splay visco-elastic properties (derived from Raman scattering measurements)

were not altered by the addition of dye.

These results agree well with our findings, although we do not know whether the azo dye

used in our study has itself a nematic phase with a high clearing point.

The anthraquinone dye studied here exhibits the same physical properties as the azo dye.
This behaviour is in contradiction with the results reported by other workers on similar
systems. For DGH mixtures consisting of more bulky dyes in a nematic host (for instance
photochromic fulgide® or anthraquinone®® dyes, the host used being E7 in both cases),
the addition of a few percent of guest dye has been observed to lower the nematic-to-
isotropic transition temperature and to reduce significantly the splay elastic constant ki

of the host liquid crystal.

5.7 Bend visco-elastic constants for the anthraquinone dye-doped series

Although this work on DGH systems has been focused on the measurements of the twist
and splay elastic constants and the corresponding viscosities, the bend elastic constant K33
is also an important physical parameter. In this thesis, the measurements of bend elastic
constant ki3 and viscosity coefficient Myeng are only performed for the pure 5CB and for

the anthraquinone-doped mixtures.
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Bend elastic constant

k33 can be derived from the magnetic field threshold value B¢ (refer to Chapter 2,
Equation 2.35) using the following expression:
172
k
o=l St (5.14)
d{ Ay
The experimental determination of the bend elastic constant k33 via the Freedericksz

transition method was explained thoroughly in Chapter 3, Section 3.4.

Figure 5.25 compares the values of k33 for SCB reported in this work and in the
literature.>>® Chen ef al. determined kj; by studying the angular dependence of the
linewidth measured in DLS experiments. > While Gu ef al. and Bradshaw et al. directly
derived the bend elastic constant from magnetic Freedericksz transition measurements,
using a similar technique to ours.’®?’ The technique used by Durbin ef al. is based on the
optical Freedericksz transition (OFT); the LC molecules, initially aligned
homeotropically, tend to reorient parallel to the polarisation of the input laser beam

above a threshold intensity Iy, given by:?®

cn’ n2 k
en(x) 519

n

where c is the velocity of light in vacuum, n. and n, are the extraordinary and ordinary
refractive indices of the nematic LC and d is the layer thickness. For a 250 um thick
sample of 5CB, I, = 155 W/cm?. The value of ks; can be deduced from Equation (5.15).

The next sub-section discusses how the effects of OFT are enhanced in DGH systems.

The values of k33, measured in this thesis to an accuracy of about 3%, agree rather well
with the data quoted by Gu et al.;*° they are respectively about 15% and 30% lower than

the values measured by Bradshaw ez al.”’ and Chen et al.”
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Figure 5.25: Bend elastic constant versus Ty;-T measured for SCB by different groups

using various methods.

The bend elastic constant is presented as a function of shifted temperature in Figure 5.26

for the anthraquinone doped mixtures. The addition of dye causes a 10% decrease of k33

with saturation between 2 and 3% dye concentration. This reduction in k33 results from

the disruption of the host nematic by the anthraquinone dye molecules with respect to the

bend distortion.
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Figure 5.26: Bend elastic constant for the pure 5CB and for the anthraquinone doped

mixtures as a function of Tni-T.
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Bend viscosity coefficient Npend

The first condition to isolate the bend mode is the use of planar cells. As described in
Chapter 2, Section 2.7.2, the best scattering geometry (mode 2) requires:

e A scattering angle 0,, =cos™' (n, /M) for which q, =0

e Vertical input and horizontal scattered light polarisations.
For 5CB, 6 = 43-35° for T = 24.6-34.5 ° C. However such high scattering angles are not
achievable with our current spectrometer. Thus, a different scattering geometry (mode 1)
has been used:

e A scattering angle 6,,;, of about 12°

e Horizontal input and scattered light polarisations.
In this configuration, the intensity correlation function is described more accurately by a
double exponential function with two adjustable parameters for the decay linewidth: the
first component I'peng is associated with the pure bend mode fluctuations while the second
component represents a slower mode (less than 5 Hz). Therefore, it is easy to distinguish
between these two dynamic modes. The value of I'eng determined from a single
exponential fit is underestimated. Another fitting program, called SDFIT?, was required
to determine the linewidth caused by the bend fluctuations. The quality of the resulting

fit can be assessed by plotting the residuals.

The bend visco-elastic ratio k33/Tpeng, measured for 5CB to an accuracy of £+ 5% in this
work, is given in Figure 5.27 on an expanded scale against shifted temperature. Data
from Hirataka ez al.>°, Sefton'® and Birtwistle®® included on the same graph for
comparison, were obtained from linewidth measurements using the scattering geometry
based on mode 2 in DLS experiments. The values of k33/Mpeng Obtained in this thesis with
the mode 1 scattering geometry are systematically 20% lower than the data reported by

other groups even after correcting for the double exponential.
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Figure 5.27: Bend visco-elastic ratio determined for SCB by various workers using DLS.

Figure 5.28 compares the bend viscosity Mpenq determined in this thesis for 5CB to the
values reported by other groups. Our values (given with an accuracy of + 6%) are in

1.2% except at lower temperatures: this

excellent agreement with the data from Gu et a
group also used magnetic Freedericksz transition for the measurement of k33 and they
deduced Npeng + 2% from the bend visco-elastic ratio.?® Skarp et al. measured directly the
Miesowicz and the Leslie coefficients via flow viscometry>' and these results were used

to calculate the bend viscosity using the relation defined in Chapter 2, Equation 2.77:
nbend = YI - (X; /711 : (5'16)
No uncertainties are quoted with the data from reference 31. Even if the errors on Myend

were 10% (included in Figure 5.28), the data from Skarp et al. are more disperse than our

values and show a different thermal behaviour.
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Figure 5.28: Bend viscosity coefficient versus shifted temperature for 5CB measured by

different techniques.

The measurements of Tpeng could not be performed on 50 um thick planar samples
containing 1-3% anthraquinone dye since at all dye concentrations, the optical
Freedericksz transition (OFT) causes the apparition of self-diffraction rings similar to the
diffraction pattern observed in homeotropic nematic liquid crystals above a certain light
intensity threshold I,.*® 3 It was demonstrated that the presence of a dichroic dye can
drastically reduce the value of Iy, compared to the case of the pure nematic host; this
effect may be explained by the existence of a strong dye-induced optical torque caused
by the interaction between the excited dye molecules and the mesogenic host
molecules.®® The photoinduced-reorientation of the dye molecules can occur in planar or
homeotropic aligned samples, depending on the sign and value of the optical torque,
which itself is related to the molecular structure and the concentration of dye. From
Equation (5.15), the threshold intensity is inversely proportional to the squared sample
thickness d. Therefore, measurements of the bend viscosity have to be carried out on
thinner samples of about 6 pm contained in the Lucid cells (described in detail in Chapter
3, Section 3.2.3). Table 5.7 shows for SCB, the dependence of the bend visco-elastic ratio
K33/Muena and of the viscosity coefficient npenq on cell thickness. By comparing Table 5.7
to Figure 5.27 and Figure 5.28, it can be seen that both values of k33/Mpend and MNyend
obtained for the thinner sample are farther from the literature data. Though no diffraction
rings were observed using the Lucid cells filled with anthraquinone DGH materials, the

absolute values of Mpeng are not as good as those obtained with thicker cells and will be
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used solely for comparative studies. Hall ez al. studied numerically the influence of cell
thickness on the accuracy of elastic constants ratios measured in static light scattering
experiments.>* They reported larger experimental uncertainty for thinner cells of

thickness of about 7um and for external scattering angles either less than 10° or

comprised between 20° and 60°.

kas/t + 5% + 6%
Cell thickness 33/Tbend i 0 Tlbend °
(x 10 m*.s™) (x 102 Pas)
45.0 Hm 4.5 1.8
6.0 pm 3.7 2.0

Table 5.7: Bend visco-elastic ratio and viscosity coefficient measured for 5CB using cells

of different thicknesses at T = 24.6 °C.

The values of Myeng measured for pure SCB and the three concentrations of anthraquinone
dye are presented in Figure 5.29. At the same shifted temperature, the bend viscosity
decreases slightly with increasing dye concentration: Tyeqg is slightly lower for both
mixtures containing 2% and 3% dye than it is for the pure host. This is related to the fact
that the addition of 2 or 3% of dye causes the same decrease in the bend elastic constant.
While the values of K33/Myeng are unaffected by the dye concentration since they change
by less than 5% for the host and for all anthraquinone DGH samples and thus they can be

considered within experimental errors.

In Table 5.8, the splay, twist and bend visco-elastic data are summarised for SCB at two
different temperatures. The measured elastic constants and the viscosity coefficients
verify respectively the following relationships:

k33 > kll > k22

YI 2 nsp]ay > nbend (5‘17)
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Figure 5.29: Bend viscosity coefficient (= 6%) measured for pure SCB and for all

anthraquinone samples against Ty;-T.

T =24.6 °C T=32.6°C
ki1 + 5% (1072 N) 5.6 34
ka 3% (1012 N) 3.4 2.2
ki3 = 3% (102 N) 7.5 4.0

K33/kay + 6% 2.2 1.8
ksy/ki * 7% 1.3 1.2

71 (107 Pa.s) £ 2% 7.2 3.5
Noend (107 Pa.s) + 6% 1.7 1.0

Table 5.8: Splay, twist and bend elastic constants and viscosity coefficients for 5CB at

two temperatures,
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5.8 Summary

For the first time, electric field dynamic light scattering has been used to determine the
twist and splay elastic constants kj; and k;; and the rotational viscosity coefficient y; of
nematic systems doped with azo or anthraquinone dyes. On a shifted temperature scale,
the addition of either dye has no influence on any visco-elastic parameters k1, ky; and vy,
of the liquid crystal host SCB. Nevertheless, at a given temperature, the presence of azo
or anthraquinone dye causes an elevation of all visco-elastic constants, this effect being

more pronounced for the viscosity coefficients.

Measurements of the bend visco-elastic ratios using DLS have been performed on 5CB
and on the anthraquinone-doped systems; these experiments are difficult since, in the
scattering geometry employed in this work, molecular reorientation occurs in thick
samples due to the strong interaction between the optical laser field and the dye
molecules. At the same shifted temperature, the bend elastic constant k33 and the bend

viscosity Mpend, are both found to decrease with increasing concentration of anthraquinone

dye.

The main effect of each guest dye is to induce an augmentation of the nematic-to-
isotropic transition temperature. The results obtained in this thesis for the anthraquinone
dye are very similar to the data measured in the azo case, though the molecular structures
of these dichroic molecules are very different. The elongated azo dye molecules increase
the stability of the nematic phase range due to their shape compatibility with the rod-like
mesogenic molecules of the host. However, the bulkier anthraquinone guest molecules
would be expected to disturb further the liquid crystal matrix, resulting in reduction of

the clearing point and of the elastic constants of the host liquid crystal.

Since none of the dyes has a strong dipole moment, the dielectric permittivities of the
dye-doped mixtures are found to be identical to the values measured for the pure host.
The birefringence and the orientational order parameter, determined for the azo-doped
mixtures, are independent of dye concentration. Although the refractive indices could not
be measured for the samples containing anthraquinone dye, we can assume that these

results are also applicable in this case.
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For 5CB and the azo-doped mixtures, the splay and twist elastic constants are found to
scale as the squared order parameter, as predicted by Saupe and Nehring. The rotational
viscosity y; can be described as a function of temperature T and of order parameter S;
this experimental fitting procedure depends on the temperature range considered.

Different theoretical and phenomenological models have been reported in the literature.

The absorption order parameter Stcor and dichroic ratio D of the anthraquinone dye are
slightly lower than the values measured in the azo case. For the azo dye investigated, the
angle (3 is likely to be zero and thus, the order parameters of dye absorption St and of
the dye Sp are equal.’ For the anthraquinone dye, the value of § is probably small but non

Zero.

To achieve good contrast between the on and off states at room temperature, a practical

device based on the DGH effect requires:?’

. a dye order parameter Sty Of at least 0.73
o a dichroic ratio D higher than 6
o a host order parameter S; ¢ of about 0.65.

The values of Sty and D of our system of anthraquinone and azo dyes in 5CB are
insufficient for display applications. These conditions are fulfilled by similar azo dyes
dissolved in host mixtures with a wider nematic temperature range and with higher

values of S but not by the anthraquinone dyes, as reported in Table 5.6 (a) and (b).

For mixtures containing azo or anthraquinone dyes, the ratio of Steon/Sic is greater than
one and increases with temperature and consequently both dyes are less influenced by

thermal fluctuations than the host LC molecules.

In conclusion, our results are encouraging for the use of DGH mixtures in devices since
the performance of displays will not be significantly altered by the presence of a few
percent by weight of dye. Longer dyes of the type studied in this work are more
advantageous for display applications since they are more resistant to thermal

fluctuations and enhance the stability of the nematic phase range of the host liquid

crystal.
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CHAPTER 6: INVESTIGATION OF NEMATIC MATERIALS
WHICH EXHIBIT A CHANGE OF SIGN IN Ag

6.1 Introduction

Previous chapters discussed the physical properties measured for a wide variety of
systems consisting of low molar mass mesogens over the whole nematic phase range.
The main focus of these studies was the influence of mixture composition or of guest
molecules (mesogenic or dichroic) on the visco-elastic parameters determined by

dynamic light scattering and Freedericksz transition techniques.

In this chapter, a new approach has been followed: through material engineering, novel
types of LC materials have been synthesised in-house for different display applications
and their structure-property relationships have been established. These compounds are
more complex molecules, with the dielectric anisotropy Ae playing a major role in their
electro-optic performance. The two classes of nematic liquid crystals investigated are
materials with low dielectric crossover frequency (improperly called “dual-frequency”
materials) and bimesogens or dimers, with high flexoelectric coefficients and low

dielectric anisotropy.

In most nematics, the dispersion associated with the parallel component of dielectric
constant g occurs at frequencies f; above 100 kHz at ambient temperature:1 below £, the
dielectric anisotropy is positive and above f, it becomes negative. By contrast, some
nematic liquid crystals (e.g. phenylbenzoates) are characterised by low crossover
frequencies, with values typically ranging from 2 kHz to 20 kHz."»** Such materials are
of interest since the use of dual-frequency addressing schemes can improve device

performance, especially response times and multiplexability in TN displays.’?

In short pitch chiral nematic liquid crystals (i.e. with pitch <1 pum), the flexoelectric
effect consists of a fast and linear coupling with an applied electric field that causes an

in-plane rotation of the optic axis, provided the sample is initially in a uniformly lying
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helix configuration.* One difficulty to overcome is the unwinding of the helix due to
dielectric coupling that becomes dominant at higher fields.* The use of symmetrical
dimers can drastically reduce the molecular dielectric anisotropy’ and thus much higher
rotation angles of the optic axis can be achieved.® Depending on the combination of
shape and dipole moment, the dimers can also be characterised by high flexoelectric
coefficients. New bimesogenic compounds have recently been synthesised’ that exhibit

switching angles of 90° in a bipolar field of amplitude 9 V.um™.

To begin with, alignment issues will be discussed in Section 6.2: the materials studied in
this chapter do not align homeotropically although the “dual-frequency” materials did
initially. Therefore, the dielectric measurements will be performed on chiral-doped
samples. In Section 6.3, the nematic host mixture used with the “dual-frequency”
material will be characterised and the crossover frequency will be determined for a wide
range of concentrations. Finally in the last part of the chapter, the dielectric anisotropy
and visco-elastic ratio will be measured for the novel bimesogens that show improved

flexoelectric properties.

6.2 Alignment issues and dielectric constant measurements

6.2.1  Surfactants as homeotropic alignment layers

Bimesogens

The dimers consist of two polar mesogenic units linked by a flexible carbon chain, as
illustrated in Figure 6.20. The non-chiral bimesogenic molecules tend to align
spontaneously parallel to the substrate and only planar alignment can be achieved in
these systems. Several surface treatment agents were tried to promote homeotropic
alignment:>°

o 0.25% wt/wt lecithin in chloroform

o 1 g/100 ml cetyltrimethylammonium bromide (CTAB) in methanol.

o 1% g/1 chloro-dimethyl-octadecylsilane in tetrahydrofuran (THF)

These three agents are surfactant molecules that comprise a polar head group and an
aliphatic chain: they interact respectively with the glass substrate via their polar groups
and with the bimesogens via their carbon tails.® Only the silane-based surfactant becomes
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chemically bonded to the substrate® and thereby offers higher anchoring strength. The
main drawback with this material is that it reacts readily with air and water.” The use of
lecithin and CTAB has been discussed in Chapter 3, Section 3.2.1. No homeotropic
alignment of the bimesogens could be obtained with any of these surfactants. A possible
explanation is that steric interactions between the spacer chain of the bimesogen and the

carbon chain of the surfactant act to promote planar alignment.

We also used cells constructed of clean glass without any alignment layer since the polar
end groups of the bimesogens might directly make contact with the glass substrate and
adopt a homeotropic orientation. However, this attempt did not work and instead, planar

orientation of the sample was achieved.

Dual-frequency materials

Schematically, the structure of the compound investigated is a calamitic mesogenic core
terminated by a carbon chain at both ends and we call it SPFPS5. This abbreviation is

directly related to the structure of the material, which will be presented in Section 6.3.1,

Figure 6.3.

Some difficulties were also encountered to induce homeotropic alignment in the low
crossover frequency material SPFP5. The surfactant solutions described previously were
used except for the silane-based surfactant. The Lucid cells were filled with SPFP5 by
capillary interactions at different temperatures:

(a) lecithin-treated cell, filled at 85°C

(b) lecithin-treated cell, filled at 170°C

(c) CTAB-treated cell, filled at 170°C
The clearing point of the LC material is 164°C but the lecithin starts to decompose above
~90°C. Care was taken to ensure that cell (b) was left for only a few seconds on the hot
plate until filled. After filling, all cells were placed onto a Mettler heating stage to be
inspected by polarising microscopy. On heating from room temperature, all cells exhibit
good homeotropic alignment at the melting point (~56.3°C) and this texture is
maintained up to 65-70°C, depending on the cell. Then, upon further increase of the
temperature, there is a spontaneous transition from homeotropic to planar orientation in

all three cells. The homeotropic alignment is irreversibly lost at higher temperatures.
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6.2.2  Measurement of dielectric constants

Since the nematic compounds, considered in this chapter, do not align homeotropically, it
was not possible to measure directly the dielectric constant g as was done previously on
nematic liquid crystals. Instead, both dielectric constants can be determined in chiral

nematic materials on a single cell using two different configurations.'’

Principle
In chiral nematics as with achiral nematics, g; and g, are defined as the static dielectric
components parallel and perpendicular to the director. The corresponding dielectric
anisotropy is given by Ae =g, —¢, . Because of the helical structure of the material, two
specific orientations, shown in Figures 6.1 (a) and (b), are required for the measurement
of the dielectric constants:

¢ In the standing helix configuration (SH), also known as Grandjean texture, € is

measured.
¢ In the uniformly lying helix configuration (ULH), the average dielectric constant

is determined from:'°

g, +€,
g, B =—=, 6.1
ave > (6.1)

Thus, g can be obtained using the following formula:

€ =2€,, €, . 6.2)
Example photomicrographs of both textures'! are presented in Figure 6.1. In the SH
orientation, the light propagates parallel to the helix axis which is normal to the
substrates. The reflected wavelength depends on the pitch of the helix and on the
birefringence of the sample. The ULH configuration corresponds to a monodomain
texture of negative birefringence with its optic axis lying uniaxially in the plane of the

cell.!!

The experimental set-up is based on a capacitance technique and has been detailed in
Chapter 3, Section 3.6. The only difference is that a small polarising microscope has

been added to the sample holder to check the quality of the texture during the

measurements.
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(a)

e
o
o
(e

(b) [ ]
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Figure 6.1: Geometries employed for the measurement of dielectric constants in chiral
nematic samples. The corresponding optical textures are also shown (courtesy of Dr. B.
Musgrave)'!

(a) Standing helix

(b) Uniformly lying helix.

Experimental

The chiral sample was obtained by doping the original nematic mixture with a low
concentration of suitable chiral molecules. The two non-polar chiral additives used in this
work, BDH-1305 and BDH-1281, were supplied by Merck Ltd (UK). These two chiral
dopants do not have mesomorphic behaviour and their melting points are 89 °C and
120 °C for BDH-1305 and BDH-1281 respectively. They exhibit high helical twisting
power, of 57 pm'l for BDH-1305 and of 72 um'l for BDH-1281 (these values were
measured in the host mixture E63)!2. Therefore, only small amount 1-6% by weight, of
either chiral dopant is required to produce a chiral nematic with short to medium pitch.
At these low concentrations, the non-polar chiral additives are not expected to strongly
influence the dielectric properties of the host material. Typically, the pitch of the chiral-

induced systems ranges from about 0.35 to 2 pm.

In most chiral samples studied in this thesis, it was possible to achieve good uniformly
lying helix texture by applying an external orienting voltage accompanied by weak

mechanical shearing during cooling of the sample from the isotropic phase!® ' (the rate
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used was 1 °C.min™"). Depending on the type of materials, cells with different boundary
conditions were utilized since the storage of the ULH aligned texture depends on the
interactions between the alignment layers and the nematogenic molecules.’ We also have
to take into account that 5 V is the maximum rms voltage available with the Wayne-Kerr
bridge used to carry out dielectric constant measurements. For Ag>0, it is necessary to
switch between the probe voltage 0of 0.25 V at 10 kHz and the orienting voltage of 5 V at
500 Hz to maintain the ULH texture. For Ae<0, only the probe voltage remains. In the
case of the so-called dual frequency material SPFP5, the frequency of the aligning
voltage was reduced to 100 Hz to ensure that at all temperatures, Ag remains positive.
The experimental conditions required for the ULH alignment are summarised in Table
6.1 for the chiral-doped samples SCB + 6% BDH-1305, 5PFP5 + 3% BDH-1281 and
bimesogens + 1.5% BDH-1281. If the alignment degraded during the measurement, the
material was heated back into the isotropic phase and then cooled down again to the

desired temperature following the same procedure as described above to ensure a good

ULH orientation.

The Grandjean or SH texture forms spontaneously in cells treated to promote planar

alignment in the absence of orienting voltage or when the chiral sample is subjected to

strong mechanical shearing.

Host nematic | % Chiral dopant | Type of aligning layer | Orienting field
5CB 6% BDH-1305 homeotropic 5V, 500 Hz
5PFP5 3% BDH-1281 none 5V, 100 Hz
Bimesogens |1.5% BDH-1281 planar (AP) 5V, 500 Hz

Table 6.1: Conditions for the formation of ULH orientation in the liquid crystalline

samples investigated.

Test measurement

We measured the dielectric constants g, and g, for a well-known achiral mesogen 5CB
and for the same compound doped with 6% BDH-1305. The dielectric data, presented in
Figure 6.2, show that the dielectric anisotropy was found to be about 10% lower in the
chiral nematic mixture that in the pure host at Ty;-T = 3 °C. The two data sets seem to

converge as the temperature decreases, though no measurements could be carried out at
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lower temperatures due to the low clearing point of the chiral mixture (Ty+ = 27.8 °C).
The dielectric anisotropy Aeg, measured for a material containing a few percent of non-
polar chiral molecules, can be extrapolated within 10% uncertainty for the pure nematic
compound at the same shifted temperature far from the clearing point. This accuracy is
sufficient to measure qualitatively the variations of dielectric constants with temperature
or with frequency or for comparison between different samples. The underlying
assumption is that at low concentrations of a non-polar chiral additive (between 1-6%
depending on its helical twisting power), the chiral-induced nematic will have the same
dielectric properties than the nematic host liquid crystal. The uncertainty on this
measurement stems mainly from the quality of the uniformly lying helix texture required

to determine the average dielectric constant.

21
] a4,
17 LA A 4,
g Haa
g oTa A pure 5CB
§ 13-
g | 0 5CB + 6%
3 - BDH-1305
i i A Ha
A 9
J - R o N DAA
] A A A A A A 2 A
5 T T T L | T T T T T T T T T T T
12 10 8 6 4 2 0 -2

Tni-T (°C)
Figure 6.2: Dielectric constants ( 0.5%) versus shifted temperature for pure 5CB and for

5CB doped with 6% BDH-1305.
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6.3 Nematic “dual frequency” mixtures

6.3.1  Materials and transition temperatures

The low crossover frequency material 4-n-pentylphenyl 2-fluoro-4-(4-n-
pentylbenzoyloxy) benzoate, abbreviated as SPFP5, was synthesised in-house by Dr. S.
Perkins and was used without further purification. Its molecular structure is given in
Figure 6.3. The original benzoate compound it is based upon, contains a chlorine atom

instead of a fluorine one.?

Figure 6.3: Chemical structure of SPFPS5.

5PFP5 is used at different concentrations in a nematic host mixture, MDA-00-984,
supplied by Merck Ltd (UK). The host exhibits a wide nematic phase range, low negative
dielectric anisotropy and low viscosity. Moreover, good planar and homeotropic

alignment can be readily achieved with this host mixture.

Four concentrations by weight of SPFP5 in MDA-00-984 were prepared: 5%, 10.6%,
17.3% and finally 49.5%. The nematic-to-isotropic phase transition temperatures of
achiral and chiral samples investigated were measured by optical microscopy and are
shown in Table 6.2. The melting and clearing points T,y and Ty, determined by DSC
for the nematic mixtures, are also included in the same table and the corresponding phase
diagram is plotted in Figure 6.4. The values measured by optical microscopy are
consistent with DSC data. The nematic host MDA-00-984 and the mixtures containing
up to 20% 5PFPS5 crystallise well below 0 °C. The sample with 50% SPFPS can be
investigated at ambient temperature since it crystallises at about 15 °C while the pure

ester SPFP5 is only nematic above ~53°C.

In the following, the shifted temperatures are based on the clearing points taken from

optical microscopy measurements.
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Optical microscopy DSC
Ty (in °C) | Tnx (in °C) | Tern (in °C) | T (in °C)

MDA-00-984 59 < -40°C 58.4

5% SPFP5 61.8 < -20°C 60.4
10.6% 5PFP5 67.6 < -20°C 64.2
17.3% 5PFPS 76.5 78.6 < -20°C 72
49.5% 5PFP5 108.3 103.7 15.1 109.8
pure SPFP5 164 159.8 52.6 163.7

Table 6.2: Melting and clearing points determined by DSC and by optical microscopy for

the nematic and chiral-doped mixtures.

200
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Figure 6.4: Phase diagram of the nematic SPFP5/MDA-00-984 mixtures (data measured
by DSC).

6.3.2  Characterisation of the host

Dielectric and optical anisotropies

The dielectric constants g and &, of MDA-00-984 (measured at 1 kHz) and the
associated dielectric anisotropy Ae are plotted against Ty-T in Figures 6.5 (a) and (b)
respectively. At all temperatures, €; is slightly greater than g;. As a result, Ag is weakly

negative and is comprised between —0.8 and —0.3 across a 35 °C temperature range.
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Figure 6.5:  (a) Dielectric constants g and g (£ 0.5%)

(b) Corresponding dielectric anisotropy of the mixture MDA-00-984.

The refractive indices and the optical anisotropy of MDA-00-984 (measured at 632.8

nm) are given in Figure 6.6 (a) and (b). This host is a medium birefringence mixture with

an average optical anisotropy An=0.125.
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Figure 6.6:  (a) Refractive indices n, and n, (£ 0.0002)
(b) Associated birefringence for MDA-00-984.

Visco-elastic properties

Figures 6.7 (a) and (b) illustrate respectively the bend elastic constant k33 and the twist
and splay visco-elastic ratios ka»/y) and ky1/nspiay as a function of shifted temperature for
MDA-00-984. These data are also quoted in Table 6.3 and the values measured for SCB
at a similar Tni-T have been included for comparison (see Chapter 4, Section 4.3.2 and
Chapter 5, Section 5.7). ka3 is increased by about 30% in the case of the MDA mixture
compared to SCB. Both ky,/y; and ki1/Mgplay are twice greater for the MDA-00-984
mixture than for 5CB. This is caused by a combination of higher elastic constants and

lower viscosity coefficients of the neutral components that are used for MDA-00-984.
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Figure 6.7: Visco-elastic data for the host mixture MDA-00-984 against Tn;-T
(a) Bend elastic constant (+ 3%)

(b) Twist (x 1.5%) and splay (£ 3%) visco-elastic (VE) ratios.

Twist VE ratio  Splay VE ratio Bend elastic

Material — TaeT(°C) g2 o1y (101 2.1y constant (1072 N)

5CB 10.3 4.7 7.5 -
11.6 - - 7.8

MDA-00-984 9 10.1 17.1 -
12.9 - - 11.4

Table 6.3: Visco-elastic data measured for 5CB and for MDA-00-984.

Since the dielectric anisotropy of this mixture is negative, it is not possible to apply a
damping field in the present homeotropic geometry to obtain separately the twist and

splay viscosity coefficients and elastic constants.

6.3.3  Dual frequency mixtures

Theory for dielectric relaxation

A molecular dipole can reorient itself via two possible rotations:'?

e about the short molecular axis

e about the long molecular axis.
These two mechanisms correspond respectively to the relaxation of the parallel
component gy and perpendicular component g, of dielectric permittivity. These
reorientation processes are characterised respectively by the time constants ty and 7y,
with 1y > 1., since the first mode is significantly hindered in the nematic phase.13
For single relaxation process, the frequency dependence of the parallel and perpendicular

dielectric component can be expressed as follow:" '
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€;(0) —g;(x)

s withi= L L (6.3)

&, () = £;(0) +

where o=2nf, €,(0) =¢;(0 =0) and g,(») =¢,(w = ) are the static and high

frequency values, 1, =1/, (i =Il, L) is the relaxation time associated with each mode.

Some materials exhibit relaxation frequencies below 100 kHz for g). Since the dielectric
dispersion of €, generally occurs at frequencies higher than 100 kHz, the value of g, can

be assumed constant at low frequencies’ i.e. € . (w) =¢, and Equation (6.3) can be

rewritten for gy as:

g,(0)—¢g, (0
8;.(w)=8,.(°0)+———-———"(12w2;'2( ) (6.4)
il
T, =1/ o, and wg 1s defined such that:
€,(0)+¢,(0
glt(mo)z"“"—“‘"( )2 i€ ) (6.5)

£,(0) — g,(0) is the dispersion step and from the Maier and Meier theory, it can be

shown that
£,(0) — &, () < pj, (6.6)
where ) is the longitudinal component of the permanent dipole moment.'
The dispersion of'the dielectric anisotropy can be derived from Equation (6.4):
Ag(0) — Ae
Ag(w) =Ae  +—-—F 2. 6.7
0 ®
1+ 5
0‘)0
At low frequencies o < o, Ag(0) > 0 while at high frequencies 0>, Ag(w) < 0.

Ag(0) + Ag(0) . 6.8)

At © = 0, Ag(w,) = 5

The relationship between the relaxation frequency fy and the crossover frequency f; is

’ Ag(0)
£ =f [—=. 6.9)
¢ lAs(oo)] (

Therefore, if the dielectric anisotropies A (0) and Ag(w) are of same magnitude but of

given by:

opposite sign, f; = 1.
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The temperature dependence of the crossover and relaxation frequencies can be described

by an Arrhenius law:" !°
f, oc f, cexp(-E/k;T), (6.10)

where E is an activation energy.

Basic device principle using dual-frequency addressing

The “dual-frequency” LC material is initially in a twisted nematic (TN) geometry i.e. the
molecules are aligned at 90° to each other on the upper and on the lower substrates. The
LC molecules reorient to lie parallel to the field above a threshold voltage Vi, L(Vu = 0)
applied at low frequency f < f.. If another signal of high frequency f > f; and of amplitude
Vu is superimposed, the threshold voltage for the Freedericksz transition becomes
Vin, L(Vi):?

Vi L (Vi) = Vi L (0)+|Ag(e0)/ Ag(0)] V7, (6.11)

where Ag(0) and Ag() are respectively the low and high frequency dielectric anisotropy.

Since Ag(e0) < 0, the presence of Vy will stabilise the initial twisted orientation of the
liquid crystal and thus, will shift the threshold voltage Vi, 1 to higher values.
Furthermore, the steepness of the electro-optical transmission curve also increases with
Vi, allowing improved multiplexability capability, compared to TN displays using

standard nematic materials.' 2

Fast turn off response times can be achieved by applying only high frequency voltage Vy
(f> f,). In this case, the dielectric anisotropy is negative and above a threshold value

Vi, u, the LC molecules realign parallel to the plane of the cell.l>?

Results and discussion

The measurements of dielectric constants were carried out at different frequencies up to
300 kHz, the maximum frequency of our capacitance bridge. As expected, the values of
the perpendicular component €, are independent of frequency in this frequency range for

all mixtures investigated.

The dielectric constants g, and £, were measured on homeotropic and planar samples,
using the method outlined in Chapter 3 Section 3.6, for the host MDA-00-984 and the

two lowest concentrations of SPFP5. The dielectric anisotropy Ag is plotted in Figure 6.8
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versus shifted temperature. The addition of SPFPS causes an increase in Ag of the host
mixture, which becomes less negative and tends towards zero. However, Ag does not

change sign as a function of frequency for any of these mixtures.

0.2
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0 . A A A 47 A o O
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0214 o + MDA-00-984
3 ] o 7. o 5% SPFP5
7 O
-04 - A 10.6% 5PFPS
] o .
J *
-0.6 .
4 *
*
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Figure 6.8: Dielectric anisotropy (+ 1%) for the pure host, 5% and 10.6% SPFP5

containing mixtures.

For concentration of 5SPFP5 greater than 10%, no homeotropic alignment could be
achieved and the dielectric measurements were performed on chiral-doped samples
following the method explained in Section 6.2.2. The dielectric behaviour of the mixture
with 17.3% SPFP5 doped with 3% BDH-1281 is similar to the host mixture as shown in
Figure 6.9 at different frequencies. The negative Ag increases with temperature. The
dependence of Ac on frequency indicates that it is slightly positive or zero at low
frequencies and it becomes negative at higher frequencies. From Figure 6.9, the
crossover frequency seems to be around or below 10 kHz. To confirm that this mixture
exhibits “dual-frequency’ behaviour, an achiral mixture of analogous composition,
18.5% SPFPS in MDA-00-984, was also prepared and investigated in electro-optical
experiments.'® The data for this mixture are extracted from reference 16: the
transmission, measured at a voltage of amplitude 20 V peak-to-peak is plotted in Figure
6.10 as a function of frequency; since this voltage is above the threshold value for the
Freedericksz transition, the sample is homeotropic for f < f, and it becomes planar for {>

f,. From this diagram, f, can be determined and it is found to increase with temperature.
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Figure 6.9: Dielectric anisotropy (£ 1%) against frequency at several temperatures for the

17.3% SPFPS in MDA-00-984 (+3% chiral additive BDH-1281).
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Figure 6.10: Transmission data versus frequency obtained at 20 Vpp for 18.5% SPFP5 in
MDA-00-984 at different temperatures (reproduced with permission of 16).

The dielectric anisotropy Ae of SPFP5 doped with 3% BDH-1281 is presented in
Figure 6.11 against Ty;-T for frequencies ranging from 10 kHz to 300 kHz. The

dispersion of Ag is given in Figure 6.12 at different temperatures for the same mixture.
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Figure 6.11: Dielectric anisotropy against Ty-T measured at several frequencies for

SPFP5 (+3% BDH-1281).
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Figure 6.12: Dielectric anisotropy as a function of frequency at different temperatures for

5PFP5 doped with 3% BDH-1281 (the solid lines are here to guide the eye).

The data from Figure 6.12 can be analysed using Equation (6.7) and this fitting procedure
yields three parameters Ag (0), Ag () and t=1/fp. The value of f; can be determined from

Equation (6.9) and the results are plotted in Figure 6.13 on a logarithmic scale as a
function of the inverse temperature for the two chiral-doped samples, SPFP5 and 49.5%

5PFP5, and for the nematic mixture with 18.5% 5PFP5. This graph also shows that in

both instances, f; scales as:
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f, o« exp(-E/k;T), (6.12)

with activation energies E increasing from 0.48 eV, 0.71 eV to 0.98 eV for pure SPFP5
and the mixtures containing 49.5% and 18.5% SPFPS5 respectively. Clearly, the lower the
concentration of SPFP5, the higher the activation energy.
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00 49.5% SPFP5
© 18.5% 5PFP5

10 3
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0.0025 0.003 0.0035

UT ™ |
Figure 6.13: Linear fit of the crossover frequency f;, versus 1/T for SPFP5, 49.5% SPFP5 |
and 18.5% in MDA-00-984.

The values of crossover frequencies are summarised in Table 6.4 and Figure 6.14 for
S5PFP5, 49.5% and 18.5% SPFPS in the host mixture. At comparable shifted

temperatures, f; decreases when the concentration of SPFP5 is reduced.

5PFP5 49.5% SPFP5 18.5% SPFP5

TneT °C) | £ (kHz) | T-TC) | £ (kHz) | T (C) | £, (kHz)

89.8 43 73.7 8 46.5 15

79.8 75 63.7 20 36.5 44

69.8 122 53.7 45 26.5 132

59.8 183 43.7 93 16.5 405

49.8 254 337 185 6.5 1120

39.8 338 23.7 367

19.8 513

9.8 545

Table 6.4: Values of crossover frequency for 5SPFPS5, 49.5% 5PFP5 and 18.5% SPFPS5 as

a function of shifted temperature.
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Figure 6.14: Crossover frequency (in kHz) versus Ty-T for different concentrations of

5PFPS.

It is interesting to compare the activation energies E and crossover frequencies f;
obtained for SPFP5 with the data quoted in the literature on other “dual-frequency”
phenylbenzoate mixtures. The value of E measured for the pure SPFP5 is lower than for
analogous compounds. For a similar ester with butyl end chains and no lateral
substituent, E is found to be 0.75 eV and f; ranges from 100 kHz to 1 MHz at shifted
temperatures of 99.1 °C and 65.4 °C respectively.'” A mixture based on the original
chlorine-substituted three ring ester compound (consisting of 50% pentyl and 50% octyl
components), exhibits an activation energy of 0.83 eV and a crossover frequency of 2.5
kHz at room temperature.” Some commercial mixtures of phenylbenzoates, namely ZLI-
518, W1 and ZLI-612, also have E = 0.84 to 0.88 ¢V and the lowest value for f,
achieved at 25 °C, is about 10 kHz’. Schadt studied binary mixtures of pyridazines and
four-ring esters with nitrile terminal groups and measured E = 0.96 eV and f, = 1.2 t0 2.3
kHz at 22 °C (or at Ty-T = 52.5 to 60.2 °C).! In general, at the same shifted temperature,

. . . . . . 1
higher values of activation energies seem to be associated with lower values for f.. ’

The behaviour of the crossover frequency is more difficult to compare since it strongly
depends on the temperature of the measurements. At the same shifted temperature, the
values of f, for SPFP5 tend to be higher than those measured in reference 2 and this may
be explained by the presence of the fluorine atom. For our compound, f; remains in the

kHz range even at the highest temperature in the nematic phase (i.e. at Tn-T =~ 10.5 °C).
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The plot of the static dielectric anisotropy versus concentration of SPFPS5 is illustrated in
Figure 6.15. At low concentrations of “dual-frequency” material, Ag is dominated by the
behaviour of host MDA-00-984 and is weakly negative at 10 kHz; whereas at high
concentrations, Ag is positive at 10 kHz and behaves characteristically as a “dual-
frequency” material, changing sign with frequency (although this is not shown in Figure
6.15). The threshold concentration at which the system SPFP5/MDA-00-984 will exhibit
“dual-frequency” behaviour is probably between 15% and 20% 5PFP5. Ae increases with
the quantity of SPFP5 above 15%, as shown in Figure 6.15 at different Tn;-T.
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Figure 6.15: Dielectric anisotropy against SPFP5 concentration measured at 10 kHz for

three different shifted temperatures Ty;-T.

6.3.4 Summary

In this section, we investigated mixtures of different concentrations of a “dual-
frequency” material, namely 4-n-pentylphenyl 2-fluoro-4-(4-n-pentylbenzoyloxy)
benzoate, abbreviated as SPFP5, dissolved in a nematic host mixture MDA-00-984.

SPFPS5 has the following phase sequence:
Cr 52.6 °C N 163.7 °C L

The host MDA-00-984 is characterised by a clearing point of 59 °C, an average
birefringence An of 0.125 and low and negative Ae varying from —0.8 to —0.3 for
temperatures ranging from 25 °C to Ty;. For this host mixture, the bend elastic constant

ki3 was measured via the Freedericksz transition technique while the splay and twist
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visco-elastic ratios were determined by dynamic light scattering. Further work is needed
in order to derive the individual splay and twist viscosity coefficients and elastic
constants for this mixture with negative dielectric anisotropy. For instance, k;; could be
calculated at the same shifted temperature from the gradient of the retardation curve
plotted versus magnetic field in Freedericksz transition experiments since this gradient is
proportional to the ratio of bend-to-splay elastic constant k33/k;; (refer to Chapter 3,
Equation (3.17)). Knowing k;,, the splay viscosity coefficient can be calculated from the

visco-elastic ratio and by using the approximation that 1, ~y,, the twist elastic

constant ky, can finally be obtained.

For 5PFP5 in MDA-00-984, two concentration regimes can be distinguished:

o below 15% SPFPS5, the dielectric anisotropy is weakly negative at all frequencies
and the mixture cannot be dual-frequency addressed.

o above 15% SPFPS5, the dielectric anisotropy changes sign at the crossover
frequency f.. Far from the clearing point, f. varies between 5 and 20 kHz for
18.5% and 49.5% 5PFP5 in MDA-00-984. The crossover frequency is higher for
pure SPFPS i.e. f; is about 40 kHz at temperatures just above the melting point.
The activation energies associated with this relaxation process are between 0.5

and 1 eV, decreasing with increasing concentration of the compound SPFP5.

The mixtures containing between 20% and 50% of SPFP5 in MDA-00-984 are the most
interesting for potential display applications since at these concentrations, these systems
are likely to exhibit a room temperature nematic phase with Ty; higher than 70 °C and

their dielectric anisotropy will change sign at crossover frequencies in the kHz range.'’

The bend-to-splay elastic constant ratio kj3/k; controls the gradient of the electro-optical
curve. For conventional TN devices driven at low frequency, the steepness is increased
for lower values of k33/k;; while for STN displays, the steepness is optimised for higher
values of k33/k11.1’ 7 Low viscosity coefficients are desirable to achieve fast response
times. It would be interesting to measure the elastic constants and viscosities for different

mixtures of 5SPFP5 and MDA-00-984 in the “dual-frequency” concentration range.
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6.4 Mixtures of bimesogens with enhanced flexoelectric properties

6.4.1  Flexoelectric effect in chiral nematics

In nematic liquid crystals, dipolar flexoelectric coupling may occur if the molecules
possess a suitable combination of shape asymmetry and permanent dipole moment. In the
absence of an electric field, the resulting nematic medium is non-polar. A splay or bend
distortion may polarise macroscopically the medium and reciprocally, the application of
an electric field may induce a deformation of the LC material'® !°. It is worth mentioning
that flexoelectricity also exists in non-polar LC materials via quadrupolar coupling that

contributes to this effect.?’

In nematic liquid crystals, the flexoelectric polarisation is given by:' 1°

Py, =en(V-n)+e,nx(Vxn), (6.13)
where e; and ey, are respectively the splay and bend flexoelectric coefficients. The
flexoelectric effect is illustrated in Figure 6.16 and Figure 6.17 for splay and bend

induced deformations.

(a) (b)

Figure 6.16: Flexoelectrically-induced splay deformation in an LC medium consisting of
wedge shape molecules exhibiting a permanent dipole moment parallel to the molecular
long axis

(a) in the absence of applied electric field, there is no resulting polarisation

(b) in the presence of a field E, there is a macroscopic polarisation Pgexo
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(a (b)

Figure 6.17: Flexoelectrically-induced bend deformation in an LC medium consisting of
bent shape molecules with a permanent transverse dipole moment
(a) in the absence of applied electric field, there is no resulting polarisation

(b) in the presence of a field E, there is a macroscopic polarisation Pgeye-

The flexoelectric switching effect can be observed in short pitch chiral nematic materials
using a uniform lying helix configuration and can be considered linear with applied field
E for small field amplitudes. In this geometry, the application of an electric field can
induce an in-plane rotation of the optic axis,* as pictured in Figure 6.18. The rotation
angle ¢ can be expressed as:* 2"

__ePE

tan 5 6.14
¢ ik (6.14)

where Py represents the pitch of the helix, k = (k,, +k,;)/2 and e=(e, +¢,)/2 are

respectively the effective elastic constant and effective flexoelectric coefficient of the
chiral nematic phase. k;; and e, are associated with the splay distortion while k33 and e

are related to the bend deformation. The response time t (t ~ 100 ps) characteristic of the

flexoelectric switching is given by: > %
2
i 4I;yk ’ (6.15)

where v is the effective viscosity coefficient corresponding to the helix distortion. y is
different from the well-known rotational viscosity coefficient y; but is expected to behave

in the same way.
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Figure 6.18: Geometry used to study the flexoelectro-optical effect in chiral nematics
(taken from reference 11).
(a) without any electric field

(b) in the presence of an electric field

The optimisation of the flexoelectric effect requires short and temperature independent
helical pitch, large flexoelectric coefficients, low viscosity coefficients and small
dielectric anisotropy.?? The constraint on dielectric anisotropy arises because the
dielectric coupling mechanism, quadratic in applied electric field amplitude, becomes
predominant at higher fields and causes the helix to unwind. The critical field associated
with helix unwinding is given by:**

_ "_2( ky ]M, (6.16)

& P, \ g,Ae

where k;; is the twist elastic constant and Ag is the dielectric anisotropy of the material.

The flexoelectric effect in short pitch chiral nematics is promising for display
applications since this mode offers many advantages: '’
e in-plane switching

e wide viewing angles

e continuous grey scale capability

e tilt angle independent of temperature

e very fast response time (~100 ps).
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Improved flexoelectric behaviour can be obtained by using symmetric dimer molecules
with low molecular dielectric anisotropy.® A novel achiral bimeso genic mixture (doped
with a suitable chiral agent) can display interesting flexoelectric properties such as

rotation angles ¢ of 45° for applied fields of about 9 V.um™.”

The flexoelectric coupling and its associated response time are influenced by the Frank
splay and bend elastic constants as can be seen in Equations (6.14) and (6.15). The
response time of this switching mechanism is proportional to the viscosity coefficient y.
The dielectric coupling depends on the helical pitch, the twist elastic constant and the

dielectric anisotropy.

In this section, electro-optic experiments and dynamic light scattering studies were
performed on the achiral mixture in order to understand the visco-elastic properties of

these dimers. Dielectric anisotropy was also measured on the chiral-induced sample.”

6.4.2  Materials investigated

Dimers
Novel series of achiral symmetric bimesogens with various spacer lengths have recently
been synthesised.?® Their structure is sketched in Figure 6.19 and their generic formula is

given by FFBOnOBFF where n is the number of carbon atoms in the spacer chain.

F F
Figure 6.19: Chemical structure of the novel bimesogenic liquid crystal investigated of

generic formula FFBOnOBFF.

If the spacer is assumed in its all-frans form, the two types of conformers, to be
considered in a simple model are the linear and the bent dimers, illustrated in Figure
6.20. In the nematic phase, the first class is predominant among even dimers while the
second type is more important among odd dimers, although both types adopt a wide
range of conformations due to the flexibility of their spacer.27 A recent model, based on
dielectric relaxation measurements, suggested the necessity to take into account that odd
and even symmetric dimers also differ by the shapes of their linear and bent
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conformers.”® As a result, dimeric systems usually exhibit strong odd-even effects in their
macroscopic properties that reflect these changes in average molecular shape. The
bimesogens with an even chain length have higher nematic-to-isotropic transition

temperatures®’ and higher elastic constants® than the adjacent homologues with an odd

number of CH; groups.

(a) (b)

NSO~

(a) even dimer (linear)

(b) odd dimer (bent).

Figure 6.20: Schematic representation of

Dimers with spacer lengths n =7 and n = 11, were available for this work. We have
prepared and investigated a binary eutectic mixture made of:

o 60% wt FFBO7OBFF

e 40% wt FFBO110BFF.
In the following, this nematic mixture will denoted BO7/11. The same mixture, doped
with 1.5% chiral additive BDH-1281, will be referred to as BO7/11%.
The nematic-to-isotropic transition temperature of each single compound is relatively
low (T < 80 °C) compared to other dimers reported in the literature.”> 2729 For the
eutectic mixture BO7/11, the following transition temperatures were measured using
differential scanning calorimetry (DSC):

Cr -305°C N 56.4 °C L

However, this mixture crystallises slowly at room temperature.

Dielectric Constant Measurements

These measurements were performed on the chiral mixture BO7/11*. The clearing point

for this sample was measured to be 55.5 °C.

Figure 6.21 and Figure 6.22 show respectively the static dielectric permittivties and the

dielectric anisotropy Ag as a function of shifted temperature Ty-T for this sample.
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Figure 6.21: Dielectric constants €, and €, (+ 0.5%) versus shifted temperature for

BO7/11* (data obtained at 10kHz with a 6um planar cell).
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Figure 6.22: Dielectric anisotropy Ag against shifted temperature for BO7/11*.

The dielectric constant in the isotropic phase €;q, is larger than both g and €, in the

nematic phase. Ag =g, —¢, decreases almost linearly with decreasing temperature and

changes sign at Ty-T = 15.5 °C. Its values are rather low and vary between —0.2 and 0.3.

For bimesogens with a flexible spacer, changes in the conformational distribution may

explain the evolution of Ag against temperature.”” 3 Dielectric studies have been

performed on CBOnOCB, with n=10" and n=1 128, which is a homologous series ofi

symmetrical dimers, based on the cyanobiphenyl mesogenic core. The generic structure
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of this compound is illustrated in Figure 6.23 and closely resembles the FFBOnOBFF
dimer. For n=10, the static dielectric constant decreases when the dimer is cooled from
the isotropic to the nematic phase, as observed for our sample. For n=11, an increase of
the static permittivity is first noticed at Ty; and then its value decreases as the
temperature is lowered. For both dimers, this can be understood as a random coil
distribution adopted by the spacer in the isotropic phase, which allows a variety of
possible orientations for the mesogenic terminal groups, resulting in higher values of
permittivities. In the nematic phase, the reduction in dielectric constant is due to the
dimer exhibiting a more extended shape. CBOnOCB with n=10 and n=11 exhibit

positive Ag ranging approximately from 1 to 1.7 and 1.5 to 2.3 respectively.

For our bimesogens FFBOnOBFF, the energy ground state of the nematic phase is
associated with the bent conformers. Thus, as the temperature is decreased well into the

nematic phase, the population of bent conformers augment resulting in Ag < 0 at lower

27

Figure 6.23: Structure of the a, w-bis[(4-cyanobiphenyl)-4’-yloxy]alkanes dimers,
referred to as CBOnOCB.

temperatures.

Similar temperature dependence of the dielectric anisotropy was found in the commercial
chiral mixture TM216;'° Ag is positive above 31 °C and becomes negative below this
critical temperature. In TM216, —-0.11 < Ag < 0.08 was measured in the temperature
range T = 28 °C-39 °C. These values are of the same order of magnitude as those
obtained for our sample BO7/11*. However, the rotation angles ¢ that have been
measured in TM216 are much lower and require much higher fields than our materials: in

the former instance, '° ¢ = 30° obtained with applied fields of 120 V.um™ whereas for our

chiral-doped mixture’ BO7/11*, ¢ >45° at E =10 V.um™.

The increase of Ag with temperature and the fact that it is positive near the chiral
nematic-to-isotropic transition is an advantage for the flexoelectric effect. As explained
in Section 6.2.2, the sample is aligned on cooling and a good lying helix texture

alignment can be obtained just below the clearing point (when Ag > 0) by applying an
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electric field. At lower temperatures, for which Ae ~ 0, large tilt angles can be measured
at higher fields. Nevertheless, negative dielectric anisotropy is a drawback because the
application of an electric field will cause a realignment of the helix in the Grandjean

texture.

6.4.3  Electro-optic experiments

This method uses the dielectric coupling to an external electric field to induce a
reorientation of the molecules. Experimentally, voltages up to 130 V rms were applied to
a planar aligned cell of thickness 44.7 um filled with the achiral mixture BO7/11 in the
temperature range 35 °C-50 °C. For this sample, the crossover temperature was found to
be 42.6 °C, which corresponds to 13.8 °C on a shifted temperature scale. These values
agree quite well with the data obtained from dielectric experiments on the chiral-doped

mixture BO7/11%*: Ae changes sign at about 40 °C i.e. at Ty-T = 15.5 °C.

Even for Ag > 0, Freedericksz transition did not occur in BO7/11; instead Williams
domains started to appear at a certain threshold voltage Vy,. Stationary Williams domains
are electrohydrodynamic distortions arising from the coupling between a low frequency
ac field and the anisotropy of electrical conductivity.'® Though these effects are generally
associated with materials of negative dielectric anisotropy, they can also occur in weakly
positive nematics if the applied field is perpendicular to the initial director alignment."
Vi 1s almost independent of the frequency of applied field in the range 100 Hz-10 kHz
investigated. The evolution of the Williams domains as a function of applied rms voltage
can be seen in Figure 6.24. At higher fields, the domains disappear but no Freedericksz

transition from planar to homeotropic orientation was observed.

When Ae < 0, at similar frequencies, the effect of the field was to align the sample and to
suppress any disclinations or defects present in the cell. No Williams domains are formed

at maximum applied voltages of 130 V rms.
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V=234V V=32.2V V=66.4V V=128.4V

Figure 6.24: Williams domains observed between crossed polarisers (director initially at
45°) with an ac square wave signal of 1 kHz at T = 45 °C at different voltages for
BO7/11.

6.4.4  Dynamic Light Scattering: bend visco-elastic ratio

DLS experiments were performed using a 10 um thick planar cell filled with the achiral
bimesogen mixture BO7/11. For pure bend fluctuations, the linewidth obtained with
mode 1 or 2 is given by:

L, = k33cl|l2 / Mpena » (6.17)

where Myeng 18 the bend viscosity coefficient and q is the component of the scattering
wavevector q parallel to the nematic director ng. The scattering plane is defined as (ny,

q). The initial director orientation is planar and perpendicular to the incident beam.

As discussed in Chapter 2, Section 2.7.2, there are two possible scattering geometries to
determine the pure bend contributions to mode 1 or mode 2. Dimers are analogous to
oligomeric or polymeric systems, which exhibit much higher viscosity coefficients than
low-molar mass mesogens, resulting in lower visco-elastic ratios and linewidths. Since
[y sinzelab, the linewidth also decreases with scattering angles. In mode 1, at

012 = 10°, the measured frequency broadening I'; associated with pure bend fluctuations
is found to be about 20 Hz at T = 34 °C for BO7/11 (see Table 6.5). At such low
linewidths, the mechanical and electrical noise becomes significant and distorts the

scattered light correlation function, resulting in inaccurate evaluation of the linewidths.”!

Mode 2 geometry with VH polarisations was chosen for this measurement. In this case,
the use of crossed polarisers offers the advantage that the noise factor and the

experimental uncertainty on the visco-elastic ratios are reduced compared to a parallel
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polariser configuration in mode 1, as reported in Table 6.5. In this case, the
autocorrelation function decays as a single exponential and the bend mode can be

isolated at a certain scattering angle 0; ¢ that is dependent solely on the refractive indices

n. and n, of the material:

_ n,
GLC = COS l(ﬂ_-Z)Tj . (6.18)

(2n; —n;
The measurement of refractive indices by Abbé refractometry requires homeotropic
alignment ofithe liquid crystalline sample and could not be performed on the
bimesogenic mixture BO7/11, since only planar orientation could be achieved with this
material. 8; ¢ was deduced from the linewidth, measured by DLS, for a wide range of
scattering angles O;,5: at O1c, the autocorrelation function should be a single exponential.
The values for 01 ¢ decrease with increasing temperature and are found to be between
26°-29° for a temperature range of 28 °C-54 °C. For instance, at 0y, = 27.5°, the
experimental linewidth I'yeng for the pure bend mode is 148.1 Hz (refer to Table 6.5).

Scattering geometry Noise factor | Linewidth (Hz) Vl?;%le ﬁtzl(;.rf)mo
Mode 1 (E-E, 63 = 10°) 0.054% 18.5 6.2
Mode 2 (O-E, 05, = 27.5°) 0.023% 148.1 7.1

Table 6.5: Comparison of the noise factor, linewidth and visco-elastic ratio measured in
the two scattering geometries available to study the pure bend fluctuations for the

mixture BO7/11 at T = 34 °C after averaging 25 runs of 40s each.

For nematic liquid crystals with Ag < 0, it is possible in principle to deconvolute the bend
visco-elastic ratio k33/Mpena by applying an electric field E normal to the director planar
orientation. In this configuration represented in Figure 6.25, E lies within the scattering
plane defined by (n,, &;). Since E is always normal to (n,, &), no quenching of the bend
fluctuations will occur in mode 2. The electric field must be applied using mode 1
geometry to observe a dampening of the director bend distortions. Martinand and Durand
studied a material with negative dielectric anisotropy, namely MBBA, by dynamic light
scattering in the presence of a stabilising ac electric field using mode 1 conditions.>* The

authors were able to deduce values for the bend elastic constant and viscosity coefficient

k33 and Nyeng from the following equation:
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- A
r=Xe g2, G298 b (6.19)
MNbend 478\ Myena

For BO7/11, when Ag <0, no damping of the scattered light intensity could be observed
in mode 2 as expected. Using mode 1, the application of electric fields of up to 10 V.um™
are still insufficient to dampen the director fluctuations since the intrinsic dielectric

anisotropy of the dimers is rather low.

LCcell no

i
|
i
— y Ve
. arisati / director ng /
nput polarisation 1 P
AAN . o ky q
VVV

R s
electric field E

scattering plane output polarisation f

Figure 6.25: Mode 1 scattering geometry for the study of pure bend distortions in the

presence of an electric field for material with Ag <0.

Figure 6.26 shows the ratio of bend elastic constant to viscosity coefficient K33/Mpeng On @
logarithmic scale as a function of shifted temperature for BO7/11. In this system,
K33/Mvend is reduced by almost a factor ten on cooling the mixture to 30 °C below the N-I
transition. The values of the bend visco-elastic ratio of this sample are decreased by
about an order of magnitude compared to low molar mass mesogens; for instance, for

5CB, k33/Mvend = 5.10'° m?.s! measured at Ty-T = 10 °C (see Chapter 5, Section 5.7).
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Figure 6.26: Bend visco-elastic ratio k33/Mpeng (£ 5%) against Ty;-T.

DiLisi et al. measured the splay, twist and bend visco-elastic constants of a series of
achiral dimers based on the monomer unit labelled 5005 and containingn =10 andn =9
where n is the number of carbon atoms in the space chain.?” **> The structure of the even
dimer 1s pictured in Figure 6.27. The degree of flexibility of the spacer linking the two
monomers was shown to have a major influence on the visco-elastic parameters. Values
of bend visco-elastic data are given in Table 6.6 for our bimesogenic mixture as well as

for the monomer and both even and odd dimers examined by DiLisi et al..** 33

0] 0
>_©'O_C10Hzo_o‘@—_4
Hﬂcso@o o OC,H,,

Figure 6.27: Molecular structure of the even dimer containing two monomer units

5005.%

Materials Tni-T (°C) K33/Mpena (M2.5™7) k33 (x107N) 1pend (Pa.s)
5005 monomer 10 5.8x1071° 7 0.012
5005 even dimer 10 1.1x1071° 11 0.1
5005 odd dimer 10 3.9x10!! 4.7 0.12

BO7/11 10.9 2.0x107! N/A N/A

Table 6.6: Values of bend visco-elastic data extracted from published data for the 5005

29,33

samples and measured for the new bimesogens.

193



Chapter 6: Investigation of nematic materials which exhibit a change of sign in Ag

The bend visco-elastic ratio of our sample is of the same order of magnitude as for the
5005 odd dimer. In the case of the odd dimer, the bend elastic constant Ks3 is just less
than half that of the even dimer and less than that of the 5005 monomer; this may be
explained by the fact that the odd dimer will tend to adopt a bent shape in the all-trans

3435 also predicted a reduction in the bend elastic

conformation.’”* Theoretical models
constant with respect to the monomer for odd dimers due to their bent conformation. The
bend viscosity of the 5005 dimers is an order of magnitude greater than for the 5005
monomer. By analogy with other dimeric or polymeric systems, K33/Mpeng Would be
dominated by a larger increase in the bend viscosity coefficient than in the elastic

constant for the mixture BO7/11.

The splay elastic constant k;; can be obtained from the threshold voltage Vy, in the splay
Freedericksz transition configuration in the following way (see Chapter 2, Equation
(2.40)):
Vi

k, = -—T;g—SOAS. (6.20)
For instance, the splay elastic constant k;; was measured for a homologous series of
dimers CBOnOCB?, based on the cyanobiphenyl mesogenic core, sketched in Figure
6.23. The dependence of k;; on n shows a clear odd-even effect and for instance, its
values are respectively 11.1 pN and 14.3 pN for n = 9 and n =1 0 at the same reduced

temperature T/Ty; = 0.943° (this corresponds to T-Ty; of 25.6 °C and 26.2 °C).

In chiral systems, the response time for flexoelectrically controlled switching can be
evaluated from Equation (6.15). A similar mixture of bimesogens, doped with 3% BDH-
1281 was investigated.” The pitch of the mixture was Py =0.9 pm. If we assume that the
bend visco-elastic ratio in the achiral mixture has the same order of magnitude as the
chiral-doped sample i.e.

k33

n bend

(6.21)

o~
~

2

k
Y

and using Equation (6.15), the response time 7 is calculated to be about 1 ms at
Tni-T = 10.9 °C. Considering the approximations made, this is in good agreement with
the direct value measured by electro-optical experiments; at a shifted temperature of

12°C, 7 was found to be between 2 and 4 ms depending on the electric field amplitude.’
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6.4.5  Summary

In this section, results from dielectric, electro-optic and dynamic light scattering
measurements are reported for a mixture of bimesogenic molecules. The dielectric
anisotropy Ag, measured on the chiral-doped sample, changes sign with temperature and
its values range between —0.2 and 0.3 over a 28 °C temperature range. For Ae weakly
positive, no electric field Freedericksz transition could be induced but Williams domains
are observed instead. The bend elastic constant to viscosity coefficient ratio increases
from 3.2 x 10" to 3.1 x 10" m?s! as the temperature increases by 26 °C. This
significant augmentation may be attributed to a larger reduction in the bend viscosity
coefficient than in the corresponding elastic constant at higher temperatures. Further

work is necessary to determine directly the visco-elastic parameters of these novel

dimers.

6.5 Conclusion

In this chapter, novel types of liquid crystalline compounds were investigated:

e Materials with dual-frequency behaviour

e Bimesogens with improved flexoelectric properties.
The fluorinated-substituted ester SPFPS has a crossover frequency £, as low as 40 kHz.
The value of {; can be further reduced down to about 10 kHz by adding this compound to
the host mixture MDA-00-984 at concentration above 15% to retain its “dual-frequency”
property. At the same time, the resulting mixture has a better operating nematic phase
range. In particular, mixtures containing between 20% and 50% 5PFP5 would be suitable
for “dual-frequency” addressed devices since these offer low crossover frequency

combined with room temperature operation.

The novel bimesogenic materials present promising features for the flexoelectric effect in
chiral nematics. The dielectric anisotropy of the mixture examined is low and exhibits a
sign reversal with temperature. For practical applications, it would be more interesting to
synthesise new dimers with good flexoelectric properties and with a low dielectric

anisotropy that changes sign depending on the frequency of applied field.

Although their molecular structure is completely different, the “dual-frequency”

materials and the bimesogens present some similarities. In both cases, the physical
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parameter to consider is the dielectric anisotropy Ae, which exhibits a sign reversal as a
function of frequency or of temperature. As a result, Ag is found to be close to zero in
some specific conditions and William domains may occur for weakly positive or negative
values. These instabilities have also been observed in “dual-frequency” compounds, such

136, However, in the first case, high

as in the phenylbenzoates studied by De Jeu ef a
values of Ag are required in order to decrease the threshold voltage and a display using
dual-frequency addressing scheme should operate using both frequencies with positive
and negative Ag. While, in the second example, the dielectric anisotropy should be

minimised and only positive Ag regime can be used for the flexoelectro-optic effect in

chiral nematics to ensure the helix stays in-plane.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

7.1 Summary of the thesis

In the course of this work, the visco-elastic behaviour of different nematic LC materials

was investigated using two complementary techniques, dynamic light scattering (DLS)

and Freedericksz transition (FT). The current investigation using these two methods has

highlighted the following points:

(2)

(b)

(c)

The DLS apparatus has to be carefully aligned and calibrated prior to any
experimental run. The use of heterodyne detection, while it is complicated to
implement experimentally, is advantageous in terms of the calculation of the
autocorrelation function and in order to suppress any static scattering signal due to
impurities or glass flares. DLS in the presence of an external field can yield
separately the viscosity coefficients and the elastic constants of splay and twist.
The scattering geometry required to isolate either mode employs homeotropic cells

and low scattering angles (for instance 0y,, = 14°).

The DLS technique was applied to a wide variety of nematic systems including, for
the first time, dye guest-host mixtures. The twist viscosities measured ranged from
0.018 Pa.s for non-polar mixtures to 0.15-0.2 Pa.s for dimers' at similar shifted
temperatures of 10 °C. The twist and splay elastic constants varied respectively
from 3 to 4 pN and from 5 to 6.5 pN at Ty;-T = 10 °C for most materials

investigated in this thesis.

For materials with high or medium birefringence, the value of twist and splay
viscosities and associated elastic constants can be measured within 5% accuracy by
DLS experiments; while for nematic samples with low birefringence (An < 0.05),

these visco-elastic parameters are determined with a relative uncertainty of about

10%.
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(d)

(e)

The field-induced Freedericksz transition can be used routinely to measure
accurately all three elastic constants. In this work, only measurements of the bend
elastic constant k33 have been carried out with this technique (to an accuracy of

5%) since kj; and kj; can be determined by DLS in the presence of an electric field.

The main limitation with the current DLS spectrometer is the restriction in
scattering angles which prohibits the investigation of the pure bend mode at large
angles. Preliminary measurements have been performed using two geometries
based on mode 1 and mode 2, as described in Table 7.1. The bend visco-elastic
ratios measured for 5CB using mode 1 are systematically 10 to 20% lower than
values reported in the literature. This is due to the contributions from other modes
to the measured linewidth. Therefore whenever possible, it is preferable to employ

the mode 2 configuration with crossed polarisers and larger scattering angles.

Mode 2 Mode 1
VH polarisations HH polarisations
Ore” =cos™ (n, /n(0)) scattering angles Oy ¢ < 15°

Table 7.1: Configurations available for the study of the pure bend mode in planar cells.

(H

(®

In DLS experiments using the bend geometry, no electric field was applied to
dampen the director fluctuations for Ae > 0 materials, since this method
necessitates transverse electrodes, which were not available in the course of this
work. The data for ki3 from Freedericksz transition experiments were used in order

to derive the bend viscosity from the visco-elastic ratio.

The optical Freedericksz transition occurs in thick planar cells (d = 40 pm)
containing anthraquinone DGH samples when attempts are made to employ mode 1
(with horizontal input polarisation) to measure the bend visco-elastic ratio. The
phase difference produced by the reorientation ofithe LC molecules causes
interference rings in the scattered optical signal, which results in a distorted
autocorrelation function of the intensity and in inaccurate linewidth. This effect is

suppressed in thin cells (d ~ 6 pm) of DGH mixtures but in this case, the values of
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K33/Mpend for SCB are further reduced compared to the values measured in thick

samples.

The main difficulty experienced with materials such as the bimesogens or the phenyl

benzoate SPFPS5 concerns the achievement of homeotropic alignment. Consequently, the

measurements of dielectric constants have been carried out on chiral-doped samples in

two geometries, the Grandjean texture or standing helix and the uniformly lying helix

configuration. This method makes it possible to extrapolate to within 10% uncertainty,

the value Ag for the achiral mixture.

The results obtained with the nematic materials studied in this thesis are recapitulated

below:

(a)

(b)

Mixtures of different chemical nature, based on cyanobiphenyls, phenylbenzoates
and dicyclohexyls respectively, exhibit comparable twist and splay elastic
constants at the same shifted temperature; this confirms that the ratio ky,/k;; is
remarkably constant for most nematic LCs and has been found to vary from 0.55 to
0.63 in this work. The birefringence, dielectric anisotropy and rotational viscosity,
which characterise each mixture, are dependent on the chemical composition of the

sample.

Four dopants, 5PCP, SOPCP, 5CB and 50CB, dissolved in ZLI-4792 (13% mol
concentration) were investigated to examine the influence of the presence of guest
molecules on the twist visco-elastic properties of the nematic host mixture. The two
non-mesogenic additives SPCP and 50PCP cause a greater depression of the
nematic-isotropic transition temperature than 5CB and SOCB, which both possess a
nematic phase. This study shows the importance of the temperature scale used to
interpret the results. For the twist elastic constant, the shifted temperature scale is
more appropriate since k,; varies as the squared order parameter S?; in this case, k;
is slightly decreased upon the addition of 5(O)CB and this effect is more
pronounced for 5(0O)PCP, causing a 20% reduction. For the twist viscosity, when
plotted versus temperature, y; is reduced by up to 30% upon the addition of SPCP;
whereas on a relative temperature scale, the presence of 5(O)CB and 5(O)PCP

produce a sharp rise in y; of about 45% and 180% respectively.
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©

(@

(e)

Measurements of visco-elastic properties were performed for two series of dye
guest-host mixtures, containing 1% to 3% non-polar azo and anthraquinone dyes in
SCB. The addition of either dye results in an increase in clearing point of the host
material while the dielectric anisotropy, birefringence and order parameter remain
unchanged. The presence of azo or anthraquinone dye does not affect the splay and
twist elastic constants or viscosity coefficients of the host material on a shifted
temperature scale, while a small increase is observed at the same standard
temperature. By contrast, the bend elastic constant and associated viscosity are
reduced by about 10% for the sample containing 3% anthraquinone dye, compared
with pure S5CB. The dye order parameter St is strongly related to Syc, the
orientational order parameter of the host, and is found to be similar for both types
of dyes; Steorr = 0.566 and 0.536 for the azo and anthraquinone doped mixtures at

Tni-T = 8.8 °C. Both dyes also show damped thermal fluctuations relative to the

LC host molecules.

Mixtures of different concentrations of the “dual-frequency” material SPFP5 in a
nematic host mixture MDA-00-984 have been investigated. The host is
characterised by values of Ag between —0.8 and —0.3 and an average birefringence
of 0.125. The phenyl benzoate compound 5PFP5 has a nematic phase from 52.6 °C
to 164.7 °C. Mixtures containing 15% or more of 5PFP5 possess “dual-frequency”
behaviour with cross-over frequencies less than 20 kHz at temperatures far below
Tnp; the activation energies range from 0.5 and 1 eV depending on the

concentration.

The dielectric anisotropy and bend visco-elastic ratio have been measured
respectively for the chiral-doped and on the achiral mixture of difluorobiphenyl
bimesogens BO7/11. Ae changes sign as a function of temperature and varies from
approximately -0.2 to 0.3. The visco-elastic ratio K33/Mpend is reduced by an order of
magnitude when the temperature is decreased by 30 °C into the nematic phase.
This may be attributed to a greater augmentation of the viscosity compared to the
elastic constant upon cooling of the sample. No Freedericksz transition from planar

to homeotropic could be induced by applying electric fields up to 130 V rms in the

frequency range 100 Hz-10 kHz and instead Williams domains are formed.
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Several phenomenological models have been developed to account for the temperature

dependence of visco-elastic parameters in nematic liquid crystals; this thesis emphasises
that these models should be used cautiously since they are influenced by the temperature
range considered and also by the method used to derive the order parameter (for instance

Haller’s extrapolation technique).

In the next section, we will explain how the apparatus will be modified towards greater
flexibility, simplified alignment procedure and complete automation; we will also show
the recent progress in the synthesis/characterisation of novel bimesogens and in the

investigation of the flexoelectric effect in DGH systems.

7.2 Future developments

7.2.1 Modification of the light scattering apparatus

As highlighted in the course of this work, the current DLS experiment is particularly
suitable for measurements of the splay and twist visco-elastic constants at low scattering
angles for materials with positive dielectric anisotropy. However, the range of available
collection angles are limited to —13° to +40° due to the design of sample holder
employed; in particular, this prohibits measurements of the bend visco-elastic

coefficients at larger angles using planar cells.

There are several advantages in optimising the current DLS apparatus for the scattering
geometries based on planar-aligned LC samples. First, they generally scatter light more
significantly than homeotropic oriented materials and consequently shorter integration
times are needed. As discussed in Chapter 2, the splay and bend modes can be isolated
using planar cells and crossed polarisers at larger scattering angles, dependent on the
refractive indices of the LC material; this configuration eliminates stray signal and yields

more accurate results.

Another reason is that the dimers only align in a planar configuration and consequently
very few visco-elastic parameters can be determined by dynamic light scattering or
Freedericksz transition. The application of a damping electric field to separate the visco-
elastic ratios is difficult because most of the difluorobiphenyl dimers investigated have

low and positive dielectric anisotropy Ag; the situation is further complicated if Ag
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changes sign as a function of temperature, as was observed for the BO7/11 mixture.
Static light scattering may be employed as a complementary tool in order to measure the
three elastic constants for the novel bimesogens in specific geometries. The main
drawback of this method is that it requires absolute values of scattered light intensity?
and multiple scattering problems may occur. It was shown that this technique combined
with DLS allows the determination of the three elastic constants and of five of the

independent Leslie viscosity coefficients for 5CB.’

The DLS spectrometer is currently being rebuilt as a multi-purpose light scattering
apparatus, which will enable static and dynamic measurements, heterodyne and
homodyne detection, low and large collection angles.* In addition, the new rig should
also be adaptable enough to perform other experiments, such as two colour DLS and
diffusive wave spectroscopy. Two colour DLS is a particular type of cross-correlation
using two lasers of different wavelengths to study the same spatial Fourier component in
weakly turbid materials;’ this technique removes the errors in the detection process due
to non-linearities and multiple scattering, which occur in thick samples of nematic LCs.
Diffusive wave spectroscopy can be applied in highly scattering media to calculate the

diffusion constants and transport mean free path.°

The novel features of the light scattering spectrometer are:

e two input and two detection arms for cross-correlation experiments;

¢ use of optical fibres to simplify the alignment procedure.
The new design of the apparatus is shown in Figure 7.1. The sample holder, illustrated in
Figure 7.2, will be modified to satisfy the requirement for low and large scattering
angles.? It can also be used in conjunction with optical fibres and includes an inner
sample chamber, which can accommodate different types of cells (e. g. capillaries). Both
types of cell holders contain index matching fluid which is in direct contact with the

chamber’s brass wall and thus can be heated via nichrome wires.

In the future, the bulky correlator Malvern K7025 will be replaced by a correlator card

which can be fitted inside the PC and full automation of the data collection and analysis

process will be implemented.
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Sample chamber

(including cell holder) Detectors (PMTs)

Laser sources (of same wavelength)

Figure 7.1: New proposed design for the light scattering spectrometer.

Sample chamber (with
temperature control)

Entrance for incoming
laser light

Figure 7.2: New sample holder.

7.2.2 Bimesogens for the flexoelectric effect

Further investigation is necessary to fully characterise the achiral bimesogens based on
the molecular template FFBOnOBFF and to design new dimers with improved

flexoelectric properties.

On-going work is focused on the measurement of the splay elastic constant k;; for these

systems in order to estimate the average flexoelectric coefficient e from the following

expression:

eP,.E
tand = ——. 7.1
BTG 2nk Wl
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Although this equation describes the flexoelectric effect in chiral nematics, the average of
splay and bend elastic constant k is assumed to be the same as for the achiral mixture.
The technique used is the electric field Freedericksz transition, which also requires

accurate measurements of the dielectric anisotropy Ae.

The conformational changes and distribution occurring in our dimers are still not well
understood. The order parameter S of the cyanobiphenyl bimesogens CBOnOCB has
been estimated to be between 0.52 and 0.66 for temperatures ranging from 10 °C to 63
°C below Tn1.” This demonstrates the high degree of orientational order in the nematic
phase that can be achieved with these dimers. However, the Maier and Nehring’s
prediction that the elastic constants scale as S? is not valid any longer for the
bimesogens.® This shows the need to develop new theories that take into account the
specific properties of these materials; for instance in their model, Terentjev and Petschek
introduced a stiffness parameter to describe the degree of flexibility of the spacer and
also an angle between the two mesogenic units forming the dimer.” They predicted that

the ratio k,,/k,, =1/3 for arigid odd or even spacer independent of temperature, which

agrees with experimental findings. In addition, for a flexible spacer, their theory confirms
that for an odd spacer dimer, the bend elastic constant should be significantly reduced for

an angle of at least 20° between the two mesogens.

New achiral and asymmetrical dimers, combining the difluorobiphenyl moiety with the
cyanobiphenyl mesogenic unit, have been synthesised with n = 9 and n = 10 methylene
groups in their spacers;'? their generic structure is given in Figure 7.3. These materials
exhibit the highest values of flexo-elastic ratios reported so far; e/k are respectively 1.25
and 0.6 CN'.m! forn=9 and n = 10 for the chiral-doped mixtures. Furthermore,
smaller pitch and thus higher critical field for the helix unwinding result in larger rotation
angles for the odd dimer compared to the even one for a given concentration of chiral
additive; for instance, the maximum angle achieved at Tys-T =20 °C is 21° forn =9 and

12° forn =10,

sy a s e

F

Figure 7.3: Molecular structure of the asymmetric bimesogens.

206



Chapter 7: Conclusion and future work

7.2.3 Bimesogenic dye-doped systems

The flexoelectric effect in dye guest-host chiral nematic mixtures is currently being
investigated. The host dimer used (denoted BO7/9) is based on a mixture of n=7 and n =
9 spacer of the same difluorobiphenyl bimesogens described in Chapter 6. Two types of
bimesogenic dyes have been synthesised and their molecular structures are sketched
respectively in Figure 7.4 (a) and (b). They both contain a cyanobiphenyl unit connected
via a flexible alkyl spacer to either a nitrostilbene group or a highly miscible perylene
dye moiety; the former is a dichroic non-fluorescent dye while the latter is a fluorescent
monotropic dye.'! High concentrations (between 15% and 50%) of either dye have been
dissolved in the host BO7/9, although phase separation occurs over time. The rotation
angles ¢ are found to vary linearly with applied electric field with gradients slightly
different from the value obtained for the host dimers. This may be explained by
variations in the helical pitch of the dye-doped mixtures and changes in the elastic
constants (compared with the pure host). The values for ¢ are comparable to the ones
achieved with the bimesogenic host i.e. ¢ = 22.5° for an applied field of about 10 V.um™.
At the same temperature, the response times are slightly increased upon the addition of

either dye.

(2)

ol O-Drertorteelrotortse LNy
2

(b)
O [-CHs0O' : o-F-cH; 70

CN

Figure 7.4: Core structures of (a) the nitrostilbene dye (b) the perylene dye.
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