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Abstract

This thesis will investigate liquid crystal materials for application in
switchable optical devices, with a focus on dichroic dyes and the pho-

tolsomerisation of azobenzene-based materials.

An electrically switchable and tuneable liquid crystal Lyot filter is
presented which demonstrates excellent switching from transmission
to blocking modes with a response time between 40 and 110ms de-

pending on the wavelength rejection required.

The effect of doping nematic liquid crystal 5CB with a new high-
solubility anthraquinone dye is investigated. The solubility limit is
found to be 7%(%), greater than any previously reported anthraquinone
dye, allowing for better colour saturation in guest-host devices. The
inclusion of this dye is found to improve the nematic temperature
range of the system, with 5%() dye generating an increase in the ne-
matic temperature range by 8.3°C. The optical, elastic, and dielectric
properties dependence on dye concentration are fully investigated and

the observed dependencies discussed in terms of device implications.

An anthraquinone dichroic dye doped liquid crystal elastomer is de-
veloped and the strain dependence of order parameter is measured
via the polarisation angle dependent absorption of the anthraquinone
dye. A temperature independent linear relationship between order
parameter and strain is demonstrated, with excellent agreement with
separate Raman spectroscopy data. A maximum order parameter of

S = (0.28 £ 0.01) is measured in the initially isotropic system. The



transmission dependence on strain means that this material could be
implemented as a simple optical strain sensor, with a continuous vari-

ation on transmission observed with applied strain.

An azobenzene material BAAB2 is utilised in the investigation of the
impact of photoisomerisation on nematic host 5CB. The nematic tem-
perature range of BAAB2 un-irradiated is between 48 and 83°C' and
the absorption peaks corresponding to the trans and cis excitations

are found at 350nm and 435nm respectively.

Doping of 5CB with BAAB2 at varying concentration between 0 and
10%(%2) is undertaken and the change in nematic to isotropic phase
transition temperature is investigated for various illumination con-
ditions. In the un-irradiated state the nematic to isotropic phase
transition temperature is found to increase from 36.3 to 41.4°C, a
direct result of BAAB2’s higher nematic temperature range when
compared with 5CB. In the yellow-filtered state a reduction in transi-
tion temperature is observed with increasing cis concentration, with
the relative change in intermolecular interaction energy measured as
(—=3.5+£0.3) - 1073, Under continuous unpolarised UV irradiation
the relative change in intermolecular interaction energy is 2.5 times
larger, at (—8.740.2)-1073. This is associated with the light-induced
torque generated out of the plane by the selective excitation of the
BAAB2 material, confirmed via dielectrics measurements of the sys-

tem under yellow-filtered and continuous UV irradiation conditions.

It is demonstrated that the BAAB2 doped 5CB system can be utilised
as an all-optical automatic switchable laser protection device which
switches from transmission to protection mode when the laser ” threat”
irradiates the system. The response time dependence on temperature
and laser power is fully characterised and the ability for this all-optical

device to provide protection for CCD cameras is evaluated.



Abbreviations

LC Liquid crystal

LIMR Light-induced molecular reorientation
LIOM Light-induced order modification
TDM Transitional dipole moment

LIM Light-induced impurity

DSC Differential scanning calorimetry
POM Polarised optical microscopy

ITO Indium tin oxide

5CB 4-pentyl-4 -cyanobiphenyl

MBBA N-(4-Methoxybenzylidene )-4-butylaniline

BAAB2 4-2-butyl-4’-2-alkoryazobenzene

I15NB3OH  1,5-Dihydrozy-4,8-bis-(4-propylphenylamino )anthraquinone
15NB3 1,5-bis(4-propylphenyl)aminoanthraquinone.

Table 1: General abbreviations



n Director
k Layer normal
S Order parameter
f(0,¢) Distribution function
| Parallel to the director
L Perpendicular to the director
d Cell gap
c Concentration
a Rod unit vector
0 Deviation angle of rod vector from director
[0) Deviation angle of rod vector in x-y plane
Orir Surface pre-tilt
I5; Angle between dye TDM and rod unit vector
T Torque
N Volume concentration
Table 2: General LC symbols

n Refractive index

Susceptibility
ne.  Extraordinary refractive index
n, Ordinary refractive index
An  Birefringence
r Optical retardance
A Wavelength
A Absorption
« Absorption coefficient
1 Angle between polarisation vector and director
D  Dichroic ration

Table 3: General LC optics symbols
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F, diel
Fel

Qa;

€0

Ae

Vin

Gibbs free energy

Free energy density
Electric free energy
Elastic free energy
Volume

Elastic moduli

Curvature component
Permittivity of free space
Dielectric permittivity
Dielectric anisotropy
Voltage

Threshold voltage
Z-dependant director angle

Capacitance

Table 4: General LC elastic and electric symbols

Boltzmann’s constant

Temperature

Nematic to isotropic phase transition temperature
Reduced temperature

Intermolecular interaction energy

Intermolecular interaction potential

Table 5: General LC temperature symbols
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Chapter 1

Motivation and direction

The hypothesis of this thesis was simple at the outset:
”Liquid crystal switchable optical devices.”

The amazing electro-optical properties of LCs continually prove to be an ex-
cellent foundation for switchable optics, from display to lens applications, and
therefore is an excellent starting point for the development of switchable op-
tics. As time progressed the investigation became focussed on the development
of switchable optical shutters, and more specifically optical shutters which could
protect cameras or eyesight against laser damage. The increased accessibility of
high-powered hand-held lasers has caused a growth in the number of laser inci-
dents surround pilots, cameras, and general retina damage. It is logical to simply
apply the selective transmission achieved in many liquid crystal modes/devices

to the selective rejection of these damaging laser wavelengths.

This PhD began with the investigation into an electrically switchable and
tuneable liquid crystal Lyot filter for laser protection [1]. The exceptional po-
tential for this liquid crystal based optical shutter to provide transmission and
blocking modes for cameras and eyesight, providing protection against damaging
laser wavelengths, was shown. However, the need of an electric field across the
device to switch into protection mode seemed somewhat limiting, requiring an

external sensor to tell the system when the laser threat was impacting the system.



1. MOTIVATION AND DIRECTION

Therefore, the research then progressed onto photosensitive materials coupled to

liquid crystal systems.

The doping of a typical nematic liquid crystal with an azobenzene-based liquid
crystal material was undertaken and the ability for the system to switch between
a transmission mode and blocking mode via irradiation of the system with the
laser "threat” was considered. The laser-light triggered an isothermal phase tran-
sition in the nematic system which switched the device between a twisted nematic
and isotropic device, providing automatic switching from transmission to block-
ing mode [2]. In investigating this photosensitive system many interesting effects
were observed, namely the light-induced order modification, and therefore much
of the later research in this PhD surrounded untangling the underlying physical
mechanisms involved in the light-induced effects observed and its impacts on the

physical properties of the system.

This thesis will begin with the introduction of the fundamental physics sur-
rounding liquid crystal phases and key anisotropic properties in chapter 2. Chap-
ter 3 will then introduce the underlying theory of dichroic dyes before taking a
close look at the impact of light-sensitive azobenzene based materials on liquid
crystals. The experimental methods utilised in the investigation of these ma-
terials and devices will then be described in chapter 4 before diving into the

experimental results and discussion half of this thesis.

Chapter 5 will describe the investigation into the electrically switchable liquid
crystal Lyot filter utilised for laser protection. A slight detour from specific opti-
cal protection devices will then be taken with the investigation into some dichroic
dye-doped liquid crystal systems in chapter 6. Chapter 7-9 will then describe the
investigation into the underlying physical mechanisms involved in the azobenzene
doped nematic liquid crystal system, before finally demonstrating the potential
for the system to act as an automatic all-optical switchable laser protection de-

vice in chapter 10. The thesis will then be summarised and your freedom granted.
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Chapter 2

Fundamentals of liquid crystals

Liquid crystals (LC) are a wondrous subset of soft matter physics with intriguing
anisotropic properties that combine with light to generate beauty down the micro-
scope, although this typically only happens in the case of poor alignment. This
chapter hopes to give a fundamental understanding of the background physics
of LC materials, from their place in the phase diagram to quantification of key
anisotropic properties such as order parameter, elastic constants, and dielectric
permittivity. This chapter is by no means all of the amazing physics of LCs, but
hopes to give an excellent foundation for the mechanisms discussed later in this

thesis.

2.1 Introduction

LC materials exhibit a phase of matter between isotropic liquid and solid crys-
talline (figure 2.1), the discovery of which is attributed to F. Renitzer [1]. This
phase has liquid-like fluidity, whilst still retaining long range orientational or-
der similar to the order in crystalline materials (unlike isotropic liquids which
have no long-range order). LC phases can be largely split into two categories:
thermotropic LCs which form as a function of temperature due to molecular ge-
ometrical anisotropy and lyotropic LCs which form as a function of amphiphilic

molecule concentration in a solvent.



2. FUNDAMENTALS OF LIQUID CRYSTALS

This thesis will focus specifically on investigation into calamitic thermotropic
LCs. Calamitic phases are formed from rod-shaped (elongated) molecules. To

form a LC phase they typically require a length to width ratio of >4:1.

Isotropic liquid Liquid crystal Solid crystal

Figure 2.1: The isotropic liquid, LC, and solid crystal phases of matter are de-
picted. The isotropic liquid exhibits short-range positional order and fluidity. L.C

phases exhibit long range order (orientational) and fluidity. Solid crystal phases

exhibit long range positional order, but are unable to flow.

2.2 Liquid crystal phases

LC phases that form from calamitic molecules do so as a function of temperature
and upon cooling from the isotropic liquid phase the LC material will transition
into the nematic phase (figure 2.2(a)). The nematic phase has long-range orien-
tational order, the mesogens on average point in a preferred direction denoted
the director n, but still retain liquid fluidity (the molecules can flow past each
other). The molecules are axially symmetric, n = —n, and have no positional
order. In the isotropic phase LC materials do not exhibit long range order, how-
ever there are some notable short-range ordering effects observed (not observed

in non-anisotropic materials), which are discussed in detail in [2, 3].

Cooling further, LC materials can exhibit the smectic-A phase. In the smectic-

A phase the molecules’ form a layer-like structure (positional order). This is
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2.2 Liquid crystal phases

Reducing Temperature

o
>

(a) Nematic (b) Smectic-A (€) Smectic-C

Figure 2.2: The (a) nematic, (b) smectic-A, and (c¢) smectic-C phases are shown.

The director and layer normal are denoted n and .

described by a 1-dimensional density wave in which the molecules centre of mass
on average falls along the layers, this is shown in figure 2.2(b). The director
is parallel to the layer normal k in this phase. Further cooling can lead to the
smectic-C phase which is similar to the smectic-A phase except the director is

now at an angle to the layer normal, as shown in figure 2.2(c).

Chirality

Chirality is the property in which the mirror image of an object cannot be su-
perimposed on the original, as shown in figure 2.3(a). This is common in organic
chemistry and occurs in some LC materials, or can be induced by the addition of
a chiral dopant to a nematic LC. Chirality in LCs generates the chiral nematic
or cholesteric phase in which the director rotates through the sample forming a
helicoidal structure, see figure 2.3(b). Further detail on the chiral nematic phases

and properties are described by Dierking [4].
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(a) Mirror (b) Chiral nematic
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Figure 2.3: (a) Chirality is shown to be when the mirror image cannot be su-
perimposed upon the original object. (b) The chiral nematic (cholesteric) phase
is shown in which the director rotates through the sample forming a helicoidal

structure.

2.3 Order parameter

The formation of the nematic phase on cooling from the isotropic phase can be
considered as simply an increase in the order of the system. To give a quantifi-
cation of this the order parameter (S) is defined as a function which will be zero
in the isotropic phase and non-zero in the nematic LC phase [5]. If a simple rod
with cylindrical symmetry is considered, figure 2.4, it can be defined by a unit

vector a which can be written in terms of its polar vectors:

a, = sin(f)cos(¢),
a, = sin(f)sin(¢), (2.1)
a, = cos(6).
If the director n is considered along the z-axis the overall rod alignment can

be described by a distribution function, f(6,$)dS2, which defines the probability
of finding the rods in the angle dQ2= sinfd¢ around (0, ¢).



2.3 Order parameter

|
|
: » X
|

Figure 2.4: The model of simple rods used to generate a numerical order param-
eter, # is the angle between the director (z-axis) and the rods vector (a), whilst

¢ is the angle in the x-y plane.

The cylindrical symmetry of the nematic director requires the distribution
function to be independent of ¢; f(0,¢) = f(#). The uniaxial nature of nematics,
n = —n, means that f(6) = f(m —6).

The first multipole which gives a non-trivial result when the nematic charac-

teristics are considered is given by [5]:

S = %((300320 )= /(f(@)%(?)cosQH _ 1)), (2.2)

If the distribution function is constrained at =0 or 7 (along the director) this

will result in cos# = %1 which gives an S=1. If however #=% (perpendicular

to the director) then you get a negative order parameter of S:—%. Finally, if
the system is isotropic, randomly oriented, < cos?(f) >= % and therefore S=0 as
expected in the isotropic phase. These values of S are consistent with the required
conditions first set out for a nematic LC and therefore equation 2.2 gives an useful

quantification of the order of the system.

9



2. FUNDAMENTALS OF LIQUID CRYSTALS

2.4 Refractive indices and birefringence

The refractive indices of any material are described by its refractive index ellip-
soid or Fresnel ellipsoid shown in figure 2.5 [6]. The ellipsoid describes how the
dielectric susceptibility (x), and therefore the refractive index (n) varies depend-

ing on the propagation direction through the material.

V4
1 \/Xz=nz

Ve
\ ’—‘-—\

\/Xx=nx > \/Xy=ny

N

__I._—/ \y

y 4

X
I

Figure 2.5: The Fresnel or refractive index ellipsoid is shown. This demonstrates
the dielectric susceptibility of the material in all directions and shows how the

refractive index will be different depending on the propagation direction.

In uniaxial LC materials there are typically two values of dielectric suscepti-
bility, x| and x which are parallel and perpendicular to the director [7]. These
are related directly to the extraordinary (n. = ,/x|)) and ordinary (n, = /X1)
refractive indicies. For light propagating at an arbitrary angle (i) to the op-
tic axis of the material the refractive index ellipsoid can be used to obtain the
effective birefringence of the material by taking the cross-section of the ellipse
perpendicular to the direction the light is propagating. The difference in re-
fractive index results in an effective birefringence (An=n, — n,), with n, being

the combination of n, and n, (equation 2.3) and n, the perpendicular component.

10



2.4 Refractive indices and birefringence

1 _sin2¢ cos*y
nz(y)  ng ng

The propagation of light in an anisotropic medium is crucial to the observation

(2.3)

and characterisation of LC materials. The interaction of plane-polarised light
with the medium is dependent on the angle between the polarisation (electric
field vector) and the optic axis of the material. If the polarisation is parallel or
perpendicular to the LC optic axis (parallel to n. or n,) then there is no change
in the polarisation state of the light. However, if the polarisation is at any other
angle the electric field decomposes into the two modes (n. and n,). Due to the
difference in refractive index each component will propagate at different speeds,
resulting in a phase difference [8]. Upon leaving the anisotropic medium the
recombination of the modes results in a retardance (I') applied to the polarised

light which is given as:

_ 27And
= —
where d is the cell gap (or light path) and A is the wavelength. It is important

r

(2.4)

to note here that in an system in which the director varies throughout the device
(e.g. a planar device with an applied electric field) the effective birefringence is

made of the sum of different n, values through the layers.

Refractive index dispersion

When investigating LC refractive indices it is important to consider the wave-
length dispersion, described in detail in any standard optics text book, such as
Hecht [9]. The refractive index is dependent on the wavelength of light due to
the coupling of the light’s electric field with electron oscillations. This typically
manifests itself as an increase in refractive index with decreasing wavelength, see
for example figure 2.6 of typical nematic LC wavelength dispersion of refractive
indices. There are many models which successfully predict the wavelength disper-
sion of material’s refractive indices and in this thesis the extended Cauchy model

is typically employed [10] as we typically limit ourselves to the visible spectrum.
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Figure 2.6: The wavelength dispersion of n, and n, for nematic LC /-pentyl-4’-
cyanobiphenyl (5CB). Data acquired from extended Cauchy model fit parame-

ters [10].

2.5 Elastic properties

In a fluid there are no restoring forces generated from the positional displacement
of molecules as they are simply able to flow past each other. Therefore, with the
elastic properties of nematic LCs (an incompressible fluid), the elastic forces gen-
erated from director curvature are instead considered. The elastic properties from
director deformations were first described by Oseen [11] and later developed fur-

ther by Frank [12].

If a Cartesian system is considered with the director parallel to the z-axis,
allowing the director to vary its angle locally results in six curvature possibilities,
depicted in figure 2.7. The free energy, GG, of a LC system is given as the volume
integral of the free energy density ¢:

G = / gdv. (2.5)
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2.5 Elastic properties

1
2

where a is the curvature components (sq,t;...) and k are the elastic moduli.

g = kiai + kijaiaj, (26)

Splay

Wiy
%Qﬂﬁj
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bi=dLy bi=dLx
dz dz

Figure 2.7: The possible torsional deformations available in the LC director. The

director n is parallel with the z-axis of the Cartesian frame.

If the co-ordinate system is replaced, such that (z, y, z) is replaced with
any other co-ordinate system (z’, y’, z’) the free energy density function and
curvature components (g and a,) must have the same function. The non-zero
terms of the free energy can be isolated by using the following assumptions in the

nematic phase (described in further detail [12]):
e Uniaxial symmetry around z-axis (i.e. ' =y, ¢y = —x, and 2/ = z2)

13
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e Non-polar molecules, n = —n (i.e. ' =z, y = —y, and 2/ = —2)
e Absence of chirality (i.e. 2’ =z, ¢y = —y, and 2’ = 2)

With these assumptions the non-zero terms are isolated giving the following

free energy equation:

1 1 1
g/ = §k11(51 -+ S9 — 80)2 -+ §k22(t1 + tz — to)2 + ikgg(b% + bg)

+k’12(81 + SQ)(tl + t2) — (kgg + k24)(5182 + tltz),

(2.7)

—k1 _ —ko /! 1 2 1 2
T o= 7,2 0 = g+ 3kusg + gkt

where sqg =
k11, koo, and ks are the bulk splay, twist, and bend deformations. k15 and ko4
are the surface saddle-splay and splay-bend deformations. In this thesis only the

standard bulk splay, twist, and bend elastic constants are considered.

2.6 Director deformation under electric fields

LCs molecular anisotropy typically results in two dielectric permittivities paral-
lel () and perpendicular (e, ) to the optical axis. This results in a dielectric
anisotropy, Ae = ¢ — €, which when positive (Ae > 0) means that the director
will reorient to align parallel with an applied electric field.

If a planar aligned nematic LC is considered (figure 2.8(a)), in which the di-
rector is uniform along the glass substrate in the y-direction, in the absence of
an applied electric field (voltage) the director will be homogeneous. However, if
a sufficiently large voltage is applied across the device it will cause a reorienta-
tion of the nematic director. However, due to the surface anchoring conditions,
typically assumed to be infinitely strong with a pre-tilt angle (6y;;) of 0°, the
application of a voltage will induce a non-uniform director distribution through
the cell in the z-direction. This non-uniform distribution in director, depicted in
figure 2.8(b, c) results in elastic restoring forces (splay and bend). This means
that by indirectly measuring the response of the director to an applied electric
field, numerical analysis can obtain dielectric and elastic properties of the nematic

material.
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Figure 2.8: A planar aligned nematic is depicted. (a) In the low voltage state, V' <
Vin, the director field remains uniform. (b) At just above the threshold voltage the
director field in the centre of the device begins to reorient and the splay elastic
force dominates. (c) At voltages much greater than the threshold voltage the
director reorients to be approximately homeotropic, although anchoring prevents
this at the surfaces.

The analysis of the deformation to a nematic director under an applied electric
field is described in detail by Dueling [13] and Welford [14]. To begin requires

the minimisation of the Gibbs free energy:

L
G = / (Fel + Fdiel)dz, (28)
0

where the elastic free energy (Fy;) is given by:

1,dV¥
F, = §(d_)2(k“ cos® (W) + k33 sin®(V)), (2.9)
z
with W being the z-dependant director angle. The electric field free energy (Fyie)
is given by
1
Fliel = —§€0E2(6” sin?(W) 4 €, cos?(V)), (2.10)
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where ¢ is the permittivity of free space. Setting the boundary pre-tilt condi-
tions at 0° this means that U(z = 0) = ¥(z = L) = 0 leads to the following

relationship:

Vo2 sin?( Pm 1+ ksin?(¥)
Vi 7r\/<1 T / \/ 1+ vsin?(0))(sin*(¥,,) — siDQ(W))Cz\IJ’ |
2.11

and as ¥,, is the maximum pre tilt occuring at ¥, = ¥(z = L),

Ty, -2
/ \/ 1—|—/€Sln \I/)(l—i-ysm d\IJ / \/ 1—|—IiSlIl \Il)(1+781n (\II))d\IJ,
(sin? (sin?

— sin?() — sin?(¥))
(2.12)
where the threshold voltage Vi, 7, and k are given by:
k
Vi = 11 ’
€o(€) —€1)
I (2.13)
8 g
_ ks — k11
ko

This model allows prediction of the director deformation under an applied electric
field in terms of the elastic and dielectric properties of the LC. If knowledge of
the director field deformation is known then the application of an electric field
can be used to deduce the dielectric and elastic properties of a LC material. In
practice, measurement of the director field is difficult, however measurement of
the capacitance (C') which can be directly related to the director field is easily
achieved (indirect measurement of the director field). It was shown by Gruler [15]
that the capacitance could be related the the director angle, elastic constants, and

dielectric properties via the following equation:

m (1+Iisll’l( )) (14 sin2 (7))
O — €0EL fO (sin? (\I/m)fsiZQ(\I/)) av

L m (I+rsin®(1)))
fO \/(1+’ysin2(‘ll))(sin2(\llm)—sin2(‘ll)) dw

(2.14)
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2.7 Summary

Equation 2.14 coupled with equation 2.11 allows fitting of capacitance versus
voltage curves to deduce dielectric and elastic properties of LC materials and

mixtures.

2.7 Summary

This chapter has introduced the fundamental physics surrounding LCs giving a
foundation for later discussions in this thesis. The position of LCs in the phase di-
agram has been demonstrated and the subsets of LC phases has been introduced.
The order parameter was defined, critical in later chapters which investigate light-

induced order modification.

Some key anisotropic properties of LCs were introduced including, birefrin-
gence, dielectric anisotropy, and elastic properties. These are by no means the
only interesting properties of LC materials, however they are the key features
utilised in investigating specialist materials in this thesis. Finally, the theory sur-
rounding the director response to an applied electric field was introduced which
allows measurements of the voltage dependency of LC capacitance to be related

to their elastic and dielectric properties.
In the next section a focussed look at dichroic dyes and their interactions

with LCs will be introduced. This will give a fundamental understanding of the

guest-host interaction as well as the coupling of light to LC systems.
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Chapter 3

Dyes and photoisomerisation

In the previous chapter the fundamentals of liquid crystal (LC) physics were
described. In this chapter a detailed look into dichroic dyes and the guest-host
effect will be conducted. The underlying theory of guest dye order coupling with
the host LC order parameter will be established. This will then be followed by a
discussion surrounding optically induced nonlinearities in azo-dye doped nematic
LCs. The theoretical explanation behind light-induced molecular reorientation
(LIMR) and light-induced order modification (LIOM) will then be discussed.

3.1 Dichroic dyes

Dichroic dyes exhibit an absorption anisotropy (polarisation angle dependent ab-
sorption). This is a result of the relationship between the transition dipole mo-
ment (TDM) and the molecular long-axis of the dye molecule. There are two
broad categories of dichroic dye: L-dyes and T-dyes. L-dyes (longitudinal) have
a TDM roughly parallel with the long axis of the molecule, although it is typ-
ically at an arbitrary angle §. T-dyes (transverse) have a TDM approximately
perpendicular to the molecular long axis. This thesis focusses on the combination
of longitudinal dyes with LCs.

An example of an L-dye (anthraquinone) used in this study is shown in figure

3.1, demonstrating the relationship between the TDM and molecular long-axis.
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3. DYES AND PHOTOISOMERISATION

Molecular long-axis

B

Molegular long-axis

B

Transition moment Transition moment

Figure 3.1: Anthraquinone dichroic dye (15NB30OH) is shown with the relation-
ship between molecular long-axis and TDM (absorption axis) demonstrated. The

angle 8 = 15.9° is calculated from time-dependent density functional theory [1].

The coupling of dichroic dye orientation with the LC director was first ob-
served by Helmeier and Zanoni in 1968 [2], in which the orientation, and therefore
absorption properties, of methyl-red dye was directly controlled by manipulation
of the LC director with an applied electric field. This phenomenon is known
as the guest-host effect, in which the dichroic dye (guest) is oriented with the
molecular long-axis along the LC (host) director. The ability to control the LC
orientation via external stimuli meant that this guest-host effect led to many
switchable optical devices being proposed, the first of which was demonstrated
by White and Taylor [3]. A good review of past and present developments in
guest-host systems is given by M. T. Sims [4]. Optical properties of guest-host

device are dependant on:

e bulk LC order,

coupling of dichroic dye with host order,

e order parameter of the dichroic dye,

dye TDM angle with respect to its long axis,

absorption coefficient of the dye,

dichroic dye solubility in LC host.
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3.1 Dichroic dyes

3.1.1 Dye types and properties

The physical properties of dichroic dyes are dependent on both their chem-
ical structure and the host LC they are doped into. There are broadly two
common categories of dichroic dye utilised in guest-host devices: azo-dyes and

anthraquinone-dyes. Here their physical properties will be briefly discussed.

Azobenzene-based dichroic dyes depicted in figure 3.2(a) are typically syn-
thesised to generate L-dyes. A comprehensive description of various azo-dyes is
given by Bahadur [5]. Azo-dyes demonstrate high order parameters when doped
in nematic LCs (0.5—0.8) [6], and high solubility (2 — 3%(%)) when compared
with other dichroic dye types [4, 7, 8]. Higher solubility leads to an increase in
colour due to higher levels of overall absorption making these dyes desirable for
display applications. However, azo-dyes have a notoriously low photo-stability

and degrade rapidly, with UV /blue absorbing azo-dyes degrading at a faster rate

(0]
8 1
5 4
(o)

Figure 3.2: The basic chemical foundation of (a) azo-dyes and (b) anthraquinone-

than red/yellow absorbing azo-dyes [5].

(b)

(a)
R—< >—N 7
8

6

dyes. Chemical substitutions can modify the physical properties of these dichroic

dyes.

Anthraquinone-based dyes, depicted in figure 3.2(b), can be synthesised to
generate both L- and T-dyes. These dyes typically have lower absorption coeffi-
cients, and a slightly reduced order parameter compared to their azo-dye coun-
terpart. However, anthraquinone dyes are incredibly attractive in display ap-
plications due to their high photo-stability compared with azo-dyes [9]. The

main drawback of anthraquinone based dyes is their low solubility, typically
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3. DYES AND PHOTOISOMERISATION

< 1% [8, 10], something that will be explored later in this thesis.

3.1.2 Dichroism and the order parameter

The addition of such small quantities of dichroic dyes to LCs only slightly modifies
the physical parameters of the mixture. The optical properties of the mixtures
can change dramatically, however the dielectric permittivity, phase diagram, or-
der, and viscoelastic properties remain largely unchanged, mostly due to the low

concentrations used due to the dichroic dye’s typically low solubility in LCs [10].

The coupling of the the dichroic dye orientation with the LC director allows
direct insight into the order of the system via optical spectroscopy of the mixture.
If the dye-doped guest host system is considered, figure 3.3, it can be stated that
the LC order parameter and the dye order parameter are given as:

Sre = = < (308 (Ohost) — 1) >,

(3.1)

N =N

Sp == < (3cos*(Ogye) — 1) > .

where 0p05; and 04, are the angle the host and dye molecular long axis makes
with respect to the director respectively (as discussed in chapter 2.3). These are
the definitions of the molecule’s order parameter, however if we now define the

order parameter of the TDM:

1
STDM = 5 < (3 COSQ(HTDM) — 1) >, (32)

where O7pys is the angle between the TDM and the LC director. Note that due
to the angle between the dye’s molecular long axis and the TDM, 5, Srpa # Sp.
With this in mind the absorption of light at any angle ¢ from the director is

given as [11]:

1—-Sp
3

Sp

)+ (52— 3sin®(B) cos®(v))],  (3.3)

A(B,0) = adel(F2) sin?(8) +
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3.1 Dichroic dyes
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n eTDM

Figure 3.3: (a) The model of a guest-host system is shown. The director is in the
z-direction. The LC host can vary by an angle 6, away from the director and
the dichroic dye can vary away from the director by an angle 4,.. The dichroic
dye TDM varies by an angle 8 away from the dye’s long axis. (b) A depiction
of the standard dichroic dye guest-host system. The dichroic dye molecules align
with the LC host. The sizes of the molecules are representative of the chemical
structure, with the dye 15NB3OH being slightly larger than host 5CB.

where « is absorption coefficient of the TDM, d is the cell gap (light path), and
c is the concentration. Now if this is simplified to the case of light absorption
with polarisation parallel and perpendicular to the director ¢y = 0° and ¥ = 90°
(cos?(¥)) = 1 or 0) respectively:

Ay =2+ 4Sp — 6Spsin®(8),

) (3.4)
A =2—-25p+3Spsin (ﬁ)
The dichroic ratio, D, is defined as [12]:
4
D=—— .
i (3.5)
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3. DYES AND PHOTOISOMERISATION

and the TDM order parameter can be experimentally found via [13-15]:

D -1

et (3.6)

Stpym =
Now combining equation 3.4, equation 3.5, and equation 3.6 it can be shown that:

D—-1
D +2
This assumes that the angle between the TDM and dye molecular long axis is

Srpuv = = SD%(Q — 3sin?(B)) = SD%(?) cos*(B) — 1). (3.7)

fixed, although in some cases the flexibility of linking groups can cause this to
fluctuate [16]. In this thesis the molecular dynamics simulation results will be
utilised for 5 values [1].

Now assuming that the dye order parameter does not vary significantly from
the LC order parameter, Sp ~ Si¢, we can measure the LC host order parameter
via absorption spectroscopic measurements:
~D-1 2
D +23cos?(B) — 1

Lc (3.8)

This allows for a simple and direct optical measurement of the order parameter
of any LC material doped with a suitable dichroic dye, provided the angle 5 the
TDM makes with the dye long axis is known.
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3.2 Photoisomerisation

3.2 Photoisomerisation

Azobenzene-based molecules, demonstrated in figure 3.4(a), are the basis of much
of the photo sensitive LC field. Azo molecules can exist in two structural confor-
mations, trans and cis, and a photo-induced conformational change can occur if
light of specific wavelengths irradiates the material, this phenomenon is known
as photoisomerisation [17]. The trans conformer is energetically stable (demon-
strated in the energy landscape example in figure 3.4(b)) and exhibits absorption
due to the m — 7% transition (typically in the UV wavelength regime depending
on the chemical structure). The cis isomer is energetically less favourable and
exhibits absorption at higher wavelengths (typically visible) corresponding to the

n — 7% transition.

Photoisomerisation of azo-based molecules begins with irradiation of the molecule
into the excited state, followed by relaxation into either the cis or trans conforma-
tional state. The energy landscape of the photoisomerisation process is depicted

in figure 3.4(b) and contains four distinct steps:

1. Excitation from the ground state into the excited state.
2. Relaxation to the energy minimum of the excited state.
3. De-excitation from the excited state to the ground state.

4. Relaxation into the energy minima corresponding to the cis or trans con-

former.

As can be seen from the chemical structure depicted in figure 3.4(a) the trans
state is an elongated rod-like structure, with the possibility to exaggerate this
anisotropy depending on the chemical composition of the R substituents. The cis
conformer is a bent V-shaped molecule with a 120° bend angle. The photoiso-
merisation process is reversible with UV light exciting trans state conformers and
increasing the cis conformer population, whilst visible light excites the cis con-
former and increases the trans population. Without any external photo-stimuli

the molecules will thermally decay from the cis to the trans state.
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Figure 3.4: (a) The trans and cis conformers of azobenzene are shown. (b) An
example of the energy landscape for the photoisomerisation process is demon-
strated.

The anisotropic nature of the azobenzene trans conformer leads to an excita-
tion/absorption polarisation sensitivity, due to the TDM lying roughly parallel
with the molecular long axis, which leads to some interesting phenomena when

coupled with LCs.

3.2.1 Optical nonlinearities in liquid crystals

The first non-linear optical response in LCs was demonstrated by Zeldovich [18§]
and Zolotko [19], quickly followed by Khoo [20], in which a non-linear shift in
refractive index was observed when pumping MBBA with a high intensity laser
to induce director re-orientation. This reorientation effect was a coupling of the
pump laser’s optical electric field with the nematic LC mesogen, this is described
in detail by Simoni [21], however here the focus is on the coupling of the photoi-
somerisation effect with nematic LCs, somewhat different from the high intensity
light coupling mechanism.

The photoisomerisation effect was first observed to generate much larger op-
tical non-linearities, at much lower pump intensities, in azo-dye doped LCs. This
was discovered by Khoo [22] in which an incredibly large optical response was
induced in methyl-red azobenzene dye doped nematic LC. There are two main
mechanisms involved in the effects of photoisomerisation: light-induced molecu-
lar reorientation (LIMR) and light-induced order modification (LIOM), each of

which will now be discussed in turn.
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3.2 Photoisomerisation

3.2.2 Light-induced molecular reorientation

As previously stated, the trans azobenzene conformer has a polarisation angle-
dependent absorption due to the anisotropic nature of the molecule giving a TDM
approximately parallel with the long axis of the molecule. This means that the
absorption of an excitation photon is proportional to cos?(¢), where 1 is the
angle between the TDM and the polarisation of the excitation light. Therefore,
molecules with their long-axis aligned with the excitation polarisation have the
highest excitation probability. After excitation, the molecule decays back into
the ground state cis or trans conformation (and if cis it then thermally relaxes
back into trans). If the molecule decays/relaxes back into the trans state with the
long-axis again parallel with the polarisation it will result in a repeat excitation.

However, if it relaxes to the trans state perpendicular to the polarisation it will

not be re-excited.

Light on Light off
X
c 6 Ty
o \
E /N_O_N\\ fsl> O—Na'
£4 il a
a o
g Methyl-Orange
2 T,
L
0 o 20 40 60
Time (s)

Figure 3.5: Transmission of methyl-orange (A = 488nm) as a function of irradia-

tion time parallel (7)) and perpendicular (7",) to the pump polarisation is shown,
redrawn from [23].

It is this selective excitation process which results in an overall reorienta-
tion/optical torque induced to the azobenzene-based molecules, ultimately lead-
ing to perpendicular orientation with respect to the excitation polarisation. This
reorientation was demonstrated nicely in 1984 by Todorov [23], figure 3.5, in

which the absorption due to the trans state of methyl-orange in poly-vinyl alcohol
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3. DYES AND PHOTOISOMERISATION

solution (non-LC) is monitored parallel and perpendicular to the pump polarisa-
tion, clearly demonstrating alignment of the mesogens perpendicular to the pump

polarisation.

When doped into a LC host this reorientation of azo-based molecules induces
an optical torque on the nematic director which can subsequently result in reori-
entation of the director to be perpendicular to the excitation polarisation [24].
This has been observed in a wide range of experiments [25-27], with the director
reorientation fixed during steady-state irradiation and remaining stationary post
irradiation if the surface alignment treatment has negligible azimuthal anchoring
energy.

LIMR of all kinds can be considered simply as an optical torque acting on the
director, in this case the photoisomerisation optical torque applies a force per-
pendicular to the pump polarisation. Explicit expressions for the optical torque
induced are not easy to obtain as they are highly dependent on the conditions
involved: director orientations, pump polarisation, anchoring conditions, and dye
chemical composition, although modelling of the dynamics can provide insight
into this [28, 29]. However, with nematic LCs it can simply be assumed that

there is an additional term included with the free energy density such that:

F =Fy+ Fy, (3.9)

where Fy; is the elastic free energy and F,, is the optical free energy. The
equilibrium condition given under steady state irradiation is when the sum of

elastic torque T, and optical torque Y, is zero:
Yo+ Yop =0. (3.10)

3.2.3 Light-induced order modification

The photoisomerisation process from the trans to cis state shows a distinct change
in molecular shape. If the simplest configuration is considered to be a change from
rod-like (trans) to a bent V-shape (cis), it is clear that when in the trans con-

formation the mesogen will pack well with a nematic LC host with very little
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3.2 Photoisomerisation

disruption. However, the cis state isomer will not pack well with a nematic host

and will lower the order of its neighbouring molecules, see figure 3.6.
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Figure 3.6: The photoisomerisation of an azo-based mesogen from trans to cis.

The molecules goes from a well packed nematic rod-shape, to a bent molecule

that disrupts the ordering of the nematic host.

The large optical non-linearities observed in 1980 [18, 19] were first linked to
this change in orientational order due to conformal shape change by Odulov [30].
Odulov demonstrated that the change in macroscopic order due to the confor-
mational transition of MBBA, figure 3.7, was the reason such large optical non-

linearities were observed.

The conformational change from trans to cis can be considered as the process
of introducing impurities into the system. These impurities (cis molecules) are
known as light-induced impurities (LIMs) and will impact the materials polaris-
ability and molecular interaction energy. In describing the effect of LIMs on a

nematic system a number of assumptions must be made including [31]:
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trans-MBBA cis-MBBA

Figure 3.7: The conformational trans and cis states of LC MBBA used in exper-

iments on optically induced nonlinearities [18, 30].

1. Photoisomerisation is reversible.

2. Phototransformation makes no change to the molecular integrity.
3. Neighbouring LIMs have no overlap.

4. The nematic L.C has an equilibrium distribution.

5. The concentration of molecules in the ”excited state” is zero. This condition

is met if the excited state lifetime is sufficiently short.
6. The symmetry of the nematic state does not change due to the LIMs.

The appearance of LIMs in a nematic LC will result in a shift in the transition
temperature (T;) by AT =179 — 7, where 7 = TLNI and the sub/super-script ”0”
corresponds to zero concentration of LIMs. Therefore, the change in refractive
index (0n) due to the shift in transition temperature (order parameter) can be

given by:

6n¥ = ng (1o + A7) — n° (). (3.11)

It is shown by Pinkevich [31] that the change in refractive index caused by the
change in polarisability is negligible and therefore any change in the material is

dominated by the change in order parameter.
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Maier-Saupe theory predicts that the nematic to isotropic phase transition

temperature is given by [32]:

A
TS, = 0.22k—°,
’ (3.12)
A[) = ’U?j,

where A( is the intermolecular interaction energy, v;; is the amplitude of in-
termolecular interaction potential, and k; is the Boltzmann constant. Now the
appearance of LIMs will result in a shift in the phase transition temperature due

to their change in intermolecular interaction energy:

/ N
Al = AO -+ 20/ Z A’Uij,
i (3.13)

/

, N
= 5

Avij = vij — /Uija

C

where Ty, is the modified transition temperature, A" is the modified intermolec-
ular interaction energy, ¢ is percentage volume concentration of LIMs (N') with
respect to the volume concentration of all molecules (Ny), and Awv;; is the change
in intermolecular interaction potential. Combining the equations for T and T,

the following relationship can be found:

ATy _ N —Do _, 02000

- - . 3.14
Ty, Ao y (3.14)

4 Vi
The ratio of the change in transition temperature (ATy; = T° — T%;) to the

un-irradiated transition temperature is directly related to the LIM concentration

multiplied by the relative change in the intermolecular interaction potential.

As the main contributor to any changes in the material is assumed to be due
to the shift in order parameter this means that with the measured difference in

transition temperature, equation 3.11, can be simplified to:
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on® = ng(1o + AT) — ng(7), (3.15)

where n°(7) has been replaced with ng(7).

3.3 Summary

In this chapter the two common dichroic dye types, azobenzene and anthraquinone,
were shown and their relative advantages and disadvantages in LC systems were
discussed. The guest-host phenomenon was introduced, demonstrating how a
dichroic dye doped into a nematic LC host will align itself with its long-axis
oriented in the same direction as the director. The relationship between the
polarisation angle dependent absorption and the LC bulk order parameter was

established, with equation 3.8 utilised later in chapter 7 — 9.

The photoisomerisation of azobenzene-based dyes was introduced and the
two main light-induced modifications of nematic LCs was discussed: LIMR and
LIOM. The polarisation angle-dependent excitation process is shown to generate
a reorientation of the azo-dye to be perpendicular to the excitation polarisation.
When doped into a nematic LC this can subsequently induce a torque on the
director field causing overall director reorientation (LIMR). The conformational
shape change in the photoisomerisation process is shown to generate modifications
in the order parameter of the nematic host (LIOM). The theory surrounding these
were explored, with previous literature assuming this change in order is the main
contributor to any physical parameter modifications in the irradiated sample [31].
This assumption will be explored in this thesis and equation 3.14 will also be

utilised in experimental data analysis (chapter 7).
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Chapter 4

Experimental methods and

materials

This chapter will introduce the materials utilised throughout this thesis and will
also describe some of the general experimental methods used in the investigation
of the underlying properties of these materials. Experimental procedures specific

to an investigation will be described in further detail in the respective chapters.

4.1 Materials

This thesis will focus mainly on the combination of light-sensitive materials with
the nematic liquid crystal (LC) phase. There are three main materials utilised
which will each be introduced here in turn, whilst other materials less frequently

used will be introduced in the respective chapters.

4-Cyano-4 -pentylbiphenyl (5CB), figure 4.1, was the first stable room tem-
perature nematic LC developed by Gray in 1973 [1]. This ubiquitous nematic LC
was the first stable LC to exhibit a room temperature nematic phase (25 — 35°C)
making it applicable to LC technologies. It has subsequently been studied exten-
sively by the LC research community and there is a swath of literature available
describing this material. It is therefore a excellent nematic LC to utilise in com-

bination with interesting dopant’s or mechanisms due to the amount of literature
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4. EXPERIMENTAL METHODS AND MATERIALS

available for comparison.

Figure 4.1: The chemical structure of 5CB is shown. The crystal to nematic phase
transition temperature is 25.0°C' and the nematic to isotropic phase transition
temperature is 36.3°C'.

4-2-butyl-4 - 2-alkozyazobenzene (BAAB2), figure 4.2, is a LC material with an
azobenzene linkage group. It is part of a series synthesised by V. A. Grozhik [2].
The BAAB- series has been characterised in terms of its light induced switching
properties [3, 4], potential use as a drug delivery system [5], and their effect on
cholesteric LCs [6]. BAAB2 exhibits two conformational states, trans and cis,

depicted in figure 4.2 and this material is discussed in detail in chapters 7 — 9.

koT, Vis
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Tra \ Cis
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Figure 4.2: The chemical structure of BAAB2 is shown. The crystal to nematic
phase transition temperature is 48.5°C' and the nematic to isotropic phase tran-
sition temperature is 83.5°C'.

1,5-Dihydroxy-4,8-bis-(4-propylphenylamino Janthraquinone (15NB3OH), fig-
ure 4.3, is part of a set of anthraquinone dyes synthesised by Cowling [7]. 15NB3OH
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4.2 Polarised optical microscopy

is an anthraquinone based dichroic dye that exhibits polarisation angle depen-
dant absorption which peaks at A = 694nm. It has been investigated extensively
by researchers at the University of York [8-10], and other anthraquinone dyes
from this synthesis set have been utilised in LC switchable optics [11]. The cou-
pling of the dichroic dye’s polarisation angle dependent absorption to the order
parameter of the nematic system is utilised in later chapters as a simple optical

measurement of the order parameter of the host LC.

OH O HN’©/\/
OO

/\/@,NH O OH

Figure 4.3: The chemical structure of 15NB3OH is shown. The absorption peaks
at A\ = 694nm and the angle the TDM makes with the molecular long axis is
g =15.9°[8].

4.2 Polarised optical microscopy

In LC characterisation the key experimental procedure in the identification of
phases, optical properties, and phase transition temperatures is observation of
the LC sample using polarised optical microscopy (POM). The general POM ob-
servation of a birefringent sample is depicted in figure 4.4(a) and involves the
illumination of the birefringent sample held between crossed polarisers (polarisa-

tion axis of each polariser at 90° with respect to one another).

An isotropic sample will appear dark when observed using POM as the po-
larised light remains unaffected by the isotropic medium and is therefore blocked

by the analyser. However, if a birefringent sample is observed using POM (such
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4. EXPERIMENTAL METHODS AND MATERIALS

as LCs), with the optic axis at any arbitrary angle away from the polariser axis,
then a bright/coloured state is observed. Orientation of the optic axis at an an-
gle to the polarisation will result in the light’s electric field decomposing into two
modes, corresponding to each refractive index of the birefringent medium. These
modes then propagate at different speeds (due to the birefringence) and upon
recombination a wavelength-dependent phase difference is induced to the light

and therefore results in wavelength-dependent transmission through the analyser.

(a)

(b)

- Visible light source
- Aperture

- Mirror

- Removable/rotatable polariser
- Condensor

- Rotation stage/Sample

- Objective

- Empty or Dichroic mirror

- Mirror or beam splitting cube

CONOCURARWNEM

10 - Lens

2:4 11 - Fibre optic cable
3 / 12 - UV light source
2 3

Figure 4.4: (a) Unpolarised light is polarised by a polariser, upon passing through
a birefringent medium a retardance is applied. Although this will typically gen-
erate elliptically polarised light here it is simply depicted as a rotation in the
polarisation. Partial transmission of light is then achieved through the analyser
due to the modification to the polarised light. (b) The Leica DM2700 polarising
microscope used in the majority of experiments is shown. The entire system is

depicted in terms of optical path and microscope parts.

42



4.2 Polarised optical microscopy

The wavelength-dependent transmission in POM with crossed polarisers and
optic axis at 45° to the polarisers is given by equation 4.1. When an aligned
polariser setup is utilised (polarisation axes aligned) the sin® function is replaced
with a cos? function, utilised in chapter 5. A wavelength dependent transmission
is achieved in both states which results in a typically coloured appearance when
LCs are observed using POM, the transmission spectrum between crossed po-

larisers can be measured using a coupled spectrometer as shown in figure 4.4(b).

WdAn)
A )

where d is the cell gap, An is the effective birefringence, and A is the wavelength.

T = sin*( (4.1)

In this thesis POM is modified in a number of ways to allow for different
experiments to be conducted. Figure 4.4(b) shows the Leica DM2700 polarising

microscope utilised for the majority of investigations.

UV /Vis Spectrometer

One such modification involves the direct measurement of the visible trans-
mission spectrum via coupling of the UV /Vis Avantes AvaSpec-2048 XL spec-
trometer (sensitivity of +1nm) via optical coupling of an Avantes FC-UV050-2
200 — 800nm optical fibre into position 11. The measured spectrum is post-
analyser and allows the crossed, uncrossed, or single polariser transmission of
light through the sample to be accurately measured. The visible light source
produces light of wavelengths 400 — 740nm, with varying intensity typical of a
broadband light source. The polarisers utilised have an extinction ratio of 1000:1
measured via the spectrometer (transmitted light through crossed polarisers is ap-
proximately 0.1%). During experimentation utilising spectrometer measurements
a mirror is employed in position 9 of figure 4.4(b) to remove the polarisation de-

pendent transmission generated from the beam-splitting cube.

The normalisation procedure is key in spectrometer measurements if accurate

values for the optical properties of a sample or device is to be attained. Additional
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error can be introduced into the measurement if, for example, different alignment

substrates are utilised between the measurement and normalisation measurement.

In chapter 5 and 10 the normalisation procedure for spectrometer measure-
ments simply involves removing the loses generated from the polarisers and exper-
imental losses (approximately 55% for unpolarised light) and therefore involves
setting the bright state as an empty hot stage with aligned polarisers. This is

done to allow for accurate representation of the device capabilities.

In chapter 6 — 9 the majority of experimentation involving dye-doped samples
the transmission/absorption spectrum of a dye-doped sample held in a LC de-
vice is normalised to an effectively identical device, with identical ITO/alignment
layers and a cell gap within +1pum, filled with the non-dye doped sample. This
removes any optical losses generated by the LC host and device substrates, as
well as experimental losses such as hot stage reflections, to give an accurate rep-
resentation of the dyes optical properties and ensure that no additional error
is introduced into the experiment by varying alignment/ITO substrates between
measurements. During all normalisation procedures it is also crucial that the
temperature is consistent between all measurements and that the director is ori-
ented in an identical manner with respect to the polariser (£1°). The impact of
this variation in director angle on the result can be considered simply through
calculating the effective change in the refractive index. If the refractive indicies
of 5CB are considered (n. = 1.730 and n, = 1.53) a variation of 1° away from the
director will result in a shift in refractive index from n, = 1.730 to n, = 1.729,
a very small shift introducing minimal error to the measurement. These steps
are crucial as any change in the refractive index will change the reflections at the
glass/ITO/alignment - LC interface. Following these normalisation procedures
results in accurate representation of the optical properties of the samples or de-
vices, however multiple runs must always be conducted to ensure confidence in

results.
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4.2 Polarised optical microscopy

Single polarising microscopy

Measurements of dichroic dye polarisation angle-dependant absorption is achieved
in a single polariser microscopy setup coupled to the spectrometer. During these
measurements the bottom polariser of figure 4.4(b) is removed, whilst the optic
axis of the sample under consideration is oriented at 0 or 90° to the analyser

(upper polariser).

UV Irradiation

UV irradiation is key in measurements surrounding photo-sensitive materials and
coupling is achieved in this setup via the reflection arm. A Leica external UV
light source EL 6000 is coupled via a liquid light guide into the reflection arm of
the setup shown in figure 4.4(b), which produces unpolarised light of wavelengths
360 — 680nm. A dichroic mirror is utilised in position 8 which reflects light of
wavelengths < 400nm to the sample, whilst transmitting wavelengths > 400nm.
This means that only UV light from the external UV light source impacts the
system, whilst still allowing optical measurements via visible light from the trans-

mission mode to pass through the dichroic mirror to the spectrometer.

The soda-lime glass utilised in LC device construction has an associated ab-
sorption spectrum which increases in the UV regime. The transmission of ITO
coated soda-lime glass is still greater than 50% at wavelengths greater than
A = 330nm [12] and therefore the glass absorption will not greatly impact the UV
irradiation experiments as wavelengths between 360 and 400nm are utilised. The
UV wavelengths used during these experiments are in the high wavelength UV
regime and as such are not greatly impacted by glass absorption properties of the
devices or microscope parts. Ensuring consistency between all measurements, in
the optics employed and device substrates used, allows for comparisons between
results to be made, with strong certainty that the UV intensity impacting the

sample is constant between runs.

45



4. EXPERIMENTAL METHODS AND MATERIALS

Temperature control

In all POM measurements a Linkam LTSE120 hotstage was used with a Linkam
T95-PE temperature controller to maintain the sample temperature during ex-
perimentation. This was used with active water cooling from a cold water bath
flowing through the system allowing active cooling and sub-room temperature
measurements to be conducted. The hotstage measures to an accuracy of +0.1°C
and all measurements are compared as a function of reduced temperature to re-
duce the error in the calibration of different temperature control experimental
methods.

4.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) [13] is a method utilised in this thesis to
identify first-order phase transitions in LC samples. The technique involves the
measurement of the difference in heat flow (%), on heating or cooling, between
a sample and a well characterised reference material (in this case indium). The
sample is held in a hermetically sealed aluminium pan and an example DSC trace
(heating and cooling cycle) for nematic LC 5CB measured using the TA Instru-

ments Q20 DSC is demonstrated in figure 4.5.

Upon heating the sample the heat flow is negative as expected it requires
energy in order to increase the temperature. Two minima in heat flow are ob-
served on heating relating to first-order phase transitions, the first of which is
the melting of the crystal phase into the nematic phase which is a large en-
dothermic reaction and therefore requires a higher heat flow compared to the
reference pan to increase the temperature of the sample. The second trough in
heat flow corresponds to the nematic to isotropic transition, with a much smaller
enthalpy change generated during this transition and therefore a smaller change
in heat flow is observed. Upon cooling the heat flow is positive, energy is not re-
quired in order to actively cool the sample. A single peak is observed on cooling

corresponding to the isotropic to nematic transition, an exothermic first order
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Figure 4.5: The DSC heat flow trace for typical LC material 5CB, with a heating
rate of 10°C'min~1. On heating the enthalpy change associated with the crystal
(K) to nematic (N) phase and the nematic to isotropic (I) phase transition is
observed. On cooling the enthalpy change associated with the isotropic to nematic
phase transition is observed, however the nematic to crystal phase transition isn’t
observed in the demonstrated temperature range as a result of the sample super

cooling.

transition which therefore results in a peak in heat flow. The nematic to crystal
transition is not observed in the temperature range demonstrated of the DSC

trace due to supercooling of the sample.

DSC is utilised in this thesis to identify the first-order phase transition temper-
atures of LC materials identified by the peak positions in the transitions. Whilst
identification of the peak in the enthalpy change is possible to an accuracy of
+0.05°C' the position at which is appears is dependent on the sample mass and
the heating/cooling rate employed. By keeping the heating/cooling rate constant
between all measurements, at 10°Cmin~!, the DSC transition temperatures are
then quoted to an accuracy of £0.1°C' throughout this thesis. However, com-

parison between different experimental procedures, such as hot stage transition
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temperature measurement and DSC, has a higher associated error due to dif-
ferences in temperature calibration, thermal contact, and heat rates. Therefore,
in comparing experimental procedures the transition temperatures are typically
within +£1°C' of each other.

4.4 Dielectrics

The theory discussed in chapter 2.6 describes how the director deformation un-
der an applied voltage can be directly related to physical parameters of the LC
material including elastic constants and dielectric permittivity. This is generated
by fitting of theoretical equations to the voltage dependence of permittivity of
the LC material.

The permittivity dependence on voltage is achieved by measuring how the
capacitance of a LC sample varies as a function of voltage in a LC cell. The cell
is constructed with overlapping ITO electrodes on each surface, with the ITO
etched to give a central region of applied electric field such that only the LC
material is measured (away from the glue seals). In the experiments conducted
in Chapter 6.1 the LC cell had etched ITO layers in a guard ring design. This
pattern involves a third electrode, held at ground, circling the central electrode
with a small spacing between them, which results in displacement of the fringing
of the electric field away from the area of study and therefore reduces the error
associated with the capacitance measurement [14]. However, the experiments
conducted in Chapter 8 were not conducted using this guard-ring design, increas-
ing the error slightly in the measurement, however this error is still small when

compared to error introduced from other parameters (e.g. fitting).

The capacitance is measured using an Agilent E4980A Precision LCR Meter
for varying voltages 0 — 20V,,,, in steps of 0.05V,,,,. A frequency of 10kHz is
used to prevent ion build up on the electrodes, whilst also avoiding any significant

relaxations in the LC material. The temperature of the system is controlled using
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4.4 Dielectrics

an active water cooling Linkham LTSE120 hotstage coupled to a Linkham T95-
PE temperature controller. The empty cell capacitance (Cy) was first measured

in the device without LC material which is given as:

EoA
d
where € is the permittivity of free space, A is the electrode area, d is the cell

Co="""10,, (4.2)

gap, and Cj is the stray capacitance. The capacitance of the device filled with

LC material (CL¢) can then be measured which is given as:

+ Cs, (4.3)

where €1,¢ is the measured material permittivity. Equation 4.3 can then be sub-

tracted from equation 4.2 to give:

A
CLC - CO = GOT(GLC - 1) (4.4)
ere = L (Cro— Cp) +1 (4.5)
LC_GOA LC 0 .

This is the relationship used to relate the measured capacitance to the permit-
tivity measured in the LC devices. This can then be fit with the theoretical
description in chapter 2.6, utilising software developed internally by P. Brimi-
combe which follows the method developed by Welford and Sambles [15] to give
physical parameters of the LC material, as shown in figure 4.6(a). If pre-tilt
is not included in the fitting procedure a poor fit around the threshold voltage
is attained as seen in figure 4.6(b), which in turn results in poor calculations
of the splay and bend elastic constant, as well as the perpendicular dielectric
permittivity.

In comparing the results of dielectric fittings of different mixtures, devices, and
experimental conditions the standard error propagation quickly loses accuracy in
fully representing the error associated with the measurement. By comparing the
5CB physical parameters with accepted literature values [16], figure 4.7, it can be
seen that the parameters maximum variation away from the accepted values is
approximately 5% (both datasets did not use guard rings). Therefore, in quoting

physical parameters attained from dielectric fitting the values will be quoted with
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Figure 4.6: (a) The voltage dependence of capacitance is shown for 5CB sample
at 20°C'. The dielectrics fitting with pre-tilt gave parameters of k;; = 6.8pN,
k33 = 10.5pN, ¢ = 20.0, e, = 6.2, and 6, = 1.5°. The dielectrics fitting
without pre-tilt gave parameters of ki; = 6.1pN, ksz = 10.9pN, ¢ = 20.0, and
€1 = 6.3. (b) A clear demonstration of the difference in fitting when pre-tilt is

included into the fitting procedure.

a 5% error to accurately represent the errors which will not be accounted for in

standard error propagation (e.g. variation between devices alignment, cell gap

variation, wire length...).
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Figure 4.7: The comparison of dielectric fitting results for 5CB (a) dielectric

permittivity and (b) elastic constants with accepted literature values [16].
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4.5 LC devices

4.5 LC devices

LC materials are typically observed using POM and other experimental methods
whilst the material is constrained in a device or cell. The cell constrains the LC
material between two substrates (typically glass) with a pre-defined thickness or
cell gap (usually between 2 and 50um). The glass substrates can be coated with
an indium-tin-oxide (ITO) layer (quoted resistivity 100€2/) which allows the ap-
plication of an electric field perpendicular to the substrates (utilised in dielectrics
measurements). During optical characterisation of materials the measurements
were typically conducted using non-ITO coated devices to remove the additional
interaction of light with the ITO layer discussed in detail in [17].

The surface of each glass substrate (or on top of the ITO layer) can be treated
with an alignment layer (around 0.1um thickness) to generate a preferred director
orientation and devices can be constructed in specific ways to generate a desired
director profile. In this thesis the majority of experimentation was carried out on
a planar aligned device with the director lying homogeneously in the substrate
plane. However, for clarity in later discussions the common alignment types and

director profiles will be described here.

4.5.1 Device types

The planar aligned LC device, depicted in figure 4.8(a), has substrates typically
treated with rubbed polymer, in the case here, either 0.5%(%) poly-vinyl-alcohol
(PVA) in de-ionised water or polyimide alignment SE3510 or SE130. Both of these
alignment materials are rubbed with felt to generate unidirectional alignment
in the substrate plane. Polyimide alignment layers provide better temperature
stability compared with PVA and also generate a variety of pre-tilt angles (the
angle the director makes out of the plane at the substrate) with SE3510 and
SE130 giving pre-tilt angles of 6-8° and 1-2° respectively.

Planar devices are typically constructed with each substrate rubbing direction
oriented away from each other (anti-parallel), figure 4.8(a), to prevent the for-

mation of chevrons in a nematic LC which is observed in devices with substrates
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Figure 4.8: (a) The standard planar aligned LC device is depicted. The sub-

strates are rubbed in the anti-parallel fashion and a uniform director orientation
is observed. (b) A planar aligned device with parallel rubbing directions is shown.
Unidirectional alignment is achieved, however the parallel rubbing results in the

formation of chevrons affecting the director field.

rubbed in the same direction (parallel), depicted in figure 4.8(b).

Homeotropic LC devices have substrates treated such that the director orients
out of the substrate plane. This can be achieved with either with 0.5%% cetyl
trimethyl ammonium bromide (CTAB) in de-ionised water or through SE1211
polyimide treatment. In the homeotropic case the alignment layer does not re-
quire rubbing for unidirectional alignment and is depicted in figure 4.9(a). How-
ever, should a negative dielectric material be utilised for a switchable LC device
that re-orients from homeotropic towards planar orientation under the applica-
tion of an electric field, then rubbing of the homeotropic alignment layer can be
utilised to ensure a well aligned material when the field is applied, demonstrated
in figure 4.9(b, d). Without rubbing of the homeotropic layer the director will
re-orient in any in-plane direction under an applied field. However, with rubbing
the generation of a preferential re-orientation direction is generated and results

in a uniform director distribution under an applied field.

A hybrid-aligned-nematic (HAN) device consists of one homeotropic substrate

and one planar substrate, depicted in figure 4.10(a). The director in the HAN
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Figure 4.9: (a) The un-rubbed homeotropic device is demonstrated. (b) The

rubbed homeotropic device is demonstrated, with the rubbing generating a small,
typically less than 1°, pre-tilt preferential direction away from 90°. (¢) Application
of an electric field to a negative dielectric LC in an un-rubbed homeotropic device
is demonstrated, with the random re-orientation demonstrated. (d) Application
of an electric field to a negative dielectric LC in a rubbed homeotropic device is

demonstrated, with the well aligned re-orientation demonstrated.

device re-orients between the two substrates and can be used to generate inter-
esting LC devices. A twisted-nematic (TN) device consists of two planar aligned
substrates with the rubbing direction oriented at 90° with respect to one another.
This is shown in figure 4.10(b), generating a director which re-orients through the
device. When this device type is combined with specific LC materials it can gen-
erate wave-guiding of polarised light, rotating the polarisation by 90°, allowing
transmission of light between crossed polarisers.

These are some of the basic LC devices utilised in applications and investiga-
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layer and a planar treated layer. (b) The TN device is shown in which the planar
substrates are rubbed at 90° with respect to each other generating a twisted

director profile.

tions into LC materials. They are by no means the only possible device orienta-
tions or the only alignment materials available, but cover the devices generated

during the research period discussed in this thesis.

4.5.2 Device fabrication

The general LC device fabrication procedure will now be outlined to give an
overview of the steps involved in generating consistent, well oriented, and uniform
cell gap devices.

First, the substrates (15x10mm) are cleaned to remove any dust or organic
thin films. The substrate cleanliness is key in achieving a well oriented LC device
as any dust particles or debris will generate defects in the director field and
disrupt experimental measurements. The cleaning process involves the following

steps:

e 30 minutes of sonication in de-ionised water 4+ Decon-90 surfactant to re-

move dust/debris particles (repeat 2 times).

e 30 minutes of sonication in de-ionised water to remove any surfactant residue

(repeat 3 times).

e 30 minutes of sonication in Acetone to remove organic thin-films.
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4.5 LC devices

e 30 minutes of sonication in Methanol to remove organic thin-films (also

removes drying marks generated by Acetone).

e 10 minutes of irradiation in UV /Ozone to remove any final organic matter

on the substrate.

Once the substrates are clean the alignment layer is spin coated onto the sub-
strate with: spin-speed=3000rpm, time=60s, and acceleration=200rpm /s (giving
a thickness of approximately 0.1um). Once spin coated the polyimide treated
substrates are baked at 180°C' for 60 minutes to set the alignment layer. The
PVA and CTAB alignment is heated at 40°C' for 5 minutes to evaporate any

remaining solvent.

Substrates which require rubbing are then rubbed using a felt rubbing machine
to give unidirectional alignment, 4 passes under the roller are conducted to give
uniform alignment, with the substrate oriented with its long axis in the rubbing
direction. Glass spacer beads are then deposited onto one substrates to give the
desired cell gap, measured to typically vary by 40.2um across the device. The
cells are then constructed with the required alignment orientation and sealed with
thermal or UV glue. The glue is set and then the devices are ready for testing.
The device thickness is measured to ensure an even cell gap and good alignment

of the director in the device is confirmed using POM.

4.5.3 Summary

This section has introduced some of the key materials, experimental methodolo-
gies, and LC device fabrication techniques crucial for the research conducted in
this thesis. In the next section the research, development, and characterisation

of an electrically switchable laser protection filter will be discussed.
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Chapter 5

Liquid crystal Lyot filter

In this chapter a electrically switchable LC Lyot filter is investigated as a switch-
able optical filter, specifically for protection against laser damage. High-powered
hand-held continuous wave lasers are readily available and are increasingly in-
volved in incidents surrounding camera and eyesight damage or dazzling, malev-
olent or otherwise. Here this LC device is utilised as a switchable optical filter
which prevents damage and dazzling. The capabilities of this device are directly
compared to literature for CCD camera damage from a continuous wave laser, as
this is fully characterised with threshold damages well established, and demon-
strates excellent protection. However, it is difficult to evaluate the ability for this

device to protect eyesight as it is obviously less characterised in the literature.

Much of the work contained in this chapter was published by Ethan I. L. Jull
and Helen F. Gleeson, "Tuneable and switchable liquid crystal laser protection
system”, Applied Optics, 56(29), 2017 [1]. Should any of the work included be
specific to an author that is not E. I. L. Jull it will be noted in the text.

5.1 Introduction

LC Lyot filters have been previously used as a method of selective wavelength
transmission via application of a wavelength-dependent retardance to light propa-
gating between aligned polarisers. The Lyot filter was first developed by Lyot [2],

with initial applications focused on astronomical observations [3]. In 1991 Miller
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5. LIQUID CRYSTAL LYOT FILTER

included a LC component demonstrating the first LC based Lyot filter [4]. The
ease of birefringence modulation through application of an E or B-field to the
LC director led to many further developments and applications of controllable
LC based Lyot filters including: astronomical observations [5-9], remote sens-

ing [10, 11], laser tuning [12], and biological imaging [13, 14].

Previous Lyot filter applications aimed to generate narrow wavelength trans-
mission window in an attempt to reduce the signal to noise ratio of observations.
However, here we utilise the optical properties of a LC Lyot filter to generate the
inverse effect - creating a narrow wavelength blocking window to filter damaging
laser wavelengths.

There are two previous reports of LC based Lyot filters being implemented in
the filtering of laser radiation [15, 16]. Although these designs performed well
in their respective applications, they were unable to demonstrate switching be-
tween a full transmission mode to a wavelength-dependent rejection mode. The
full transmission mode is clearly realised when high voltage application to an LC
Lyot filter is considered resulting a close to zero birefringence and therefore clear
transmission of light between aligned polarisers. Further, in one case the response

time was not quantified [15], and in the other the design was not compact [16].

In this chapter the design and evaluation of a simple, compact, and tune-
able LC Lyot filter is fully explored. Demonstration of switching between a full
transmission mode and a specific (laser) wavelength rejection mode is shown.
The ability to tune to any arbitrary rejection wavelength is achieved via voltage
variation in the low-voltage regime. The response time of the device is fully char-
acterised, not only between the OFF to ON states, but also the switching speed
between different ON states.

5.2 Liquid crystal Lyot filter

A single-stage LC Lyot filter is comprised of a L.C device with the director oriented

at 45° to the aligned polariser axes, see figure 5.1.
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5.2 Liquid crystal Lyot filter

:

Figure 5.1: LC Lyot filter device schematic. The polariser and analyser are in

N
D

the zy plane, aligned at 45° to the z and y axis. The LC director is oriented
along z axis. Control of the LC birefringence is achieved through application of
an E-field.

With the LC director at 45° to the polarisation, a retardance (I') is applied
to the polarised light transmitting through the birefringent LC sample,

2rAn(V)d
)\ )
where d is the cell gap (6pum), An(V) is the voltage dependent birefringence

= (5.1)

(~0.2—0), and A is the wavelength. The transmission through the analyser is
then described by equation 5.2 in which polariser and Fresnel losses are neglected
(~55% for unpolarised light). This equation demonstrates that wavelengths of
light corresponding to half wave-plate conditions, I'=27(m-%) (where m is any
integer), will be rejected by the analyser. It is this rejection effect that is utilised
for specific wavelength filtering. It is important to note that this will have an
angular dependence due to the effective birefringence observed by the light being

a function of incident angle.

T = cos® <g> = cos’ <M> (5.2)
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The LC material used here is 4-pentyl-4 cyanobiphenyl (5CB) with an initial bire-
fringence of ~0.2. 5CB was filled into a poly-vinyl-alcohol (PVA) unidirectional
planar aligned device (device fabrication described in further detail in chapter
4.2) with a cell gap of d=(6.04+0.2)pm.

5.3 Results and discussion

5.3.1 Device spectra

The visible transmission spectra of the Lyot filter device was measured as a func-
tion of voltage (V=0—30V,.,,s, f=1.0kHz) using an aligned POM set up coupled
to a UV/Vis spectrometer (described in chapter 4.2). The transmission spectra
were normalised with respect to experimental losses and the temperature was
kept at T=(24.0£0.1)°C.

The transmission of the LLC Lyot filter with 0V,,,s applied is shown in figure
5.2(a) where the fitting of equation 5.2 shows excellent agreement with exper-
imental data. The spectrum seen in figure 5.2(a) is defined as the ON state,
with the LC Lyot filter rejecting at specific wavelengths corresponding to the half
wave-plate condition (A = 655nm). Here we see rejection at this wavelength, with
the transmission <1.0% between 648 and 665nm. Considering a red laser with
power P=500mW, the incident power would be reduced to ~5mW, a class 3R
low risk laser, providing protection against the damaging intensities. In reality
this minimum in transmission at the rejection wavelength is limited solely by the
polariser extinction ratio.

On application of higher voltage (30V,.,5), figure 5.2(b), the LC birefringence
approaches zero, as the device goes from the planar state towards the homeotropic
state, thus achieving the OFF state. It is important to note that the OFF state
corresponds to the high-voltage state and is denoted OFF to refer to the optical
state, rather than the voltage state of the device. In the OFF state an almost
uniform transmission across the viable spectrum is observed. Figure 5.2(b) also
demonstrates the ability of the device to switch from transmitting uniformly

across the visible spectrum (OFF), to rejection of specific wavelengths (ON).
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Figure 5.2: (a) The ON state experimental Lyot filter transmission as a func-
tion of wavelength. Theoretical fitting of equation 5.2 to the experimental data
shows excellent agreement. (b) The ON (0V,,,,s) and OFF (30V,,,,s) experimental
transmission of the single stage Lyot filter as a function of wavelength. In the
ON state rejection at A=650nm is observed, whilst in the OFF state a uniform
transmission across the spectrum is observed. Insert images, taken using a Nikon
D7100 camera, demonstrate imaging through the device in the OFF (top) and ON

(bottom) states. Even in protection mode partial observations are still possible.

The relatively high voltage required to achieve the OFF state would not impede
the implementation of this device as the power requirements for LC devices is
low. It can also be seen via the inserts in figure 5.2(b) that observations through
the device whilst in protection mode are still possible, though at a reduced wave-

length range.

5.3.2 Rejection wavelength tuning

Wavelength rejection tunability is achieved over the entire visible spectrum by
varying the voltage applied to the LC Lyot filter. Continual variation of the
applied voltage provides a continuous variation in the effective birefringence of
the LC layer and therefore a continual shift to the half wave-plate condition.
Figure 5.3(a) demonstrates that by varying voltage between 0.67 and 1.06V,.,

the transmission spectrum blue-shifts. The rejected wavelength (half wave-plate
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5. LIQUID CRYSTAL LYOT FILTER

condition) was tracked as a function of voltage and the subsequent relationship
is demonstrated in figure 5.3(b). The relationship is effectively linear, although
slight variation is observed close to the threshold voltage of the LC material.
A wide tuneable range of possible rejection wavelengths is demonstrated (475
to 650nm), whilst in principle a much larger range can be accessed by utilising

higher-order (increasing integer values of m) half-wave-plate conditions.
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g 404 ; ) \'u
& B 520 Equation y=a+b*x o
o0 g 7/Intercept 976+1 .
oy Slope -471x1 .
O 480 R-Square  0.99954 .,
0-+— T T T T T T
500 550 600 650 700 750 0.7 0.8 0.9 1.0
Wavelength (nm) Voltage (Vims)

Figure 5.3: (a) The voltage dependence of the transmission spectra for the LC
Lyot filter under investigation. The rejection wavelength clearly blue-shifts with
increasing voltage. (b) The rejection wavelength (half-wave plate condition) is

observed to depend linearly on voltage applied to the LC component.

The fitted linear relationship between rejection wavelength and applied volt-

age can be used as a calibration equation for this specific system.

471

re':4_—-
Arej = 646 V —=0.70

(5.3)

For example, if a laser wavelength of A=532nm was dazzling the system the
calibration equation can be used to calculate the required voltage to shift the

half-wave-plate condition to match this wavelength. In this example a voltage of
(0.943+0.003) Vs would be required.
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5.3 Results and discussion

5.3.3 Response speed

Coupling of the switching ability demonstrated in figure 5.2(b) and the tuning
demonstrated in figure 5.3(a) the system can be switched from the OFF state to
any arbitrary ON rejection state, with the response time limited by the detection
system and the response time of the LC device (typically ms). The response
time of the LC device was measured using a green laser diode (A=532nm) with a
POM setup coupled to a photodiode. The 10—90% intensity values were used to
measure the response time. Two waveform generators coupled to a high-voltage
wideband amplifier were implemented to allow smooth switching between the ON
(low voltage) and OFF (high voltage) states and also to allow smooth switching

between different rejection (intermediate voltages) states.

Using equation 5.3 the blocking voltage required for this green laser diode is
(0.9434+0.003) Vs and figure 5.4(a) demonstrates switching between the OFF
(30V,ms) and the ON (0.94V,,,) state. The device demonstrated here reduces

the green laser intensity to (4.7£0.1)% of the maximum intensity.

The response time of a laser protection device is of crucial importance. It
was demonstrated by Schwarz et al. [17] that the longer the exposure time the
lower the laser power required to damage sensor systems. For this device the
ON switching mechanism is a relaxation, rather than driven by an E-field, and is
measured to be 7oy=(60+10)ms. Switching back to the OFF transmission state

is driven by an E-field and is therefore faster with 7opp=(45£5)us.

Looking closely at figure 5.4(a) it can be seen that the transmitted inten-
sity goes through an initial minimum before reaching the final ON state. This
corresponds to the lower order half-wave-plate condition (m=1) passing through
A=532nm. In figure 5.2 and 5.3 the minima corresponds to the m=2 half-wave-
plate condition. Here the response speed of the device could potentially be in-
creased by utilising the m=1 half-wave-plate condition, however it has the disad-
vantage of a large full-width-half-maximum resulting in poor partial observations

through the device. To further test the response speed of this device the three
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most currently accessible hand-held laser wavelengths were taken as A=650, 532,
and 405nm. From the calibration equation 5.3 this gives blocking voltages of
0.69, 0.94, and 1.21V,,,,s respectively. The switching time between all the possi-
ble states is shown in figure 5.4(b).

(a) (b)
040+ 30Vrms OFF
035 20pst 45us T 65ust
,50.303 -‘~\
Sozs: P 1.21Vrms $40ms A=405nm
£'0.20- 60ms4
Fo.15] Y
[ ~
=0.101 .\“"% . - 0.94Vrms $40ms }50ms | \=532nm
0.05- 'l\‘\"."(“m:v.‘v\m’. — 130mst
35 5 2 50 75 100 125 150 175 200 110ms
Time (ms) 0.69Vrms $230ms YA=650nm

Figure 5.4: (a) Change in intensity with respect to time for switching the device
between the OFF (30V,,,s) and ON state (0.940V,,,s) for rejection of the green
laser. The switch is clear, with a response time of 7ony=(60+10)ms. Image inserts
demonstrate the laser spot in the far field, taken using a deltaPix camera. (b)
The ON and OFF response times associated with switching between protection
schemes for typical laser wavelengths. Errors in the millisecond regime are +10ms;

in the microsecond regime are +5us

In switching from the OFF state to a specific ON state the response time
varied from 40-110ms. When switching between specific rejection states the re-
sponse time varied from 40-230ms. The effectiveness of the system can be put
into context by comparison with the laser threshold damage times measured by
Schwarz [17]. It was found that if the exposure time of the continuous wave laser

2 were unable

was kept below 250ms then power densities of up to 159kWem™
to damage to the CCD camera. If a beam diameter of 6mm is assumed, then
this power density corresponds to a laser power of 18W. Therefore, the switch
speeds measured in this LC Lyot filter for switching into protection modes, all

faster than 110ms, should provide excellent protection for CCD cameras against
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continuous wave laser powers of up to 18W.

All together these results demonstrate the ease of implementation of this pro-
tective device. The validity of the calibration equation 5.3 has also been clearly
shown and the response speed of the system is shown to protect for some large

laser powers.

5.4 Summary

The design and testing of a tuneable, switchable, LC Lyot filter for laser protec-
tion was conducted using broadband and monochromatic sources. Rejection of
laser wavelengths across the visible spectrum (475-650nm) was demonstrated by
varying the voltage applied (0.67-1.06V,.,,s). However, the tuning range can be
extended (avoiding LC and device absorptions) due to the extended transmission
spectrum of the LC Lyot filter (higher/lower order half-wave-plate-conditions).
The relationship between rejected wavelength and applied voltage was explored,
allowing extraction of a calibration equation which can directly relate the voltage
applied to the wavelength rejected. Switching between the OFF transmission
mode and the ON protective mode was demonstrated by simply switching from a
high voltage (30V,,.s) to a lower voltage (0-1.06V,.,,s). The LC response time was
investigated and found that switching from the OFF to ON states varied between

40 and 110ms, fast enough to provide protection for up to 18 W laser sources.

The implementation of this device in sensor protection would be simple, with
the calibration equation testing allowing for any temperature dependence to be
accounted for. The system has been shown to be an strong candidate as a com-

pact, rapid, and tuneable laser protection device.

In the next section a slight detour away from specific applications will be taken

and the investigation into some specific dye-doped systems will be undertaken.

67



REFERENCES

References

1]

2]

[7]

E. I. L. Jull and H. F. Gleeson. Tuneable and switchable liquid crystal laser
protection system. Applied Optics, 56(29):8061-8066, 2017. 59

B. M. Lyot and C. M. Fabry. Un monochromateur a grand champ utilisant les
interferences en lumier polarisee. Comptes rendus de I’Academie des Sciences
Paris, 197:1593-1595, 1933. 59

B. M. Lyot. Planetary and solar observations on the pic du midi in 1941,
1942, and 1943. Journal of Astrophysics, 101:255-259, 1945. 59

P. J. Miller. Use of tunable liquid crystal filters to link radiometric and
photometric standards. Metrologia, 28:143-149, 1991. 60

L. J. November and L. M. Wilkins. Liquid crystal polarimeter: a solid state
imager for solar vector magnetic fields. Optical Engineering, 34:1659-1668,
1995. 60

G. A. Kopp, M. J. Derks, D. F. Elmore, D. M. Hassler, J. C. Woods, J. L.
Streete, and J. G. Blankner. Tunable liquid-crystal filter for solar imaging
at the He I 1083-nm line. Applied Optics, 36:291-296, 1997.

W. Cau, J. Jing, J. Ma, Y. Xu, H. Wang, and P. R. Goode. Diffraction-
limited polarimetry from the infrared imaging magnetograph at big bear
solar observatory. Publications of the Astronomical Society of the Pacific,
118:838-844, 2006.

D. F. Elmore, G. L. Card, C. W. Chambellan, D. M. Hassler, H. L. Hull, A. R.
Lecinski, R. M. MacQueen, K. V. Streander, J. L. Streete, and O. R. White.
Chromospheric helium imaging photometer (an instrument for high time

cadence 1083-nm wavelength solar observations). Applied Optics, 37:4270~-
4276, 1998.

K. Ichimoto, M. Noguchi, N. Tanaka, K. Kumagai, K. Shinoda, T. Nishino,
T. Fukuda, and T. Sakurai. A new imaging system of the corona at norikura.
Publications of the Astronomical Society of Japan, 51:383-391, 1999. 60

68



REFERENCES

[10]

[12]

[14]

[15]

S. M. Rees, J. Staromlynska, M. Gillyon, and J. R. Davy. Final design
and testing of the laser airborne depth sounder filter. Optical Engineering,
36:1204-1213, 1997. 60

R. S. Seymour, S. M. Rees, J. Staromlynska, J. Richards, and P. Wilson. De-
sign considerations for a liquid crystal tuned Lyot filter for laser bathymetry.

Optical Engineering, 33:915-923, 1994. 60

H. F. Gleeson, A. J. Murray, E. Fraser, and A. Zoro. An electrically addressed
liquid crystal filter for tunable lasers. Optical Communications, 212:165-168,
2002. 60

H. R. Morris, C. C. Hoyt, and P. J. Treado. Imaging spectrometers for
fluorescence and raman microscopy: acousto-optic and liquid crystal tunable
filters. Applied Spectroscopy, 48:857-866, 1994. 60

H. R. Morris, C. C. Hoyt, P. Miller, and P. J. Treado. Liquid crystal tunable
filter Raman chemical imaging. Applied Spectroscopy, 50:805-811, 1996. 60

A. Rees and J. Staromlynska. Automatic laser light detection and filtering
using a liquid crystal Lyot filter. International Journal of Nonlinear Optical

Physics, 2:661-676, 1993. 60

C. Wu and S. Wu. Liquid-crystal-based switchable polarizers for sensor
protection. Applied Optics, 34:7221-7227, 1995. 60

B. Schwarz, G. Ritt, M. Koerber, and B. Eberle. Laser-induced damage
threshold of camera sensors and micro-optoelectromechanical systems. Op-
tical Engineering, 56:034108, 2017. 65, 66

69



REFERENCES

70



Chapter 6

Dichroic dye doped systems

In this chapter a small detour away from specific switchable optical devices is
taken and the investigation into some dichroic dyed guest-host systems will be
presented. Research into the impact of high concentrations of a high-solubility
anthraquinone-based dichroic dye on the physical parameters of a nematic LC
host will be undertaken. The ability to dissolve high concentrations of dyes into
a LC system is desirable in generating saturated colour in guest-host applications,
but the impact of high concentrations on the nematic system is somewhat unclear

due to typical concentrations being limited to less than 1% by weight [1].

The coupling of an anthraquinone dichroic dye into a LC elastomer (LCE)
will also be investigated as a probe into the order of the system. Utilising the
anisotropic absorption properties of the dichroic dye to directly measure the order
parameter. This system will then be discussed in terms of it’s possible application
as a rudimentary optical strain sensor. It is important to note that the LCE
section of this chapter was done in collaboration with D. Mistry, M. Nikkhou, T.
Raistrick, D. Baker, and H. F. Gleeson and should any of the work presented not
by conducted by E. I. L. Jull it will be noted in the text [2].

6.1 High-solubility anthraquinone dye

As discussed in chapter 3 the solubility of anthraquinone-based dichroic dyes in

LCs is typically very low at less than 1%(%) being common [1, 3-7]. Previous
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6. DICHROIC DYE DOPED SYSTEMS

research has demonstrated some anthraquinone dyes which exceed 2%(%) [4-8]

with the maximum solubility of an anthraquinone based dichroic dye in LCs mea-
sured to be 5.8%(%) [4, 7, 9].

In this section, a newly developed high-solubility anthraquinone dye, synthe-
sised by the Chemistry Department at the University of York, is investigated. The
effect of high-concentrations of this dye on the nematic LLC host physical param-
eters will be experimentally determined. Due to standard anthraquinone-based
dichroic dye’s typically low solubility in LCs the general effect of the addition of
these dye’s on the LC physical parameters is somewhat uncharacterised (typically
assumed to be a negligible effect). High concentrations of dopant will clearly gen-
erate an impact on the system and therefore characterisation of this is important
when considering guest-host applications utilising high concentrations of dye to

achieved high colour saturation.

The impact of high concentrations of anthraquinone dye on the nematic sys-
tem phase diagram, elastic properties, dielectric properties, and optical proper-
ties will be investigated. The low availability of the high-solubility dye resulted
in limited datasets and also meant that the maximum solubility of the dye in the
typical LC 5CB could not be directly established, although it is estimated, as

demonstrated later in this section, to be approximately 7%(%).

6.1.1 Materials and methods

2,6-bis(4-((butyldimethylsilyl)oxy )phenyl)anthracene-9,10-dione (RM1790) demon-
strates variation from typical anthraquinone-based dyes [10] in the inclusion of

silicon into the extended structure, it is this inclusion which is attributed to the

material’s high-solubility. This dye is doped into typical nematic host 5CB in

concentrations of 1.0, 5.0, and 14.6%(2).

These mixtures were filled into planar aligned (SE3510 polyimide treated),

approximately 5um and 10um cell gap, LC cells for experimental analysis in
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6.1 High-solubility anthraquinone dye

optical, elastic, and electric properties.

The phase diagram was established through a combination of DSC and POM.
The optical/absorption properties of RM1790 is found through single polarised
microscopy coupled with a spectrometer. Finally, the elastic and electrical prop-
erties of each mixture are established via measurements of the capacitance de-
pendence on applied voltage. Fitting of the relationship between capacitance and
voltage, discussed in chapter 2.6, allows the elastic and dielectric properties of the
system to be found. The dependence of these properties on dye concentration will

then be described. All methodology used here is described in detail in chapter 4.

6.1.2 Phase effects

The variation of phase phase transition temperatures on RM1790 dye concentra-
tion in 5CB was measured via DSC, results summarised in table 6.1 and shown
in figure 6.1(a). An increased nematic temperature range is demonstrated across
all dye concentrations, similar to that observed by Gurulk [1] in which a 0.8°C
increase in the nematic to isotropic phase transition temperature was observed
for 0.2%(%) anthraquinone dye concentration in nematic E63 LC. The nematic
(N) to isotropic (I) transition temperature is found to increase with increasing
RM1790 concentration in 5CB from 36.1 — 39.7°C. The crystal (K) to nematic
phase transition temperature is found to decrease roughly with increasing dye
concentration in 5CB, although a slight inflection is noted at the highest concen-

tration.

It is found that the highest concentration mixture, 14.6%(%) RM1790 in 5CB,
exhibits phase separation of the dye, confirmed through POM (figure 6.1(c)) and
DSC measurements (figure 6.1(d)). This indicates that this concentration is above
the solubility limit of this dye in 5CB, with recrystallisation of the dye out of so-
lution found at temperature of less than approximately 60°C. Analysis of lower
concentrations of RM1790 in 5CB would have been conducted, however availabil-

ity of the material meant this was unable to be investigated fully.
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Figure 6.1: (a) The phase transition temperature dependence on RM1790 dye
concentration in 5CB is shown, measured via DSC (error in transition tempera-
ture given as £0.1°C'). (b) The nematic to isotropic phase transition temperature
dependence on the concentration of RM1790 in 5CB. Extrapolation of the over
saturated concentration to find the solubility limit is demonstrated. (c¢) POM
demonstrates clear phase separation of the dye in the highest concentration sam-
ple. (d) The DSC heat flow trace for 14.6%(%) RM1790 in 5CB. The bottom
trace is the sample on heating and the enthalpy change associated with dissolv-
ing the re-crystallised dye back into solution is observed at approximately 52°C.
This is confirmed via POM, with image inserts demonstrating each temperature

regime of the system.

The enthalpy change measured on the heating cycle of the 14.6%(%) dye-
doped sample during DSC can be considered to be the phase transition temper-
ature for the mazimum solubility limit. This can be assumed as any ”excess”

dye will have phase separated out of the solution during the cooling cycle of the
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Dye concentration (%(%2)) Tgn (°C) [£0.1°C] Ty; (°C) [£0.1°C]
0 [5CB] 25.1 36.1
1.0 23.2 36.7
5.0 19.3 38.6
14.6 21.8 39.7
100 [Pure dye] Trr =485 N/A

Table 6.1: Table summarising the phase transition temperatures of varying high-
solubility dye concentration in 5CB, measured via DSC. This data is shown in
figure 6.1(a).

experiment, to confirm this a closer look at the DSC trace is undertaken.

Looking at the DSC trace for the highest concentration solution, figure 6.1(d),
it is firstly noted that the re-dissolving of the dye into solution is observed at
approximately 52°C', this is confirmed via POM measurements demonstrating
how the excess dye appears in the system on heating, and re-dissolves into the
solution at temperatures greater than approximately 52°C.

DSC as a method for the identification of phase transition temperatures in LC
samples typically demonstrates a small amount of hysteresis between the cooling
and heating cycles, typically demonstrating a lower nematic to isotropic phase
transition temperature on cooling. However, in the DSC trace shown in figure
6.1(d) it can be seen that there is in fact an increased nematic to isotropic phase
transition on the cooling cycle (39.7 compared to 43.4°C'). This is a direct result
of the additional (excess) dye in the system that has re-dissolved into the solu-
tion at high temperatures and has yet to phase separate back out (which is time
and temperature dependant). The lower nematic to isotropic phase transition
temperature on heating, coupled with the low temperatures reached in this ex-
perimental procedure (—50°C'), allows for the assumption that all the excess dye
will have re-crystallised out of the system on the cooling cycle and that the phase

transition temperature on heating is that of the highest-solubility concentration

of dye in 5CB.
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Therefore, if it is assumed that the relationship between nematic to isotropic
phase transition temperature and dye concentration in 5CB is linear as shown
in figure 6.1(b), the phase transition temperature measured on heating for the
over-solubility-limit concentration can be extrapolated back to give the maximum

possible solubility of this dye in 5CB, shown to be approximately 7%(%).

The approximated maximum solubility limit projected demonstrates the high-
est measured solubility of an anthraquinone dye in LCs, although it is noted that
further experiments are required to confirm this. The mapping of the nematic to
isotropic and the crystal to nematic phase transition temperatures has demon-
strated that the incorporation of this specific dichroic dye into the nematic LC
5CB has generated an increase in the effective nematic temperature regime. This
is a desirable property for guest-host applications as the addition of the dichroic
dye to the LC does not cause detrimental effects to the effective temperature

regime.

6.1.3 Optical properties

The optical properties of RM1790 in 5CB will now be investigated using single
polarised microscopy coupled to a visible spectrometer. The absorption spectrum
of the RM1790 in 5CB is shown in figure 6.2(a) with the absorption of polarised
light parallel and perpendicular to the nematic director. The absorption peak
is clearly seen at A = (403.1 £ 0.4)nm, with Gaussian fitting utilised to aid in
identification of the peak wavelength. The dependence of absorption on the input
polarisation angle with respect to the director is also demonstrated. As expected
the absorption is greater when the polarisation is parallel to the director (closely

aligned with the transitional dipole moment).

The absorption coefficient parallel and perpendicular to the director is an
important parameter when considering the optical capabilities of any dye doped
guest-host device. In measuring the absorption coefficients for this high-solubility

dye doped system the absorption at 400nm was measured with the polarised light
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Figure 6.2: (a)The absorption spectrum for 4.98%(%) RM1790 in 5CB in a planar
aligned device with the light polarised parallel and perpendicular to the nematic
director, normalised with respect to pure 5CB. (b) The absorption normalised
with respect to cell gap (polarisation parallel and perpendicular to the director)
dependence on dye concentration in 5CB. The Beer-Lambert relationship is fit to

calculate the absorption coefficients for each orientation.

parallel and perpendicular to the director for various concentrations. This ab-
sorption was normalised with respect to cell gap (light path) and the relationship
is demonstrated in figure 6.2(b). It is noted that there is a somewhat restricted
amount of data due to limits in dye availability only allowing 3 varying concen-
tration mixtures to be generated, and the error associated with the spectrum
measurement is low and does not truely represent the error in this measurement.
The error in establishing the Beer-Lambert relationship can be truly represented
via multiple experimental runs and chapter 7.3.3 demonstrates an approximate
scatter of 5% around an average absorption value. The phase separation in the
over-solubility limit system prevents accurate optical measurements due to the
scattering generated when the dye dissolves out of the system.

The Beer-Lambert relationship, equation 6.1, can be fit to the experimental
data to find the absorption coefficient «, parallel and perpendicular to the director
for this dye system. The fitting gave coefficients ayj = (0.01240.001)O Dy~ %(%) !
and oy = (0.0027+0.0001)ODpm~'%(%)~! which can be used in predictions for

the optical characteristics for this system.
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A = ade (6.1)

These coefficients will allow for the calculation of expected absorption depend-
ing on the device cell gap and concentration of dye in 5CB. This is crucial when

considering the capabilities of a guest-host device.

6.1.4 Elastic and dielectric properties

The elastic and dielectric properties of the dye doped system were investigated
by measuring the voltage dependence of capacitance, methodology described in
chapter 4.4, and fitting the theoretical model discussed in chapter 2.6. The splay
and bend elastic constants (kj; and ks3) were determined along with the parallel
and perpendicular permittivity (e and €, ), to a 5% accuracy as discussed in
chapter 4.4, and each of these physical parameter’s dependence on dye concen-
tration will be discussed. These results will be plotted as a function of reduced
temperature, with the nematic to isotropic transition temperature determined
from the DSC experimental data (table 6.1) to remove any order parameter de-

pendencies.

Figure 6.3(a) demonstrates how the splay elastic constant varies with reduced
temperature for the different concentrations of RM1790 in 5CB. It can be seen
that there is a general reduction in k;; with increasing dye concentration, though

the change is relatively small.

Figure 6.3(b) demonstrates how the bend elastic constant varies with tem-
perature for different dye concentrations in 5CB. It is noted that k33 shows a
reduction with increasing dye concentration. The change here is slightly larger

than the change in k11, but is only an approximate 10% relative reduction.

Finally, figure 6.3(c) demonstrates how the dielectric permittivity parallel and
perpendicular to the director changes with reduced temperature for various dye
concentrations. Little to no change is observed in the perpendicular permittiv-

ity with increasing dye concentration. However, a systematic reduction in the
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Figure 6.3: The dependence of (a) splay elastic constant, (b) bend elastic con-
stant, and (c) dielectric permittivities on reduced temperature for varying con-
centration of RM1790 in 5CB.

parallel permittivity is noted with increasing dye concentration in 5CB, with the
relative reduction in parallel permittivity being -1.8% for 1.00% and -7.1% for
5.00% dye concentration. The reduction in ¢ is very notable and shows a clear

reduction with increasing concentration.

The impact of the high concentrations of dyes on the nematic system is im-
portant in device considerations. In terms of the elastic properties there is a
small reduction in both the splay and bend elastic constants, whilst in terms of
dielectric properties there is no change in the perpendicular permittivity, but a
systematic reduction in the parallel permittivity with increasing dye concentra-

tion. This reduction in the parallel permittivity, and subsequently the reduction
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to dielectric anisotropy (Ae = ¢ — €, ), will impact the response to the system
to an electric field and therefore impact the overall capabilities of an electrically
addressed guest-host device. The same can be said for the change in elastic con-

stants which will result in a change to the systems response to external stimuli.

6.1.5 High-solubility summary

The effect of a high-solubility anthraquinone dye on the nematic LC system was
investigated in terms of the phase, optical, elastic, and dielectric properties.
A solubility limit of approximately 7%(%) was projected via phase transition
measurements of an over-saturated mixture. An increased nematic temperature
range was observed with increasing dye concentrations in 5CB. Excellent ab-
sorptive properties were observed via single polarised microscopy coupled with
a visible light spectrometer. Absorption coefficients for the parallel and per-
pendicular polarised light with respect to the direct were calculated as o =
(0.01240.001)ODpm ™" %(%)~" and oy = (0.002740.0001)ODpm =" %(%)~*, an

important characteristic when discussing guest-host device capabilities.

The elastic splay and bend constants were found to decrease with increasing
dye concentration in 5CB. The electrical permittivity perpendicular to the direc-
tor remained unchanged with dye concentration, whilst the parallel permittivity
decreased systematically with increasing concentration of dye in 5CB. The impact
of dye concentration on these physical parameters is an important consideration
in the development of electrically switchable guest-host devices containing high

concentrations of this highly-soluble anthraquinone dichroic dye.
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6.2 Guest-host LC elastomer

Here an investigation into a nematic acrylate liquid crystal elastomer (LCE) was
conducted and the coupling of an anthraquinone dichroic dye orientation to the
nematic ordering of the LCE system was investigated. This work was conducted
in collaboration with D. Mistry, M. Nikkhou, T. Raistrick, D. Baker, and H. F.
Gleeson [2]. The main focus of E. I. L. Jull’s experimental work in this collab-
oration was surrounding the dichroic dye guest-host interaction with the system

and therefore that will be the main focus of this section.

A nematic acrylate LCE was investigated, described in detail by Mistry [11],
with isotropic templating generating a LCE which has no LC behaviour as a
function of temperature. However, when under strain nematic-like ordering is
observed in the system. Anthraquinone dye 15NB3 synthesised by Ellis [12] was
doped into the LCE system to investigate the coupling of the guest to the strain-
induced nematic ordering of the LCE host. This dye was utilised due to its
mid-visible absorption and high dye order parameter, Sz = 0.914 [3].

6.2.1 Materials and methods

The LCE sample was prepared from acrylate monomers [11] with the addition of
0.1%(*) of 15NB3 anthraquinone dye. This material was fabricated in collabora-
tion between E. I. L. Jull, D. Mistry, and M. Nikkhou [2]. The mixture was filled
into a thin-film template with glass bottom and Melinex top, with a thickness of
approximately 100um. The top and bottom substrates were untreated to gener-
ate an isotropic LCE. The samples were then UV cured for 120 minutes before

removal from the mould.

The isotropic state was confirmed from the dark state observed at all angles in
POM. 2.5cm wide stripes were cut from the bulk sample for testing on the strain
rig. The sample was loaded into a manual strain rig and mounted on a POM
setup. The strain induced in the LCE was monitored via particle separation
tracking from images taken and the transmission spectrum for polarised light

was monitored at 0° and 90° between the polarisation and the strain axis. The
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spectrum measurements were conducted using a 20x objective and normalising
to a non-dye doped LCE sample of similar strain to account for variation in

thickness.

6.2.2 Results and discussion

The absorption spectrum of the 15NB3 doped LCE was monitored (peak ab-
sorption at 550nm), using a visible spectrometer, as a function of strain to allow
calculations of the order parameter dependence on strain. The order was calcu-
lated through the guest-host theory discussed previously in chapter 3.1.2, with
the  angle found via theoretical modelling to be 13.8° [10]. Figure 6.4(a) gives
an example of the low and high strain absorption spectrum for the dye-doped
LCE normalised to a non-dye doped LCE.

It can be seen that at low strain there is no variation in absorption with chang-
ing polarisation angle, a direct result of the lack of order in the isotropic system.
However, at increased strain the system becomes nematic-like, generating a po-
larisation angle dependence in the absorption. By measuring the peak absorption
values parallel and perpendicular to the strain axis the order parameter of the

system can be calculated.

The strain was monitored via particle tracking of macroscopic images shown
in figure 6.4(b, ¢). The particles were tracked with the strain given as the ratio

of the distance between particles to the original distance between particles, (AA—J‘;’;).

Figure 6.5(a) demonstrates the direct relationship between order parameter
(< P, >) of the system and strain at room temperature. It is directly compared
with Raman spectroscopy [13, 14] data collected by M. Nikkhou showing strong
agreement between experimental procedures. A temperature independent linear
increase in the order parameter of the system is observed with increasing strain in
figure 6.5(b), demonstrating a strain-induced nematic-like system. A maximum
order parameter of S = (0.28 4 0.01) is achieved before the fracture point of the
sample was reached (T=9.5°C'). In comparing this with other LCE systems [15]
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Figure 6.4: (a) The absorption spectrum for the 15NB3 doped LCE at zero strain
and high strain is demonstrated for polarisation angles (¢) of 0 and 90° to the
strain axis. (b) The low strain macroscopic image of the sample with polarisation
at 0 and 90° shown. (c) The high strain macroscopic image of the sample with
polarisation at 0 and 90° shown. (b, ¢) Images have increased contrast and
lightness to help demonstrate the variation in transmission between polarisation

angle.

it is noted that for other such systems the strain dependency of the order pa-
rameter has significant temperature dependence, must be close to the nematic to
isotropic transition temperature, and demonstrates a non-linear response in order
under strain. However, as demonstrated here the LCE material utilised in these
experiments generates a linear response in the order parameter under strain, with
no difference between temperatures. There is also no nematic to isotropic phase

transition in this material due to its isotropic templating.

The result shown in figure 6.5 demonstrates coupling between the 15NB3
dichroic dye and the LCE host director. The guest-host effect has proven a simple
yet effective method for measuring the order parameter of this LCE system.

Here it is suggested that the coupling of the anthraquinone dye with the LCE

order and the strain induced order could be utilised in an optical strain sensor.
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Figure 6.5: The order parameter dependence on strain for the 15NB3 doped
LCE as measured via the polarisation angle dependent absorption properties.
(a) Room temperature data is directly compared with Raman spectroscopy order
parameter data collected by M. Nikkhou. (b) A comparison of 9.5 and 22°C' order

parameter dependence of strain measured via the 15NB3 absorption properties.

The transmission of light can be directly related to the strain induced on the
system, with the contrast between parallel and perpendicular polarisation trans-
mission increasing with increasing strain, figure 6.6. This could be utilised as an
optical strain sensor, exhibiting a clear continuous change in transmission when

a strain is applied.

6.2.3 Dye-doped LCE summary

In this section the coupling between an anthraquinone-based dichroic dye (guest)
and a LCE (host) was investigated. The LCE demonstrates nematic-like ordering
under strain and the dichroic dye was utilised as a simple mechanism for measur-
ing the order parameter of the system, demonstrating excellent agreement with
independent Raman experimental measurements. This has shown a good cou-
pling between the dichroic dye and the LCE host order. It is suggested that the
dye-doped LCE could be utilised as a simple optical strain sensor which would

demonstrate a change in transmission when under strain.
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Figure 6.6: The contrast in transmission at 550nm is demonstrated as a function
of strain for 15NB3 doped LCE. Image inserts demonstrate macroscopic view of
the material at a strain of (0.276 £ 0.004) demonstrating the colour difference

between the two polarisation angles with respect to the strain direction.

6.3 Summary

In this chapter two investigations were undertaken into dichroic dye doped guest-
host systems. Characterisation of the impact of a high-solubility anthraquinone
dye on the optical, elastic, and dielectric properties of the nematic host 5CB was
conducted. The solubility limit was projected to be approximately 7%(%) and a
reduction in the splay and bend elastic constant, as well as the parallel dielectric
permittivity, were found with increasing dye concentration. The impact of high
concentrations of dichroic dyes on the nematic system is important in considera-

tions of guest-host device capabilities.

A LCE doped with anthraquinone dye 15NB3 was investigated for the ability
of the dichroic dye to couple to the LCE order. The order parameter was found to
vary linearly as a function of strain via the dichroic dye absorption properties. A
maximum order parameter of S = (0.28 +0.02) was observed and a transmission
contrast, for the dye doped LCE, of 15% was achieved. The system was proposed

as a simple optical strain sensor with the ability to change absorption properties
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continually under strain.

In the next few chapter the primary investigation conducted during this PhD
will be demonstrated. The investigation into the physical impact of the pho-
toisomerisation process on a nematic LC will be conducted and the physical

mechanisms involved will be identified.
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Chapter 7

Photoisomerisation of BAAB2

In the next three chapters the effects of the photoisomerisation process of BAAB2
azobenzene-L.C dopant on the nematic LC host 5CB will be investigated and the

underlying physical mechanisms involved will be established.

This chapter will begin with the phase and optical characterisation of the
pure BAAB2 azobenzene-LC material. The effect of doping nematic LC 5CB
with BAAB2 at various concentrations will then be presented. The impact of
BAAB2 concentration on the phase sequence, in un-irradiated and low-power
continuous wave laser irradiation conditions will be investigated. Analysis of the
impact of the photo-induced change on the nematic to isotropic phase transition

temperatures (Ty;) will be shown.

The temperature dependence of the nematic order parameter in the BAAB2
doped 5CB system, measured directly via guest-host anthraquinone dye inter-
actions, will then be presented for yellow-filtered and UV-irradiated conditions.
This will give direct insight into the effect the azobenzene material itself has
on the order parameter of the nematic system, as well as the direct effect of the
trans to cis photoisomerisation process. The nematic to isotropic phase transition
temperatures will be accurately evaluated and direct comparison with theoretical

predictions will be undertaken.
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In these investigations of this light-sensitive material the experimental light
conditions are incredibly important in understanding and discussing the observed
results. Therefore, the different light exposure conditions are defined below to

aid in clarity during discussions in these chapters:

e Un-irradiated defines experiments in which no light impacts the system
and it is assumed that no photoisomerisation has occurred. This occurs in

DSC experimentation and the results will include the subscript Unlrr (e.g.

TNI—-UnIrr)-

e Red-filter defines experiments in which the light impacting the system is
restricted to wavelengths greater than A = 580nm and it is again assumed
that no photoisomerisation has occurred. This is utilised in some POM

experiments and results will include the subscript red (e.g. Tni—red)-

e Yellow-filter defines experiments in which the light impacting the system has
wavelengths between 405 and 430nm removed. This is utilised in some POM
experiments and will include the subscript yellow (e.g. Tni—yeiiow)- In these
experiments it is demonstrated that the low-intensity light at approximately

400nm results in low levels of photoisomerisation of the BAAB2 dopant.

e Laser irradiation in experiments is achieved via coupling of a low-power
(0.5mW) X = 405nm continuous wave laser, resulting in high amounts of
photoisomerisation. This will be defined in experimental results with the

subscript laser (e.g. Tni—iaser)-

e UV irradiation in experiments is achieved via illumination from an unpo-
larised high-intensity broadband UV source, resulting in full photoisomeri-
sation of the sample. This will be defined in experimental results with the

subscript UV (e.g. Tyr—vv)
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7.1 BAAB2

4-2-butyl-4 - 2-alkoxyazobenzene (BAAB2) is part of a LC azobenzene series syn-
thesised by V. A. Grozhik [1]. The BAAB- series has previously been studied in
terms of their optical switching properties [2, 3], potential use as a drug delivery

system [4], and their effect on cholesteric LCs [5].

BAAB2 (figure 7.1) is an azobenzene-based material with it’s own LC phase.
Due to its azobenzene linkage group the material demonstrates a light-dependent
phase diagram. Throughout this chapter the un-irradiated (non-photoisomerised)
state of the material or mixture will first be defined to give a baseline measure-
ment for comparison. Once the baseline measurement is obtained the effect of
irradiation on the sample (photoisomerisation) can be fully understood. Here,
the investigation into the phase diagram of BAAB2 through DSC, red-filtered

POM, and monochromatic POM laser transmission will be presented.

koT, Vis

Uv

Figure 7.1: The chemical structure of BAAB2 is shown. The trans and cis

conformers are demonstrated.

7.1.1 BAAB2 phases

BAAB2 is shown to only exhibit a nematic LC phase [4] when in the relaxed
unexcited state. BAAB2 does not exhibit smectic phases like some of the longer
chain length BAAB- series molecules (e.g. BAABG6 [4]). To establish the phase
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diagram of BAAB2 in the un-irradiated state the first investigation conducted
was DSC (described in chapter 4.3). This is an excellent method for these pho-
tosensitive materials as the sample is encapsulated in a light-tight pan which

ensures no ambient light can trigger photoisomerisation.

The DSC heat flow versus temperature is shown for BAAB2 in figure 7.2(a)

with the temperature scan rate set to 10°Cmin—!.

The top line represents the
cooling scan from the isotropic (I) state. An enthalpy change is observed at
(82.4 £0.1)°C and is associated with the transition into the nematic (N) phase.
An enthalpy change corresponding to the nematic to crystal (K) phase transition
is not observed on cooling until a much lower temperature due to super-cooling.
Due to super cooling any phase transition temperatures will be quoted from the
heating cycle of the sample. The heating cycle is the bottom line on the DSC
scan, figure 7.2(a). An enthalpy change is observed at (48.5 4+ 0.1)°C' which is
attributed to the crystal to nematic phase transition. A second enthalpy change
is observed on heating at (83.5 & 0.1)°C' which is assumed to correspond to the
nematic to isotropic phase transition temperature. The transition temperatures

are found to be in agreement with previous literature [4].

To confirm the phases of BAAB2 in the temperature regimes given by the
DSC scan the BAAB2 material was filled into a random planar alignment LC
cel. POM (described in chapter 4.2), with a red filter blocking wavelengths
A < 580nm to prevent photoisomerisation, was then used to observe the optical
textures which can be directly related to a phase. POM images shown in figure
7.2(c) demonstrate the crystal phase at temperatures below 48°C'. Upon heating,
the BAAB2 sample transitions into the schlieren texture, confirming it is in the
nematic phase in the indicated temperature range. Finally, at 83°C' the phase
transition to the isotropic state is observed, with the isotropic state being dark
between crossed polarisers due to the lack of birefringence. Whilst the identifica-
tion of phases was clear from the POM images, the actual onset of the crystal to

nematic phase transition temperature was somewhat difficult to measure.
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Figure 7.2: (a) The DSC data showing heat flow with respect to temperature for
BAAB2 at a heat rate of 10°Cmin~'. (b) The transmission of a red laser coupled
to a POM setup through a randomly aligned planar BAAB2 sample. (¢) POM
images of a randomly aligned planar BAAB2 sample using a red filter to prevent

photo-switching of the material.

To further corroborate the DSC transition temperatures the transmission of
a red laser (A = 650nm) through the POM setup was measured, shown in fig-
ure 7.2(b). The transmission of the laser through the randomly aligned planar
BAAB2 sample was measured using a photodiode. This was conducted as a
function of temperature using a Linkam hotstage (accuracy of £0.1°C'), with
the absolute accuracy of the transition temperature given as +1°C' due to the
temperature gradient (clear in figure 7.2(c)) across the hot stage, as well as any
calibration error. The phase transitions are clear by the sudden changes in trans-
mission intensity. As the BAAB2 sample transitions from the crystalline to the
nematic phase, 7' = (48 £ 1)°C, a sudden increase in intensity is observed, due
to the reduction in scattering. The nematic to isotropic phase transition tem-

perature is noted by the rapid drop in transmission at 7" = (83 £ 1)°C. In the
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Experimental Technique — Txy [°C] Tni [°C] Ty (cooling) [°C]
DSC (Unlrr) (485+0.1) (835+0.1)  (824+0.1)
POM (red) N/A  (838+0.1)  (834+0.1)
POM (red-laser) (48+1) (83+1) N/A
S. Watson [4] 48 83 N/A

Table 7.1: Table summarising the phase transition temperatures of pure un-
irradiated BAAB2 measured via DSC, red-filtered POM, and red-laser POM

transmission measured via photodiode.

isotropic state the birefringence is zero and therefore the transmission between
crossed polarisers is zero. The transition temperatures measured here agree well

with DSC phase transition temperatures measured.

With the phase diagram of pure un-irradiated BAAB2 confirmed through mul-
tiple experimental techniques, phase transition temperatures summarised in table
7.1, it is now crucial to characterise BAAB2’s absorptive properties in relation to

it’s m — mx and n — m* transitions (excitation of trans and cis conformers).

7.1.2 BAAB2 absorption

The absorption properties of BAAB2 were established by measuring the absorp-
tion spectrum of BAAB2 in acetone (normalised to pure acetone) in a quartz
cuvette using an Aglient UV /Vis 6000 spectrometer. The absorption spectrum
(A = 200—800nm) of BAAB2 is shown in figure 7.3 and demonstrates two distinct

absorption peaks corresponding to the excitation of the trans and cis conformers.

In the trans state the BAAB2 molecule absorbs light at a peak wavelength
of A = (350 £ 1)nm, which corresponds to the m — m* transition. Irradiation of
BAAB2 with light of around 350nm will cause excitation of the trans conformers
(discussed in chapter 3.2) causing an overall increase in cis population. In the

cis conformal state the BAAB2 molecule absorbs light with a peak wavelength
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Figure 7.3: The absorption spectrum of BAAB2 dissolved in acetone is shown.
There are two distinct peaks in absorption, with A = (350 & 1)nm corresponding
to the m —mx transition for the trans excitation and A = (435+3)nm corresponds

to the n — mx transition for cis excitation.

at A = (435 £ 3)nm which corresponds to the n — % excitation of the molecule.
Irradiation of BAAB2 with light of around 435nm will cause excitation of the cis

conformers causing an overall increase in trans population.

It is important to emphasise that the absorption of light at these specified
wavelengths (A(A)) can be directly related to the concentration of the molecules
in either the trans (A(350nm)) or cis (A(435nm)) conformal state simply through
the Beer-Lambert law. The Beer-Lambert law directly relates the absorption at
a specific wavelength to the wavelength-dependent absorption coefficient of a ma-
terial (a()\)), material concentration (c), and cell gap (light path, d) (equation
7.1). BAAB2’s physical properties are dependent on the relative concentrations
of the conformers and therefore the ability to measure the concentration through

the absorption at specified wavelengths will be utilised in later studies.
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AN = a(N)ed (7.1)

7.1.3 Summary of BAAB2

In this section the baseline properties of BAAB2 azobenzene-based LC material
have been established. The phase sequence in the un-irradiated state was mea-
sured directly via DSC and red-filtered POM, with a nematic phase present from
48 — 83°C'. The absorption properties were measured and each excitation mech-
anism was related directly to a peak absorption wavelength (Ay.qns = 350nm and
Aeis = 435nm).

Pure BAAB?2 is incredibly photosensitive, with large changes in physical prop-
erties under low light intensities. Therefore, to allow for a more controllable
photo-switch (to generate a switchable optical device discussed in chapter 10) a
guest-host system was created and investigated. 5CB was doped with BAAB2
at varying concentrations to allow investigation into the effects of photoisomeri-
sation on the phase and optical properties. Investigations into the underlying
physics allows for insight into the photoisomerisation mechanism and comparison
with theoretical predications allows for interesting conclusions on the theoretical

assumptions and their validity.

The following investigation will be roughly split into two experimental stages.
The first stage begins with 5CB doped with BAAB2 at varying concentrations.
The irradiation of the material is conducted using a A = 405nm continuous wave
laser and the effect of irradiation on the nematic to isotropic phase transition
temperature is investigated as a function of BAAB2 concentration.

The second stage utilises a double-guest-host system with 5CB doped with
BAAB2 at varying concentrations together with 0.5%(%) 15NB3OH (anthraquinone
dye). The dopant 15NB30OH allows for a direct measurement of the order pa-
rameter of the system. The second technique also utilises optical spectrometer
measurements which allows a direct measurement of the BAAB2 relative con-

former population via absorption measurements. Irradiation of the system in
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this experiment is achieved via a broadband UV light source and the impact of
photoisomerisation on the nematic to isotropic phase transition temperature is
investigated, however this time as a function of cis concentration. These experi-

mental techniques are described in detail in chapter 4.2.
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7.2 BAAB2 doped 5CB

The concentration of BAAB2 in 5CB was varied from 5 — 10%(%) to investigate

the effect of photoisomerisation on the nematic LC phase sequence.

7.2.1 Un-irradiated phase sequence

The baseline un-irradiated phase diagram must first be established and therefore
DSC is conducted on the various BAAB2 doped samples. The transition temper-
atures (Unlrr) are summarised in table 7.2 and demonstrate an approximately
linear increase in the nematic to isotropic phase transition temperature with in-

creasing BAAB2 concentration in 5CB as seen in figure 7.4.
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Figure 7.4: Un-irradiated nematic to isotropic phase transition temperatures for
varying concentration of BAAB2 in 5CB. A comparison of two techniques DSC
and red-filtered POM are shown. An increase in nematic to isotropic transition

temperature is observed for increasing BAAB2 concentration in 5CB.

The increase in Tx;_ynre is a result of the pure BAAB2 higher temperature

nematic phase (48.5 — 83.5°C') compared to 5CB (25.0 — 36.3°C'). This has

98



7.2 BAAB2 doped 5CB

Molar Concentration [%]  Tky [°C] Tni [°C] Tin [°C]

(£0.02)

0 [5CB (25.0+£0.1) (36.3+0.1) (34.43 =+ 0.05)
4.06 (17.7+£0.1) (388+0.1) (368+0.1)
4.90 (16.9+05) (39.4+0.1) (37.6+0.1)
5.64 (16.8£0.5) (390.5+0.1) (37.8+0.1)
6.57 (16.2£0.1) (404+0.1) (385+0.1)
7.49 (151+£0.5) (4094+0.1) (39.4+£0.1)
8.24 (15.7+£0.1) (414+0.1) (39.7+0.1)

[BAAB2] (485+0.1) (83.5+0.1) (82.4+0.1)

Table 7.2: Table summarising the different BAAB2 concentrations in 5CB transi-

tion temperatures measured via DSC with a temperature scan rate of 10°C'min .

shown that doping of BAAB2 into 5CB simply results in a general increase to
the nematic temperature range. In these measurements it is assumed that the
BAAB2 trans concentration is equal to the total BAAB2 concentration due to the
lack of light impacting the system. The lack of light means no photoisomerisation
has occurred and the cis concentration is assumed to be zero (c.s = 0%), this is
unlikely to be the case due to the energy landscape of the molecule leading to a
probability of existing in either state, regardless of light-induced transformations
or lack of. However, the observed approximately linear increase in Txn;_ynrrr
with increasing total BAAB2 concentration indicates that it is a fair assumption
that the cis concentration is close to zero. If photoisomerisation had occurred in
the system the resultant cis concentration would have decreased the transition

temperature with increasing concentration which is not observed.

The various concentrations of BAAB2 in 5CB were then filled into twisted ne-
matic devices (SE3510 rubbed polyimide) with approximately 3um cell gaps, de-
scribed in chapter 4.5. The nematic to isotropic transition temperature was mea-
sured using POM with a red-filter to prevent photoisomerisation of the BAAB2

dopant (Tn7—rea). The red-filter removes light of wavelengths less than A =
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580nm and therefore prevents photoisomerisation. The mixtures were heated on

1 and the phase transition temperatures were

a hotstage at a rate of 2°C'min~
taken as the temperature at which transmission between crossed polarisers (mea-
sured via photodiode) reached zero. This method of transition temperature mea-
surement was chosen due to the inability to monitor the sample by eye during

laser irradiation.

Good agreement between the red-filtered POM and DSC measurements of the
nematic to isotropic transition temperature (Tn;_req and Tns_ynrer) is observed
in figure 7.4, although a systematic reduction in the transition temperature is
observed for the POM measurement. This is likely a result of a high absolute
error in the transition temperature measurement when comparing experimen-
tal techniques. The absolute error will result from the difference in calibration
between techniques, the temperature gradient in the POM hotstage (typically
around 0.2°C' across the stage), and also the POM phase transition temperature
being chosen as the fully isotropic point. Overall, this will likely result in an abso-
lute error of approximately +1°C'. However by ensuring consistent experimental
procedure is conducted using the POM hotstage method, with varying irradiation
conditions, a direct comparison can be made between irradiation conditions with

high levels of confidence.

7.2.2 Laser-irradiated phase sequence

With the un-irradiated phase sequence firmly established for all mixtures the ef-
fect of the photoisomerisation process on the nematic to isotropic transition tem-
perature will now be investigated. The photoisomerisation of the BAAB2 dopant
was triggered via exposure to a 0.5mW continuous wave laser (A = 405nm). The
laser was coupled into the POM setup via the reflection arm and the input laser
polarisation was aligned with the upper substrate director to ensure maximum
absorption. The laser wavelength of 405nm is on the edge of the BAAB2 trans
excitation band (see figure 7.3). This means that the excitation of the trans

conformer will be achieved, although it will be at a lower efficiency compared to
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Molar Concentration [%] DSC Tni_vnrr [°C] POM T —rea [°C]
(£0.02) (£0.1) (£0.1)
4.06 38.8 38.0
4.90 39.4 38.1
5.64 39.5 38.2
6.57 40.4 39.4
7.49 40.9 40.2
8.24 41.4 40.3

Table 7.3: Table summarising the different BAAB2 in 5CB concentrations ne-
matic to isotropic phase transition temperatures measured via DSC and red-
filtered POM.

wavelengths much closer to the peak excitation wavelength of Ay.qns = 350nm.

40- = e

5 " = Un-irradiated (Ty eq)
Irradiated Ty aser)

22 T T T T T
4 5 6 7 8
BAAB2 Molar Concentration (%)

Figure 7.5: Comparison of un-irradiated and laser-irradiated nematic to isotropic

transition temperature for varying BAAB2 dopant concentration in 5CB.

The change in the nematic to isotropic phase transition temperature due to
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the laser-induced photoisomerisation (Tn;_jgser) is shown in figure 7.5. A clear
reduction in the phase transition temperature is observed for all BAAB2 con-
centrations. This is predicted by the light-induced order modification (LIOM)
model (discussed in chapter 3.2.3) which states that the photoisomerisation of
trans conformers into cis conformers will cause a LIOM due to the cis con-
former being considered a light-induced impurity (LIM). The model also predicts
that the order modification (transition temperature reduction) that occurs due
to the photoisomerisation process will increase linearly with increasing cis con-
centration. While there is a clear increase in order reduction with increasing
concentration (T7_iaser decreasing from 27.8 to 23.0°C' between 5 and 10%(%)),
fitting of equation 7.2 (discussed in chapter 3.2.3) is required to fully evaluate the

dependency of transition temperature on cis concentration.

AVANG: _ 9 Zj Avj

0 0
Ty j Vij

(7.2)

If it is assumed that the laser irradiation causes photoisomerisation of all
BAAB2 molecules in the mixture from trans to cis conformer the relative change
in transition temperature (relative change between irradiated and un-irradiated
measurement) can be plotted as a function of cis concentration. This assumption
is chosen as no direct measurement of the cis concentration was conducted in this
experimentation. This relationship can then be fit with equation 7.2 to find the
relative change in intermolecular interaction energy (figure 7.6). In fitting the
intercept is fixed at (0, 0) as a 0% concentration of cis isomers will result in no

change in the phase transition temperature.

Figure 7.6 demonstrates variation of experimental data away from the fit of
equation 7.2. The non-ideal fit is likely a result of the incorrect assumption that
the entire mixture concentration of BAAB2 is photoisomerised into the cis con-
former state by the A = 405nm laser. The low power of the laser and poor
matching of laser wavelength to trans excitation peak is likely the reason not all
of the BAAB2 is photoisomerised into the cis state and therefore the relative

change in transition temperature measured does not correspond to the assumed
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Figure 7.6: The relative change (in Kelvin) in the nematic to isotropic phase
transition temperature plotted as a function of BAAB2 cis concentration. Fitted
with equation 7.2 with intercept fixed at (0, 0).

cis concentration. This will be compared in later sections with UV-irradiation
transition temperatures which demonstrate a larger relative reduction in tran-
sition temperature for the same total BAAB2 concentrations in 5CB indicating

that not all the BAAB2 has been photoisomerised in the experiment here.

7.2.3 Summary of BAAB2 doped 5CB

In this section the un-irradiated phase transition temperatures of various concen-
trations of BAAB2 doped 5CB have been established via DSC and red-filtered
POM showing a linear increase in the nematic to isotropic phase transition tem-
perature with increasing BAAB2 concentration, going from 38.0 — 40.3°C' be-
tween 5 — 10%(%) BAAB2 concentration. This is a direct result of the higher
temperature nematic phase of BAAB2 compared with 5CB.

Under continuous irradiation of a 405nm low-powered laser the photoisomeri-

sation of the BAAB2 molecules into the cis state resulted in the expected re-
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duction in nematic to isotropic phase transition temperature. However, fitting of
equation 7.2 to experimental data revealed that the assumption that all BAAB2

dopant was photoisomerised via the laser irradiation was incorrect.

These results clearly demonstrate the impact of photoisomerisation on a ne-
matic sample and the basic BAAB2 doped 5CB system will be utilised as a photo-
switchable device described later in chapter 10. The conformational shape change
from trans to cis causes an overall reduction in order lowering the transition tem-
perature. These results provide good preliminary measurements, however there
are experimental unknowns that require de-convolution if further insight into the
fundamental physical mechanisms involved in the photoisomerisation process is

to be achieved. These unknowns include:

e Population of trans and cis isomers in:
Steady-state
Irradiated state (is full switching from trans to cis achieved?)

e Phase transition temperature in terms of order (better phase transition

identification)

To gain more insight into the photoisomerisation process new mixtures con-
taining an additional anthraquinone dye guest were developed and the experi-
mental technique was further expanded to allow direct measurement of the order
parameter and cis concentration with varying temperature and irradiation con-

ditions.
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7.3 Photoisomerisation and order

In this section the new mixture and experimental procedure will first be intro-
duced. The ability for the anthraquinone dye to directly measure the order pa-
rameter will then be demonstrated with a direct comparison to accepted literature
values for the nematic 5CB. The absorption coefficient for the cis conformer will
then be measured via optical spectroscopy of irradiated mixtures. The phase
sequence dependence on total BAAB2 concentration will be established in the
un-irradiated state via DSC. The phase sequence in the yellow-filtered state will
then be investigated and the relationship between transition temperature and cis
concentration will be established, followed by the dependence on the irradiated

cis concentration achieved via unpolarised UV irradiation.

7.3.1 Method and materials

Mixtures between 0—10%() of BAAB2 together with 0.5%(%) 15NB30OH an-
thraquinone dye in 5CB were created and filled into homogeneous planar aligned
(SE130 polyimide) LC cells with approximately 10um cell gaps. The absorption
spectrum for 15NB30OH is shown in figure 7.7 and demonstrates a clear peak
in absorption at A = 694nm. This anthraquinone dichroic dye was chosen as
it is not azobenzene-based and has an absorption peak far away from BAAB2’s
absorption peaks (figure 7.3). Time-dependent density functional theory found
the £ angle between the TDM and the molecular long axis for 15NB3OH to be
f=15.9° [6].

Inclusion of the 15NB3OH anthraquinone dye into the BAAB2 doped 5CB
mixture allows a direct measurement of the system order parameter from a simple
optical measurement. By measuring the absorption at A\ = 694nm with the
polarisation of light parallel and perpendicular to the bulk director the dichroic

ratio can be calculated, D = -. The dichroic ratio can then be used to calculate

A
Ay
the order parameter (discussed previously in chapter 3.1.2) of the system via:

D-1 2
 D+23cos2(B) — 1"

Sre (7.3)
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Figure 7.7: 15NB3OH absorption spectrum is shown with the input light polari-
sation parallel and perpendicular to the nematic host director. Peak absorption
wavelength found at A = 694nm.

Each sample was mounted in a single polariser optical microscopy setup with
a yellow-filter to cut off light between 405 and 430nm, depicted in figure 7.8. The
yellow-filter was implemented to attempt to reduce the amount of photoisomeri-
sation triggered by the broadband visible light source whilst still allowing direct

measurement of the cis population via the absorption at 450nm.

The transmission intensity was measured with the polarisation of light parallel
and perpendicular to the director (normalised to a non-dye doped 5CB sample).
The absorption at A\ = 694nm was measured to obtain the system order param-
eter via equation 7.3. Absorption at A = 450nm was measured to give a direct
relation to the cis population, via the Beer-Lambert law (equation 7.1). These
properties were all measured as a function of temperature, both with and with-
out irradiation, to allow for a direct comparison of the nematic to isotropic phase
transition temperatures. Photoisomerisation was triggered via irradiation of the

sample with a broadband unpolarised UV light source from above. The UV
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light was reflected from a dichroic mirror, which reflects A < 400nm onto the
sample and transmits A > 400nm through to the spectrometer. The use of the
UV source coupled with a dichroic mirror resulted in higher intensity irradiation
of the sample with intensities from A = 360 — 400nm, much closer to the peak
excitation of the trans BAAB2 molecule when compared to the continuous wave

laser previously used.

- Spectrometer
Dichroic Mirror Polariser
A<400nm
uv
Sample
Filter
405nm<A<430nm
VIS Mirror

Figure 7.8: The experimental setup used to measure the optical properties of the

samples whilst under UV irradiation is depicted.

The ability to directly measure the order parameter of the system, as well
as the cis population, will allow for a much more rigorous investigation into
the photoisomerisation process. Illumination using a high intensity unpolarised
broadband UV source will also ensure that full photoisomerisation of the BAAB2

trans molecules is achieved.
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7.3.2 Order parameter of 5CB

Firstly, to demonstrate the capability of the 15NB3OH dichroic dye absorption
characteristics to be related to the order parameter of the system a measurement
was conducted on 0.5%(%) 15NB30OH in 5CB and compared to the Haller method
for order parameter calculation of 5CB [7], figure 7.9.

—=— 0.5% (w/w) 15NB30OH in 5CB
----5CB - Gleeson et al.
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Figure 7.9: A comparison of the measured nematic order parameter for 0.5%
15NB30OH in 5CB (attained via the dichroic ratio) with published literature [7].

Agreement between the order parameter measured via the absorption charac-
teristics of a dichroic dye doped into the nematic 5CB host and literature values
for the order parameter of 5CB measured using the Haller method is shown. There
is a variation between datasets close to the transition likely due to the absolute
error in temperature when comparing different experimental techniques and dif-
ference in the definition of the nematic to isotropic phase transition temperature.
Here, the phase transition temperature is taken as the point at which S < 0.3
which is chosen to ensure consistency between measurements and account for the
unavoidable temperature gradient in the sample. The nematic to isotropic phase

transition is a first-order transition, however, as seen in figure 7.9, a continuous

108



7.3 Photoisomerisation and order

reduction in order parameter is observed in this experimental procedure due to
the temperature gradient in the sample. Therefore the choice of S < 0.3 as the

transition temperature point ensures consistency between experiments.

In comparing the temperature dependence of order parameter measured us-
ing the absorption method with literature Haller method shows good overlap
between datasets when the error is included. The error in the order parameter
measurement via the anthraquinone absorption is approximately 3%, estimated
via the scatter of multiple experimental runs. This was chosen as the error prop-
agation via the experimental accuracy will underestimate the error generated by
difference in thermal contact and director alignment between experiments. There
will also be changes to the sample characteristics generated by the addition of
the 15NB3OH dye dopant to the 5CB host resulting in further discrepancies
from literature values. This comparison has clearly shown that utilisation of
the anthraquinone dichroic dye for measurement of the order parameter is a fair
method, especially if consistency is maintained between all measurements, allow-

ing for high levels of confidence when comparing samples.

7.3.3 Absorption coefficient of cis BAAB2

In order to fully understand the underlying physics occurring in the photochromic
guest-host system it is crucial that any measurements can be directly related to
the cis concentration in the sample (rather than just the total BAAB2 concen-
tration as used in the previous section). As will be demonstrated, even in the
non-UV irradiated state the cis population is not necessarily at 0% which subse-

quently impacts the physical properties observed.

The absorption of polarised light parallel and perpendicular to the director
was measured at A\ = 450nm for varying concentrations of BAAB2 together
with 0.5%(%) 15NB3OH in 5CB. The absorption values were measured whilst
under continuous irradiation of unpolarised UV light. Here it is assumed that

irradiation with the UV light source results in full photoisomerisation of the
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BAAB2 into the cis conformal state, a more reasonable assumption now that a

high-intensity broadband UV light source is employed. With this assumption the

Atwg
d )

can be directly related to the cis concentration. The Beer-Lambert law, equation
7.1 can be fit to the data to calculate the absorption coefficient (a(450nm)) for

the cis conformer, as seen in figure 7.10.

average absorption (equation 7.4) normalised with respect to the cell gap,

B AH+2AJ_

Agg = ; (7.4)

[ 24

~-0.04 - Rl

Equation y =a+b*x

. Intercept 0%--

g 0.02 (5 Slope 0.0109+0.0003
0.014 .~ R-Square 0.98872
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Figure 7.10: The average absorption at A = 450nm (normalised with respect to
cell gap) is plotted as a function of BAAB2 cis molar concentration. These ab-
sorption measurements are taken during continuous UV irradiation of the BAAB2
doped samples and multiple repeats of the same concentrations are conducted.
Fitting of the Beer-Lambert law is employed with the intercept fixed at (0, 0).

In fitting the Beer-Lambert law the intercept is fixed at (0, 0) as at 0% mo-
lar concentration the absorption will be 00D. As can be seen from figure 7.10
the Beer-Lambert law gives a good fit indicating the assumption that all of the
BAAB2 molecules are photoisomerised by the UV irradiation is correct. The fit
gives an absorption coefficient of a(450nm) = (0.0109 + 0.0003)ODpm %1
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This absorption coefficient can now be used to calculate the cis conformer pop-
ulation in any system given the average absorption measurement at 450nm and
the device cell gap,
A(450nm 1
‘= ( d = a(450nm)’ (7.5)
It is important to note that in the yellow-filtered state of the guest-host system

the BAAB2 cis isomer has a polarisation angle dependant absorption at 450nm,
shown in figure 7.11. This indicates that in the low-intensity yellow-filtered state
the cis conformers that are present align in some manner with respect to the
nematic director. The polarisation angle dependence decreases in the irradiated
state (almost independent). This leads to some interesting conclusions surround-
ing the packing of these cis conformers and suggests that when non-UV irradiated
they pack well with the nematic host and subsequently would not generate very
much disruption to the nematic order. This will be revisited in the next sec-
tion investigating the yellow-filtered order parameter. However, when irradiated
they are more randomly aligned (polarisation angle independent absorption) po-
tentially suggesting an increase to the cis conformer’s disruption to the nematic
order.

This polarisation angle dependency in absorption does however mean that in
order to monitor the population of cis conformers between irradiation states it is

necessary to calculate the average absorption as previously demonstrated.
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Figure 7.11: The polarisation angle dependence at A = 450nm of the guest-
host 0.5% 15NB30OH + 2%(%) BAAB2 in 5CB system in the yellow-filtered and
irradiated states. The molar concentration of cis conformers in the un-irradiated
and irradiated states are measured to be 0.65% and 1.62%. The 450nm absorption

corresponds to the BAAB2 cis conformer absorption.

7.3.4 Yellow-filtered order modification

The baseline measurement in the un-irradiated state must first be established for
direct comparison with irradiated conditions to establish the impact of photoiso-
merisation. The first test is to again conduct a combination of DSC and POM
to measure the un-irradiated transition temperature. In the POM a yellow-filter
is utilised instead of a red-filter to allow direct measurement of the cis concen-
tration. The red-filter removed all wavelengths below 580nm, whilst the yellow

filter removes wavelengths between 405 and 430nm.

The DSC transition temperatures (Ty7_ynr-) for varying BAAB2 concentra-
tion together with 0.5%(%) 15NB3OH in 5CB, compared directly to the non-
15NB3OH doped samples from previous section 7.2.1, are shown in figure 7.12.

Excellent agreement between the 15NB3OH doped samples and the non-doped
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Figure 7.12: DSC transition temperatures are shown for varying BAAB2 con-
centration in 15NB3OH doped 5CB and non-15NB30OH doped 5CB. A general
increase in transition temperature with increasing BAAB2 concentration is ob-

served.

samples is seen, with a small variation of +0.5°C' between comparable concen-
trations. A linear increase in the transition temperature is again observed with
increasing the total BAAB2 concentration and the small variation between sam-
ples is likely a result of the 0.5%(%) 15NB30OH dopant. It is important to note
that here it is again assumed that the cis concentration is close to zero due to the
light-tight pans employed in DSC. This assumption appears reasonable again due
to the results demonstrating a linear increase in nematic to isotropic transition

temperature with increasing concentration of BAAB2 in 5CB.

Now the order parameter will be measured as a function of temperature using
POM, with a yellow-filter, to give insight into how the transition temperature
(TN1—yetiows taken as the point at which S < 0.3) varies as a direct function
of cis concentration. The point at which S < 0.3 is chosen as the transition

temperature to ensure consistency between measurements and account for the
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unavoidable temperature gradient in the sample.

As previously noted in measurements of the polarisation angle dependence of
the cis absorption (figure 7.11), when the system is in the yellow-filtered POM
setup (no UV irradiation) the concentration of the BAAB2 molecules in the un-
relaxed cis conformal state is not zero. According to the LIOM model any cis
molecules can be simply considered as LIMs and will generate a change (reduc-
tion) in the intermolecular interaction energy. To investigate the effect of the
yellow-filtered cis population on the system the order parameter is evaluated
whilst simultaneously measuring the cis concentration via the 450nm absorption

values.

The order parameter of the system is measured via absorption measurements
at A = 694nm corresponding to the 15NB3OH anthraquinone dye. This allows
a clear evaluation of the order of the system and also allows a quantitative mea-
surement of the nematic to isotropic transition temperature. A comparison of
the order parameter measured as a function of temperature for yellow-filtered
2%(2) and 10%(%) BAAB2 together with 0.5%(%) 15NB30OH in 5CB is shown
in figure 7.13. The absorption was measured at A = 450nm for the 2%(%) and
10%(2) BAAB2 doped samples and equation 7.5 gave the cis concentrations as
(0.91 £0.03)% and (4.0 £ 0.1)% respectively.

Figure 7.13(a) demonstrates how an order reduction is induced with increasing
concentration of cis conformers even without active UV irradiation of the system.
An increase in cis concentration causes a shift in the order parameter curve to
the left (lower temperatures), a direct result of the order parameter modification
due to the reduction in the intermolecular interaction energy caused by the cis
LIMs. By plotting the order parameter as a function of reduced temperature,
figure 7.13(b), the two samples follow the same trend. This is expected as the
order modification simply lowers the phase transition temperature and by normal-

ising to this reduction the system will still follow the expected nematic behaviour.
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Figure 7.13: An example of the difference in the order parameter dependence
on (a) temperature and (b) reduced temperature for two yellow-filtered mixtures
of BAAB2 in 15NB3OH doped 5CB. The lower concentration mixture (2%(%)
BAAB2) has a lower molar concentration of cis conformers (0.91%) whilst the
higher concentration mixture (10%(%) BAAB2) has a higher steady state molar
concentration of cis molecules (4.0%). This higher concentration of cis conform-
ers results in a larger reduction in the order parameter curve. Plotting as a func-
tion of reduced temperature shows that the two systems follow similar nematic

behaviour as expected.

To fully evaluate the impact of the cis concentration in the yellow-filter state
the order parameter was measured as a function of temperature for a variety of
cis concentrations. The yellow-filtered (no UV irradiation) state relationship be-
tween the nematic to isotropic phase transition temperature (7 Ifyellow) and cis

concentration is demonstrated in figure 7.14(a).

The nematic to isotropic phase transition temperature (7 7_yeuow) is observed
to decrease with increasing molar cis concentration in the yellow-filtered state.
The reduction is small and there is a relatively large absolute error in the measure-
ment using a hotstage due to difference in thermal contact and device alignment,
estimated to be £1°C' from the scatter in the dataset. However, even with the
associated error it can clearly be seen that the increasing cis population causes

the expected reduction in the nematic to isotropic transition temperature due to
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the order modification from the cis impurities.
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Figure 7.14: (a) Nematic to isotropic phase transition temperature as a function
of cis concentration in the yellow-filtered state. (b) The relative change in the
nematic to isotropic phase transition temperature as a function of cis concentra-
tion in the yellow-filtered state. Fitting of the LIOM model (equation 7.2) gives

the relative change in interaction energy, intercept fixed at (0, 0).

These results seem somewhat counter to the previous DSC and red-filtered
(un-irradiated) non-15NB3OH doped POM results, which demonstrate an overall
increase in phase transition temperature with increasing total BAAB2 concen-
tration. In these yellow-filtered measurement, utilising the order parameter, the
samples with higher total BAAB2 concentration generally had a higher total mea-
sured cis concentration, meaning if compared with the previous DSC results of
the same total BAAB2 concentration an opposite trend is observed. However, the
reason for this discrepancy is in the experimental conditions themselves, rather
than the experimental procedure. In DSC the samples are contained in a light-
tight sample pan which prevents any ambient light from photoisomerising the
BAAB2 dopant and therefore the assumption that the cis concentration is close
to 0% is valid. Now the discrepancy between yellow-filtered and and red-filtered
POM (and DSC) results is easily explained when the transmission spectra of each

filter employed is considered.
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Figure 7.15: The transmission spectrum of the red-filter utilised in previous ex-
perimental results and the yellow-filter currently employed in experimental pro-

cedure is demonstrated. The small increase in transmission at low wavelengths

for the yellow-filter is highlighted.

As can be seen from figure 7.15 the yellow-filter allows approximately 15%
transmission at close to A = 400nm. This small amount of light leakage will
cause some photoisomerisation of the BAAB2 molecules and generate an increase
in the cis concentration when compared with DSC and red-filtered experiments,
although the levels will be low as the broadband visible bulb has low intensities
in this wavelength regime. This is the reason behind the discrepancy between
these yellow-filtered POM results and DSC/red-filtered POM even though there
is no direct UV or laser irradiation of the sample. The use of the yellow-filter
does however allow the advantage of direct measurement of the cis population via
the 450nm absorption and therefore is the best possible experimental setup for
deconvolution of the photoisomerisation process. The small amount of BAAB2
photoisomerisation into the cis state is directly monitored and allows for interest-
ing conclusions to be drawn surrounding the physical packing of the cis conformer

in this low-intensity photoisomerising condition. This comparison of DSC, red-
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filtered POM, and yellow-filtered POM transition temperatures has demonstrated
that the previous assumption that the red-filtered and DSC measurements pre-
vented photoisomerisation is correct as a reduction in transition temperature with

increasing BAAB2 concentration would have been observed if it were not the case.

Utilising the LIOM model the transition temperature dependence on cis con-

centration measured from the yellow-filtered POM can be replotted as the relative

Tnr

concentration. The relative change in nematic to isotropic transition temperature

change in nematic to isotropic transition temperature (in Kelvin) versus cis
is taken relative to the DSC measured phase transition temperature for each of
the mixture as this is the closest to 0% cis conformer concentration. This will
then allow fitting of equation 7.2 to establish the relative change in intermolecular

interaction energy, figure 7.14(b).

The fitting of the LIOM equation indicates that in the yellow-filtered state
the relative change in intermolecular interaction energy generated by the pres-
ence of cis conformers is (—3.5 4+ 0.3) - 1073, which will be compared with later

UV-irradiation results.

7.3.5 BAAB2 cts orientation

As previously demonstrated in figure 7.11 the cis conformer has a polarisation an-
gle dependent absorption in the yellow-filtered (no UV irradiation) state. This po-
larisation angle dependence in absorption indicates an ordering of the cis molecule
with respect to the nematic director, unexpected as cis molecules are typically
assumed to be non-rod-like isotropic impurities in the system. Here the theory re-
lating the nematic order parameter, dye order parameter, and transitional dipole
moment (TDM) angle (discussed in chapter 3.1.2) will be utilised to establish the

possible packing of the cis conformer in the yellow-filtered un-irradiated state.

The order parameter has been measured in the yellow-filtered state as a func-

tion of temperature via the absorption of the anthraquinone dye 15NB3OH via
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equation 7.3. The angle the TDM makes with the 15NB3OH molecular long axis,
B, is known from theoretical modelling. By measuring the dichroic ratio for the
cis conformer (D) at A = 450nm equation 7.3 can be rearranged to give the
TDM angle for the cis molecule (f5.;s). The cis conformer is clearly not a rod-like
molecule so the TDM angle generated from this can be assumed to be the angle

between the director and the TDM.

1, Degs—1, 2
cis — Ve = Q. 1 7.6
b = o5~ [ (R ) 2] 4 ) 79
By averaging across all yellow-filtered temperature dependant scans of various
concentrations of BAAB2 together with 0.5%(%) 15NB30OH in 5CB the average

angle is found to be 5.5 = (26.6 & 0.5)°.

Previous literature exploring the angular dependence of azo-based material
TDMs find that the fluctuation between possible cis conformers in the xy-plane
results in an average TDM that is approximately along the N=N bond direction
in the molecule [8]. If the calculated ( value is used as the angle between the
director and the N=N bond (TDM) it gives the possible packing demonstrated
in figure 7.16. The 5CB dimerisation is shown and the possible packing of the
cis molecules around the nematic host is demonstrated. The packing of the cis
molecules at the suggested angle would agree with the current measurements
which show a low amount of disruption to the order generated with increasing

cis concentration in the yellow-filtered state.

Summary of order in low- or un-irradiated states

In this section new mixtures of BAAB2 containing 0.5%(%) 15NB30OH in 5CB
were introduced, along with the new method of measuring the temperature de-
pendence of order parameter, whilst simultaneously monitoring the cis popula-

tion. The absorption coefficient for the cis conformer was directly measured to
be a(450nm) = (0.0109 £ 0.0003)ODum~'%~!, allowing real-time monitoring of
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Figure 7.16: The possible packing of the cis molecule with nematic 5CB. The an-
gle of the N=N bond is based on the calculated g value from the order parameter

conversion.

the cis concentration via simple absorption measurements.

DSC was conducted on varying concentrations of BAAB2 together with 0.5%(*)
15NB3OH in 5CB and demonstrated a linear increase in the un-irradiated nematic
to isotropic phase transition temperature (Tn7_ynr--). This is in agreement with
previous DSC measurements on the non-15NB30OH doped samples discussed in

section 7.2.1.

The order parameter was then measured as a function of temperature using
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yellow-filtered POM, whilst also directly measuring the cis concentration via the
absorption at 450nm. A decrease in the nematic to isotropic phase transition tem-
perature (Tn7—yenow) Was observed with increasing cis concentration, contrary to
previous results. It was demonstrated that the yellow-filter resulted in low levels
of photoisomerisation in the samples due to the transmission of light between 400
and 405nm. This resulted in a LIOM generating the observed lowering of the
phase transition temperatures. This further corroborated the previous assump-
tion that the DSC and red-filtered POM methods prevented photoisomerisation
in the samples and has a resultant cis concentration close to 0%. Fitting of the
LIOM model gave the relative change in intermolecular energy generated by the

appearance of the cis molecules in the yellow-filtered state to be (—3.5+0.3)-1073.

The polarisation angle dependence of the cis absorption was related to the
angle of the cis TDM (8 = (26.6 £0.5)°). This allowed insight into the potential
packing of the cis conformer when not under high-intensity irradiation and helps

explain the low-levels of order modification generated.

To further investigate the physical effect of cis conformers and the photoiso-
merisation process irradiation of samples with an unpolarised broadband UV

source will be conducted and the affect on order (transition temperature, Tn;_yy )
will be established.
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7.3.6 UV-irradiated order modification

Now that the physical impact of cis molecules in the yellow-filtered state has
been established, the direct effect of UV photoisomerisation of the azobenzene-
based BAAB2 on the 15NB3OH-doped 5CB host can be determined. The order
parameter was again measured as a function of temperature to establish the ne-
matic to isotropic phase transition temperature (Tn;_yy) as a function of cis
concentration whilst under direct UV irradiation. An example of the order pa-
rameter versus temperature for yellow-filtered and irradiated 2%(:2) BAAB2 +
0.5%(%)15NB30OH in 5CB (molar cis concentration of 0.91% and 1.62% respec-
tively), and yellow-filtered 10%(%) BAAB2 + 0.5%(%) 15NB3OH in 5CB (mea-

sured molar cis concentration of 4.0%) is shown in figure 7.17.
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Figure 7.17: The order parameter versus (a) temperature and (b) reduced temper-
ature for different cis concentrations in both yellow-filtered and irradiated states.
The irradiated state increase in cis conformer shows a much larger change in order
parameter compared to the increase in yellow-filtered increase in cis conformer
concentration. It is shown that plotting as a function of reduced temperature

results in each sample following the same trend as expected.

It can immediately be seen that the UV-induced photoisomerisation process
causes a large decrease in the order parameter of the system, which appears
dramatic when compared to the order reduction generated by the increased con-

centration in the yellow-filtered states. If the reduction in the nematic to isotropic
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Molar Concentration [%] Irradiation state ATy (°C)
[+0.1]
(0.91 £ 0.03) Yellow-filtered —0.5
(4.0 £0.1) Yellow-filtered -7.9
(1.62 +0.02) UV Irradiated —7.5

Table 7.4: Table showing an example of the reduction in nematic to isotropic
phase transition temperature when compared with un-irradiated DSC measure-

ments for various concentrations of cis conformer and varying illumination states.

phase transition temperature is simply considered for each case, compared to the
samples DSC un-irradiated phase transition temperature (table 7.4), it can be
seen that when UV irradiated the sample produces a similar reduction in ne-
matic to isotropic phase transition temperature as a yellow-filtered sample with
nearly 2.5 times the cis concentration. This discrepancy is counter to the LIOM
model which simply predicts a linear relationship between order modification and
cis concentration. The fact that these two drastically different concentrations
have similar reductions in phase transition temperatures suggests that there is
an additional physical mechanism generated by the high-intensity UV irradiation

causing an additional increase in order modification.

To fully investigate the UV irradiated photoisomerisation process the nematic
to isotropic transition temperature (Ty;_pyy, S < 0.3) was investigated for vary-

ing cis concentration and is shown in figure 7.18(a).

As expected under irradiation the photoisomerisation process increases the cis
concentration in the sample, disrupting the order, and reducing the nematic to
isotropic transition temperature. The transition temperature decreases linearly
with increasing cis concentration as predicted by the LIOM model. In com-
paring with the previous laser irradiated transition temperature (Tn;_j4ser) it is
clear that full photoisomerisation was not achieved as noted by the much higher

transition temperatures measured compared to the UV-irradiated transition tem-
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Figure 7.18: (a) The nematic to isotropic phase transition temperature (Tn;_gyv )
as a function of cis concentration for UV irradiated samples compared with pre-
vious laser irradiated phase transition temperature (Ty7_jaser). The phase tran-
sition temperature decreases with increases cis concentration. (b) The relative
change in phase transition temperature as a function of cis concentration. LIOM
(©)

Comparison of irradiated and yellow-filtered relative change in phase transition

model is fit to establish the change in intermolecular interaction energy.

temperature as a function of cis concentration, clearly highlighting the different

dependencies.

peratures for comparable cis concentrations.

To calculate the change in intermolecular interaction energy, the relative
change in phase transition temperature was plotted as a function of cis molecule

concentration and fit with a linear equation, figure 7.18(b). The fitting of the
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LIOM model with the intercept at (0, 0) generates a much better fit than pre-
vious laser irradiation testing. The fitting results in a relative change in inter-
molecular interaction energy of (—8.740.2) - 1073, a factor of more than 2 larger

than the yellow-filter relative change in intermolecular energy of (—3.540.3)-1073.

Figure 7.5(c) clearly shows the difference between the yellow-filtered and UV
irradiated effect of cis concentration on the nematic to isotropic phase transi-
tion temperature. The active photoisomerisation process generates a much larger
modification of the system order parameter, generating a 2.5 times larger relative
reduction in intermolecular interaction energy. The LIOM model, discussed in
chapter 3.2.3, assumes that the order modification in an azobenzene-based ne-
matic system is simply proportional to the LIM (cis) concentration. Here it has
clearly been demonstrated that the order reduction (transition temperature mod-
ification) is dependant on more than just the cis concentration with an increased
order modification generated by a secondary mechanism during unpolarised UV

irradiation of the sample.

Summary of UV-irradiation

In this section the order parameter dependence on irradiated cis concentra-
tion was experimentally determined. The relationship between the nematic to
isotropic phase transition temperature (Tv;_yy) and irradiated cis concentration
was shown. The relative change in intermolecular interaction energy generated
by the cis conformer was measured to be (—8.7 + 0.2) - 1073, 2.5 times larger
when compared with the yellow-filtered change in intermolecular interaction en-
ergy. This is indicative of a secondary physical mechanism generating a higher
modification of the packing in the nematic system when unpolarised UV irra-

diation is employed.
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7.4 Summary

The effect of doping calamitic LC 5CB with azobenzene-LC BAAB2 was inves-
tigated, with the impact on the phase sequence characterised in terms of cis

conformer concentration and illumination conditions.

DSC found that the inclusion of BAAB2 into 5CB at concentrations of 5 —
10%(*2) caused an increase in the nematic to isotropic phase transition tempera-
ture from 36.5 — 41.1°C". With no photoisomerisation occurring in the sample,
due to the light-tight pans implemented in DSC, the BAAB2 cis concentration
is close to 0% and therefore a linear increase in phase transition is observed due
to the BAAB2 un-irradiated higher temperature range nematic phase when com-
pared with 5CB.

The order parameter was measured as a function of temperature using yellow-
filtered POM for various concentrations of BAAB2 together with 0.5%(%) 15NB30OH
in 5CB. The cis concentration was monitored directly during experiments and
the nematic to isotropic transition temperature was measured as a function of cis
concentration.

In the yellow-filtered measurement the nematic to isotropic transition tem-
perature was found to linearly decrease with increasing cis concentration, with a
relative change in intermolecular interaction energy of (—3.5+0.3)-1073. The cis
concentration was no longer 0% in the yellow-filtered condition due to the small
amount of photoisomerisation caused by the 400-405nm low-intensity light leak-
ing through the yellow-filter. The packing of the cis conformer into the system
was also predicted utilising the combination of the absorption TDM with order

parameter data.

Irradiation with unpolarised broadband UV light was utilised to trigger the
photoisomerisation of BAAB2 and the order parameter was again measured as
a function of temperature. The nematic to isotropic phase transition tempera-
ture was measured as a function of cis concentration in the irradiated state and

again demonstrated a linear decrease with increasing concentration. The relative
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7.4 Summary

change in intermolecular interaction energy was measured to be (—8.74:0.2)-1073,

more than two times larger than in the yellow-filtered state.

At this point it is hypothesised that the order parameter modification in
the UV irradiated, active photoisomerisation, state is a combination of the cis
concentration causing a disruption to the packing (similar to the yellow-filtered
state) plus a light induced torque exerted out of the plane on the system.

The experimental technique utilises unpolarised UV light irradiating the
sample from above. As discussed in chapter 3.2.2 irradiation of an azobenzene-
based material with polarised light causes a global reorientation of the molecule to
be perpendicular to the irradiation polarisation. In this case unpolarised light
is irradiating the system from above, resulting in an affinity for the molecules to
orient out of the plane. Reorientation does not occur in these samples due to
the strong anchoring conditions, however this affinity to reorient out of the plane
will generate a light-induced torque on the nematic system. It is hypothesised
that the light-induced torque is the cause of the increased order reduction when
compared to the non-UV irradiated samples. To test this hypothesis, dielectric
spectroscopy will be utilised in the next chapter as a probe to give insight into

the physical properties and mechanisms occurring in this light-sensitive system.
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Chapter 8

Photoisomerisation and physical

properties

In the previous chapter BAAB2 doped 5CB was utilised in investigating the im-
pact of the photoisomerisation process on the phase sequence of the nematic LC
system. It was found that the presence of cis conformers generated a light-induced
order modification (LIOM), reducing the nematic to isotropic phase transition
temperature. It was found that UV irradiation generated a much larger relative
change in the intermolecular interaction energy compared to similar cis concen-
trations generated by low-intensity yellow-filtered visible light. It was therefore
hypothesised that the unpolarised UV light generates a light-induced torque on
the nematic director generating an increased order modification in the system.
This hypothesis will be tested in this chapter by utilising dielectrics as a probe

into the light-sensitive system.

8.1 Dielectrics

Measurement of the deformation of the nematic director under an applied elec-
tric field (discussed in chapter 2.6) is an good method of establishing elastic and
dielectric properties of a LC sample, as well as the pre-tilt of the alignment layer.
In this section the measurement of the voltage dependence of capacitance, and

subsequent fitting, will be utilised as a probe to establish whether a light-induced
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8. PHOTOISOMERISATION AND PHYSICAL PROPERTIES

torque (external force) is exerted on the BAAB2 doped samples during irradia-
tion with unpolarised UV. Measurement of the splay (k11) and bend (k33) elastic
constants, the electrical permittivity parallel and perpendicular (¢ and €, ), and

the surface pre-tilt (6;;) will be undertaken.

It is important to emphasise that any differences between irradiated and
yellow-filtered samples of identical cis concentrations are not suggestions that
they have fundamentally different physical properties, cis molecules in both states
will have the same physical properties, but rather that any difference is indicative
of an external force acting on the system which is unaccounted for in the fitting

and subsequently manifests itself as a change in the physical parameters.

In this section the baseline physical properties will first be established for the
non-BAAB2 doped sample. This will then be followed by measurements of the
physical parameters of varying concentrations of BAAB2 together with 0.5%(%)
15NB3OH in 5CB for the yellow-filtered state and then the UV-irradiated state,
giving insight into possible external forces acting on the material. The order
parameter with respect to temperature is again measured via the 15NB3OH ab-
sorption and is established in all testing to give an accurate value for the nematic
to isotropic phase transition temperature. The cis concentration is again mea-
sured via absorption values at 450nm, established in the previous chapter. All
comparison of elastic/electric/pre-tilt parameters must be conducted as a func-
tion of reduced temperature (TLNI) to remove the impact of order modification.
The LC mixtures are filled into low pre-tilt (1-2°, SE130 polyimide) uniform pla-
nar aligned ITO LC cells with 10um cell gap. The capacitance was measured as

a function of voltage from 0 — 20V,.,,s at a frequency of f=10kHz.

Later in this section the comparison of physical properties is represented by
Ak
k%

each value, as discussed in chapter 4.4, would result in a 7% error in the rela-

the relative change (e.g. ), which assuming an approximately 5% error in

tive change. This however does not take into account error in the fitting of the
temperature dependent empirical formulas. With this in mind all errors in the

relative change in physical properties will be quoted with a 10% error to attempt
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8.1 Dielectrics

to give an accurate representation of the error in these results. Multiple runs
were conducted across concentrations and irradiation conditions to give an ac-
curate representation of the physical parameter dependencies measured in this

light-sensitive system.

8.1.1 15NB3OH doped 5CB

Firstly, a baseline measurement must be established for direct comparison. This
is achieved through dielectric measurements on 0.5%(%) 15NB3OH in 5CB (no
BAAB2 dopant). Dielectric measurements were conducted on the sample, as well
as pure bCB, at a range of temperatures in the nematic region of the samples. An
example graph of permittivity versus voltage is shown in figure 8.1 (a). Below the
threshold voltage there is no change in permittivity, but once above the threshold
voltage (approximately 0.7V,,,s) the director reorientation begins and a change
in permittivity is measured. Fitting of equations (discussed in chapter 2.6) to the
permittivity versus voltage curves, demonstrated in figure 8.1(a), gives splay and
bend elastic constants, dielectric properties, and surface pre-tilt as a function of

temperature for the material.

The temperature dependence of the elastic and dielectric properties were fit
with empirical formulae (equation 8.1 and 8.2) to allow for a direct comparison
between data sets, fitting procedure described in detail in [1]. It can be seen
from the above results that there is very little change when introducing the an-
thraquinone dye 15NB3OH into 5CB nematic LC. There is a small reduction in
the k33 elastic constant observed, but otherwise the material properties remain
largely unchanged as expected from such a small concentration of dopant. The
0.5% 15NB30OH in 5CB results will be used as the baseline for comparison with
BAAB2 doped samples to directly observe the impact of the BAAB2 material.
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Figure 8.1: (a) The dependence of permittivity on voltage for 0.5%(%) 15NB3OH
in 5CB, at a temperature of 20°C'. The dielectrics fitting gave parameters of:
ki = 6.98pN, kg3 = 11.54pN, e = 20.58,¢;, = 6.32, and Oy = 2.15°. (b) A
comparison of 5CB and 0.5% 15NB30OH in 5CB elastic constants temperature
dependence. A slight reduction in k33 is observed. (c) A comparison of 5CB
and 0.5% 15NB3OH in 5CB parallel and perpendicular electrical permittivity.
Very little change is observed from such a small dopant concentration. (b, c)
Empirical fitting of equations from [1]. Results are plotted as a function of reduced

temperature to remove order parameter discrepancies.
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8.1 Dielectrics

where T is temperature, €. is the extraordinary dielectric permittivity, €, is the

*

ordinary dielectric permittivity, €* is the extrapolated dielectric permittivity at
T™* which is the extrapolated temperature of the hypothetical continuous phase
transition, A, is the static dielectric permittivity background term, B, is the
dielectric amplitude, (Ae€), is the dielectric anisotropy in the crystalline state
(obtained via extrapolation to 7' = 0K), Ty is the nematic to isotropic phase
transition temperature, ). is a characteristic constant of the material which re-
flects the materials temperature dependence, and < € > is the average dielectric
constant.

ulT) = (Ra)of1 — ) (8.2)

NI

where k;; is the elastic constant under consideration (i=1 or 3 in this investigation)

and (k;;), is the extrapolated elastic constant at T = 0K.

8.1.2 Yellow-filtered physical properties

Firstly, measurements for the yellow-filtered samples with varying BAAB2 con-
centration, again from 0 — 10%(%), are conducted. Optical spectroscopy was
used in tandem with the dielectric measurements to give accurate values of the
nematic to isotropic transition temperature, as well as direct measurements of

the cis population through absorption values at A = 450nm.

The temperature dependence of each of the physical parameters was fit with
the empirical formula described in [1] and the relative difference between the
BAAB2 doped sample in question and the 0.5% 15NB3OH in 5CB sample (no
BAAB2) was averaged between TLNI = 0.95 — 0.99 to give an indication of the
impact of the BAAB2. The relative change of each physical parameters depen-
dence on cis concentration for the yellow-filtered samples will now be discussed

in turn.

Elastic constants

The relative change in the splay and bend elastic constants, averaged over a tem-

perature range of % = 0.95 — 0.99, dependence on the yellow-filtered BAAB2
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8. PHOTOISOMERISATION AND PHYSICAL PROPERTIES

cis concentration is shown in figure 8.2. Figure 8.2(a) shows that for the majority
of cis concentrations in the yellow-filtered state there is a slight increase in splay
elastic constant. There doesn’t appear to be any clear concentration dependence

in the relative increase in ki, with an average found to be (4 4 2)%.
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Figure 8.2: (a) The average relative change in splay elastic constant as a function
of yellow-filtered cis concentration, averaged over TLNI =0.95 — 0.99. An average
increase of (4£2)% is observed. (b) Depiction of the nematic director deformation
occurring in the measurement of the splay elastic constant. The splay restoring
force is demonstrated. Possible packing of the cis molecules into the splay packing
is also shown. (c) The average relative change in the bend elastic constant is
shown as a function of yellow-filtered cis concentration, averaged over TLNI =
0.95 — 0.99. An overall decrease with increasing cis concentration is observed.
(d) Depiction of the nematic director deformation occuring in the measurement
of the bend elastic constant. The bend restoring force is demonstrated. Possible

packing of the cis molecule into the bend packing is shown.

The splay elastic constant is calculated via the threshold voltage which occurs
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8.1 Dielectrics

in the low voltage regime. The director deformation occurring at this low voltage
regime is demonstrated in figure 8.2(b). The possible impact of the BAAB2
dopant on the material can be inferred if the geometry of the molecules is simply
considered.

In terms of the splay deformation it is sensible to assume the trans molecules
will have little impact on the elastic constant (restoring forces generated), with
the trans conformer shape being similar to the 5CB nematic host. The cis con-
former however appear to potentially cause an increase in the elastic restoring
force, although this is a very small effect with a large associated error. The
packing of the V-shaped mesogen appears impractical in the splay director defor-
mation, with the cis molecules bend angle being quite large, and means that it
may potentially result in the observed increase in splay restoring force. However,
previous literature has noted very little difference in splay elastic constant upon

inclusion of a bent mesogen [2] into a nematic calamitic material.

The relative change in the bend elastic constant is shown in figure 8.2(c),
showing an overall decrease in k33 with increasing cis conformer concentration.
The BAAB2 dopant causes a relative decrease between 12 and 41% in the bend
elastic constant. This is easily explained when the molecular geometry of the cis
conformer is considered. The V-shaped molecule will clearly assist in the bend
deformation, depicted in figure 8.2(d), reducing the restoring forces generated and
therefore lowering the bend elastic constant measured. The reduction in bend
elastic constant has been clearly observed upon including bent-core molecules in

a calamitic nematic LC [2, 3].

Dielectric permittivity

The relative change in the parallel and perpendicular dielectric permittivity with
relation to yellow-filtered BAAB2 cis concentration is shown in figure 8.3. Figure
8.3(a) shows that there is a small decrease in ) with increasing cis concentration.
Considering the molecular anisotropy of the cis isomer, figure 8.3(b), it becomes

apparent that the cis isomer is likely to have a reduced dielectric anisotropy due
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Figure 8.3: (a) The average relative change in parallel permittivity as a function
of yellow-filtered cis concentration is shown, averaged over TLNI = 0.95 — 0.99.
A general decrease with increasing cis concentration is observed. (b) The rela-
tionship between the director and the measured parallel permittivity is depicted.
The packing of the cis isomer into this configuration is shown to help draw con-
clusions on the observed trends. (c) The average relative change in perpendicu-
lar permittivity as a function of yellow-filtered cis concentration, averaged over
TLNI =0.95 — 0.99. (d) The relationship between the director and the measured
perpendicular permittivity is depicted. The packing of the cis molecule into this

configuration is shown to help draw conclusions on the observed results.
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to it’s less rod-like shape, therefore resulting in a reduced ¢ as observed in the
experimental data.

Figure 8.3(c) shows how e, changes with increasing cis population in the
yellow-filtered state. There appears to be a slight decrease with increasing con-
centration, although the data is somewhat inconclusive. This indicates that there
is potentially a reduction in the perpendicular electrical permittivity in the cis

state conformer.

Overall there is very little change in the dielectric properties although a general
decrease in dielectric anisotropy is observed for increasing cis concentration, figure
8.4, which is in agreement with observed dielectric anisotropy trends with during
the inclusion of bent-core molecules in calamitic nematic materials [3]. These
results will be compared with irradiated samples to give further insight into the

photoisomerisation process.
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Figure 8.4: The average relative change in dielectric anisotropy as a function of

yellow-filtered cis concentration is shown, averaged over TLNI =095 —0.99. A

general decrease with increasing cis concentration is observed.
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Pre-tilt

The fitting of the dielectrics data outputs the pre-tilt of the device substrates.
The pre-tilt gives a measurement of the angle the director makes out of the plane
at each surface, determined by the alignment substrate used. In the current test-
ing polyimide surface alignment SE130 is used, with a quoted pre-tilt of 1-2°.
Figure 8.5(a) shows how the pre-tilt varies with increasing cis concentration in
the yellow-filtered state. Interestingly, the initial inclusion of BAAB2 into the
system causes a decrease in pre-tilt angle from an average of 2° to approximately

0.5° for less than 1.5% cis concentration.

(a) (b)
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#9096

cis Molar Concentration (%) m—

Figure 8.5: (a) The average pre-tilt dependence on the yellow-filtered cis con-
centration is shown, averaged over each samples full temperature dataset. After
an initial decrease in pre-tilt with the addition of BAAB2 an increase in pre-tilt
is observed with increasing cis concentration is observed. (b) A depiction of the
pre-tilt in the devices measured. The impact of the V-shaped molecule on the
director is shown to demonstrate how it could cause an increase in the pre-tilt
measured in the device.

There is however a clear increase in average pre-tilt angle with increasing cis

concentration from approximately 0.5 — 5.5°. This large increase in pre-tilt is
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not a change in alignment layer, but rather a change of the molecular packing.
Figure 8.5(b) depicts how the cis isomer could potentially change the measured
pre-tilt of the system via its bend angle. The V-shaped molecule could cause an
apparent increase in the pre-tilt due to the packing of the nematic around its

bend angle.

The effect of the BAAB2 dopant on the physical parameters of the nematic
LC system has been clearly established in the yellow-filtered state as a baseline.
Now measurement under continuous UV irradiation can be conducted. Direct
comparison with the yellow-filtered physical parameters will give a direct indica-
tion of the physical processes occurring in the system and the possibility of an

external force acting on the system.
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8.1.3 UV-Irradiated physical properties

The voltage dependant capacitance was measured whilst simultaneously irradi-
ating the sample with unpolarised UV light to investigate the impact of irra-
diation/photoisomerisation on the samples. It is important to again emphasise
that any discrepancy between the yellow-filtered and irradiated samples at com-
parable concentrations of cis conformers does not indicate a change in molecular
physical properties, but rather indicates the action of an additional external force
on the system that is not accounted for in the fitting of experimental data. In this
respect the dielectrics fitting is utilised as a probe into the underlying physical
mechanisms occurring in the sample during irradiation. The relative change of
each of the physical parameters will now be discussed in turn and compared with

the previous yellow-filtered results.

Elastic constants

The relative change in the splay elastic constant with respect to cis concentration
for irradiated BAAB2 samples is shown in figure 8.6(a). It can be seen that the
splay elastic constant decreases with increasing cis concentration for the irradi-
ated samples. This decrease is in direct contrast to the yellow-filtered sample
which demonstrated a roughly concentration independent increase in k;. Whilst
there has been no change in the material this relative decrease in k;; can be ex-
plained if the possibility of an external optical torque (Y,,;) acting on the system
is considered, figure 8.6(b). The optical torque that could be generated due to
the irradiation of unpolarised UV would act out of the plane. This force would
act in the opposite direction to the splay restoring force thus resulting in a lower

measurement of the splay elastic constant.

Similar results are observed in the measurements of the bend elastic constant,
figure 8.6(c). A decrease in bend elastic constant is again observed with increas-
ing cis concentration. The relative decrease is larger for the irradiated state when
compared with similar concentrations of cis isomer in the yellow-filtered state.
This again indicates an external force (optical torque) acting on the system when

under continuous irradiation causing an apparent reduction in the bend elastic

140



8.1 Dielectrics

constant.

p—
(2]
-

(a)

s Un-irradiated
x UV Irradiated

104 ) & . = g —
. 0qx L - -~
& 04 ) x o ~
£ ’ / / K11 Y opt
x'_-30— ﬁ
<-40- & ~

50 + I > ~

601 P A—

0 1 2 3 4 5

(C ) cis Molar Concentration (%)

o Un-irradiated
x UV Irradiated

—_—
Q.
-

0= & ,—-
;\;_10 ’ 5 58 / II
S~ -20
B : 1
:«3'30_ ¥ : 0 | k33 Yopt
: !

-50 % I I

" o} g

& =

0 1 2 3 4 5
cis Molar Concentration (%)

Figure 8.6: (a) The average relative change in splay elastic constant depen-
dence on irradiated and yellow-filtered cis concentration is shown,averaged over
TLNI = 0.95 — 0.99. In the irradiated state an overall decrease with increas-
ing cis concentration is observed. (b) The splay director deformation is shown
with the possible forces acting on the system depicted. (c¢) The average relative
change in bend elastic constant dependence on irradiated and yellow-filtered cis
concentration is shown, averaged over TLNI = 0.95 — 0.99. The irradiated state
demonstrates a large decrease with increasing cis concentration. (d) The bend

director deformation is shown with possible forces acting on the system depicted.

The reduction in both elastic constants when under continuous irradiation is
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indicative of an external force acting on the system. It is not a result of a change
in material parameters as the material is directly compared to the yellow-filtered
samples with similar cis concentrations. Therefore, the increased relative reduc-
tion in elastic constants indicates that there is an additional optical torque acting
on the system out of the plane causing the apparent reduction in elastic physical

parameters.

Dielectric permittivity

Measurement of the dielectric permittivity parallel and perpendicular whilst un-
der continuous UV irradiation is shown in figure 8.7. It can be seen that € shows
very little difference between the yellow-filtered and irradiated states of similar
cts concentrations. This is in agreement with the hypothesis of an optical torque
acting on the system. If the measurement of ¢ is considered, figure 8.7(b), it is
simply a measurement of the dielectric permittivity when the director is oriented
out of the plane. An optical torque acting on the system would have little to
no impact on the final out-of-plane state as the applied electric field and optical
torque are acting in the same direction. For the highest irradiated cis concentra-
tion there is perhaps an increased reduction compared to yellow-filtered, however

in general there appears to be little difference.

The measurement of perpendicular dielectric permittivity under irradiation
shows an increase in €, with increasing cis concentration. This is opposite to
the yellow-filtered state which demonstrated a small decrease with increasing
concentration. This is again in agreement with the hypothesis of an optical
torque acting on the system when the potential forces acting on the system are
considered.

If an optical torque is acting on the system in the low voltage planar regime
it will potentially generate a slight reorientation out of the plane. This would
manifest itself as an increase in the measured perpendicular permittivity, demon-
strated in figure 8.6(d), as the director is rotated towards the out of plane state
(¢)) which has a higher permittivity, and therefore this observed increase in €, is

indicative of an optical torque acting on the system.
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Figure 8.7: (a) The average relative change in parallel permittivity as a function of

irradiated and yellow-filtered cis concentration, averaged over % =0.95 — 0.99.
(b) Depiction of the parallel permittivity measurement with the hypothesised op-
tical torque force direction shown. (c¢) The average relative change in perpendic-
ular permittivity as a function of irradiated and yellow-filtered cis concentration,
averaged over % = 0.95 — 0.99. An increase is observed with increasing irra-
diated cis concentration. (d) Depiction of the perpendicular permittivity mea-
surement is shown. The impact of an optical torque force acting on the system

is shown in the slight reorientation of the director.

Pre-tilt

Finally, the average pre-tilt is observed to increase with increasing concentration

of c¢is molecules whilst under continuous irradiation, figure 8.8(a), when compared
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with the yellow-filtered similar cis concentrations. This is similar to the measure-
ment of the perpendicular dielectric permittivity in that the optical torque acting
on the system will cause a slight re-orientation out of the plane. Figure 8.8(b)
depicts how this effect could manifest itself in a higher measured pre-tilt angle in
the dielectrics fitting.

(a)

N
o

= Un-irradiated .
1| = lrradiated

Pre-tilt,,,
°

i
[

-
-

+ "

-

o
1

P27 74E

0 1 2 3 4
cis Molar Concentration (%)

Figure 8.8: (a) The average pre-tilt as a function of irradiated and yellow-filtered
cis concentration, measured over the full temperature range of each dataset. The
irradiated state shows an increase in pre-tilt with increasing cis concentration. (b)
Depiction of the pre-tilt measurement is shown with the effect of an optical torque

acting on the system demonstrated by an increase in the director reorientation.

In previous literature the absorption of methyl-red azobenzene material onto
the alignment layer has been suggested in a LC guest-host system when under
UV irradiation [4], causing a change to the alignment conditions utilised as a
form of photo-patterning. Here it is acknowledged that such a mechanism may
be occurring in the BAAB2 doped 5CB system, causing the observed change
in pre-tilt, although this is hard to conclude on and further experimentation is

required to test if this is occurring.

144



8.2 Summary

8.2 Summary

In this chapter the fitting of the voltage dependence of capacitance has been
utilised as an investigative tool into the physical mechanisms occurring during
the photoisomerisation process. A direct comparison of the relative change in
physical parameters measured (elastic constants, dielectric properties, and device
pre-tilt) between continuously UV irradiated and yellow-filtered samples was un-
dertaken. The difference between yellow-filtered and irradiated physical param-
eters agreed well with the hypothesis of an external force acting on the system
during irradiation. This light-induced torque generated measurements of lower
elastic constants due to the optical torque opposing the elastic restoring force.
An increased perpendicular permittivity and pre-tilt for comparable cis concen-
trations was observed in comparing irradiated and yellow-filtered samples, again

indicative of an optical torque acting out of the plane.

These results imply that there is an external force acting out of the plane of
the system accounted for here if an optical torque, due to the selective excitation
of the photoisomerisation process, is considered. These results have demonstrated
that in considering the LIOM generated by the photoisomerisation of azo-based
compounds more than the cis concentration must be considered for accurate pre-

dictions of the order modification.
In the next chapter the time-dependence of the photoisomerisation process

will be investigated to give insight into photoisomerisation and relaxation rates,

as well as the impact of the yellow-filtered visible light on the system itself.
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Chapter 9

Time-dependence of

photoisomerisation

The time dependence of the photoisomerisation process is important to quantify
as it will impact the operation of the system in applications and also monitoring
the system during the photoisomerisation process will give further insight into

the process, as well as information about the impact of lighting conditions.

9.1 Time-dependent optical properties

In this section the optical properties of 2%(%) BAAB2 together with 0.5%(%)
15NB3OH in 5CB are monitored as a function of time to measure the cis popu-
lation via the absorption at A = 450nm, as well as the order parameter as a func-
tion of time via the 15NB3OH polarisation dependent absorption at A = 694nm.
Photoisomerisation is triggered via UV irradiation at time t=>b5s and the relax-
ation process is also monitored upon removal of UV irradiation at time t=60s.
These time-dependant parameters are measured at a variety of temperatures

(22 — 30°C) to observed any temperature dependencies in the physical processes.

Figure 9.1(a) shows how the cis concentration varies as a function of time for
varying temperature in the 2%(%) BAAB2 together with 0.5%(%) 15NB3OH in
5CB mixture. The error in the absolute values for cis concentration are high in

these measurements due to error in cell gap measurements, with each experiment
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9. TIME-DEPENDENCE OF PHOTOISOMERISATION

conducted in a different region of the cell to prevent photo-degradation of the

sample regions.

It can be seen that the irradiation of the sample with UV at t=bs, first dashed
line, causes a rapid increase in the cis concentration due to the active photoiso-
merisation of the BAAB2 molecules from the trans to the cis conformal state.
The concentration reaches a maximum point and then remains constant under
continuous UV-irradiation. This result indicates that all previous measurements
under constant UV irradiation had a stable cis population. Upon removal of
the UV-irradiation, t=60s, the BAAB2 dopant immediately begins to decay back
from the cis conformer to the trans conformer. This decay is a combination of
the thermal decay, with the trans state being energetically favourable, but also
the driven reverse photoisomerisation process from the visible light exciting the
cis conformers. Now a closer look at each of the processes, photoisomerisation

and decay, will be conducted.

Figure 9.1(b) demonstrates how the cis concentration increases under UV ir-
radiation. All temperatures demonstrate saturation within a time of 10s. Fitting
of a linear relationship to this increase in cis concentration (between UV on at
t=>5s and the first plateau point) the photoisomerisation rate of BAAB2 generated
by the UV light source can be measured as a function of temperature. Figure
9.1(c) demonstrates the measured photoisomerisation rate and shows tempera-
ture independence, with an average photoisomerisation rate of (0.124+0.01)%s ™.
The temperature independence is expected as the photoisomerisation rate will be
dominated by the UV intensity used and the excitation probability of the BAAB2

trans molecules.

Once the UV irradiation is switched off at t=60s the cis concentration imme-
diately begins to decrease, figure 9.2(a). It can be seen that the cis concentration
exponentially decays and therefore fitting of an exponential decay equation al-
lows the decay rate to be determined as a function of temperature. Figure 9.2(b)

shows that the exponential decay rate increases with increasing temperature from
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Figure 9.1: (a) cis concentration measured with respect to time for 2%(%) BAAB2
together with 15NB3OH in 5CB. The first dashed line at t=>5s represents the UV
switch on time, whilst the second dashed line at t=60s represents the UV switch
off time. (b) A closer look at the active photoisomerisation section with the UV
switched on at t=>5bs and saturation of cis molecules achieved within 10s. (c) The

photoisomerisation rate as a function of temperature measured via a linear fit of

(b).

approximately 0.012 — 0.014%s~!, an order of magnitude slower than the pho-
toisomerisation rate. The increasing decay rate with increasing temperature is
expected due to the transformation from the cis to the trans being a combina-
tion of visible light driven reverse photoisomerisation and thermal decay (with
the thermal decay rate increasing with increasing temperature). On average the
sample has returned to the original ground state within 6 minutes. It is important

to emphasise that this is the decay rate whilst under continuous yellow-filtered
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9. TIME-DEPENDENCE OF PHOTOISOMERISATION

visible light illumination which excites the cis molecules and drives the reverse

photoisomerisation process.
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Figure 9.2: (a) The decay of the cis molecules after the UV is switched off. (b)
The decay rate of the cis conformer into the trans conformer as a function of
temperature measured via an exponential decay fit to (a).

The order parameter was measured via the polarisation angle dependant ab-
sorption of the 15NB3OH at 694nm and the variation of order parameter ver-
sus time for different temperatures is shown in figure 9.3(a). The experimental
data presented demonstrates how the initial order parameter (pre-irradiation)
decreases with increasing temperature as expected. The order under continuous
irradiation also decreases with increasing temperature, and when above the mod-
ified nematic to isotropic transition temperature, measured in chapter 7.3 to be
approximately 28°C', the order parameter drops to zero (isotropic). Figure 9.3(b)
demonstrates the initial yellow-filtered order parameter and irradiated order pa-
rameter measured as a function of temperature in this experiment compared
directly with the identical mixtures temperature dependence of order parameter
measured in chapter 7.3. Excellent agreement is observed between experimenta-
tion. Figure 9.3(c) demonstrates that the order modification generated by the
irradiation of the UV light is instantaneous and stabilisation of the order param-

eter is achieved within 10s, in agreement with the cis concentration data (figure
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9.2 Time-dependence of capacitance

9.1).

Figure 9.3(d) demonstrates how the order parameter recovers when the UV
irradiation is switched off. At temperatures where the system remains in the ne-
matic phase under continuous irradiation the order parameter begins to recover
instantly as the UV irradiation is removed. However, at temperatures in which
the sample undergoes an isothermal phase transition into the isotropic state the
recovery of the order parameter is delayed. This is a result of the order modifi-
cation of the cis concentration being much larger than that required to generate
an isothermal phase transition and therefore a higher proportion of the cis pop-
ulation needs to relax into the trans state before the nematic phase is regained

and the order can increase.

The time dependence of concentration and order has been established here,
however these measurements require constant illumination of the sample with
yellow-filtered visible light which has been shown in chapter 7.3 to generate a
small amount of photoisomerisation in the samples and will also drive the re-
verse photoisomerisation process due to the excitation of cis conformers with the
visible light. To test the impact of the illumination conditions on the samples
the capacitance is monitored as a function of time with different illumination

conditions triggered at different times.

9.2 Time-dependence of capacitance

In this section the capacitance is monitored as a function of time for 3%(%)
BAAB2 together with 0.5%(%) 15NB3OH in 5CB with different illumination
conditions to monitor the impact of light on the system. A low voltage of 0.2V,
is used in these experiments and therefore the capacitance measured is directly

related to the the perpendicular dielectric permittivity.

The capacitance as a function of time is shown in figure 9.4(a). At times less
than t=15s there is no light illuminating the system resulting in a constant capac-

itance. At t=15s the UV irradiation occurs and causes photoisomerisation of the
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Figure 9.3: (a) The order parameter versus time for 2%(%) BAAB2 together
with 15NB3OH in 5CB. The first dashed line at t=>5s represents the UV light
being switched on, whilst the dashed line at t=60s represents the UV light being
switched off. (b) The maximum and minimum order parameters measured for
various temperature in the time dependent experiment compared with the order
parameter versus temperature scan conducted in chapter 7.3. (c¢) A closer look at
the time dependence of the order parameter during the active photoisomerisation
process. (d) A closer look at the order parameter recovery during the relaxation

of cis conformers to the trans conformal state.

BAAB2 trans conformer into the cis conformer before plateauing at a constant
capacitance as expected when the cis concentration is at its maximum. At time
t=115s the yellow-filtered visible light is switched on and results in a decrease in
capacitance as the visible light triggers the reverse photoisomerisation process,

counter to the UV irradiation. This reaches an equilibrium position where the

152



9.2 Time-dependence of capacitance

capacitance stabilises. The yellow-filtered visible illumination is removed at time

t=171s and the capacitance rapidly returns to its UV saturated value.
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Figure 9.4: Time dependence of (a) Capacitance and (b) ¢is molar concentration
for 3%(%) BAAB2 together with 0.5%(%), with UV irradiation and yellow-filtered
visible irradiation points labelled. (c¢) The time dependence of capacitance for
2% (%) BAAB2 together with 0.5%(%) post UV irradiation with no yellow-filtered
visible light illuminating the system.

The molar concentration of cis conformers, measured via the optical proper-
ties, before UV irradiation and during continuous UV irradiation is found to be
1.9% and 2.5%. Now if it is assumed that the capacitance is directly related to the
concentration of cis conformers it will enable the impact of the visible light on the
cis concentration to be estimated. Figure 9.4(b) shows how the approximate cis

concentration depends on time. The yellow-filtered visible light generates a 0.05%
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9. TIME-DEPENDENCE OF PHOTOISOMERISATION

reduction in the cis concentration. This a small impact on the cis concentration
and therefore should not impact previous assumptions. Similar assumptions can
be made to attempt to represent the order parameter dependence on time during
this experiment. By assuming the order parameter during UV and yellow-filtered
light irradiating the system (S = 0.49) is directly related to the inverse of capaci-
tance at this point then the data shown for order versus time in figure 9.4(b) can
be generated. As expected the order parameter appears to decrease when the
UV light is switched on, and then increases again when the yellow-filtered visible
light irradiates the system triggering the reverse photoisomerisation process. It
is important to note that this result is not a direct measurement, but rather an
extrapolation, and therefore is only an aid in attempting to further understand

the impact of visible light on the system.

The capacitance was monitored as a function of time for 2%(%) BAAB2 to-
gether with 0.5%(%) 15NB3OH in 5CB upon removing the UV irradiation and
having no yellow-filtered visible light illumination, figure 9.4(c). Here it is ob-
served that the decay rate is much slower compared to previous results in which
the decay was monitored whilst yellow-filtered visible light illuminated the sys-
tem. The system had not returned to its ground state after 15 hours un-irradiated
which demonstrates the impact the visible light has on the relaxation rate of the

system.

9.3 Summary

In this chapter the time-dependence of the photoisomerisation process was investi-
gated through a combination of optical and capacitance measurements. The time
dependent optical properties determined the photoisomerisation rate was temper-
ature independent with an average photoisomerisation rate of (0.1240.01)%s~!.
The relaxation rate was found to be temperature dependent, due to the thermal

1

decay of the cis to trans conformer, varying from 0.012—0.014%s* a factor of

ten slower than the photoisomerisation rate.
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9.3 Summary

Monitoring of the time-dependence of capacitance revealed the yellow-filtered
visible light generates a very small decrease in the cis concentration when under
continuous UV irradiation (0.05%). The relaxation of the system without the
yellow-filtered visible light illuminating the system was shown to be much slower
than when illuminated, greater than 15 hours compared to 6 minutes relaxation

time when yellow-filter illuminated.
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9. TIME-DEPENDENCE OF PHOTOISOMERISATION

9.4 Summary of photoisomerisation investiga-
tion

In the last few chapters the physical impact of azobenzene-based BAAB2 on
the nematic LC system was thoroughly investigated. The relative change in
intermolecular interaction energy generated from the cis molecules in the yellow-
filtered state was experimentally measured to be (—3.5+0.3) - 1073, A 2.5 times
larger relative change in intermolecular interaction energy generated from the cis
molecules was measured in the UV-irradiated state, with a measured value of
(—8.740.2)-1073. This indicated that there is an additional physical mechanism
that occurs during UV irradiation that results in an increased order modification.
It was hypothesised that a light-induced optical torque is acting on the system
out of the plane due to the selective excitation of the BAAB2 molecule from the
unpolarised UV light. It was suggested that this optical torque could be the
cause of the increased order modification under UV irradiation.

Packing of the cis molecules in the yellow-filtered state was measured via the
polarisation angle dependence of their absorption. The ability for them to pack
well with the 5CB host is suggested as the reason for the low levels of order modi-
fication in the yellow-filtered state. When in the irradiated state the polarisation
angle dependency is lost suggesting the cis molecule no longer packs well with

the nematic host and is more disordered.

Analysis of the elastic and electrical properties of the system in the yellow-
filtered and irradiated state agrees with the hypothesis that an external force is
acting out of the plane during the irradiation of the system. Observed changes
in physical properties were indicative of an external force acting on the system,

rather than actual changes to the physical properties of the system.

The time dependent measurements of the photoisomerisation process demon-
strated the importance of the visible light triggering the reverse photoisomeri-
sation process for the rapid relaxation of the system back to the steady state.

The photoisomerisation rate caused by the UV light was measured to be (0.12 +
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9.4 Summary of photoisomerisation investigation

0.01)%s~! and the relaxation rate was found to vary from 0.012—0.014%s~! de-

pending on the device temperature.

These chapters have demonstrated that the light-induced change in physi-
cal parameters due to azobenzene-based materials may not simply be a function
of cis concentration as suggested by LIOM theory. It has been experimentally
shown that the light-induced molecular reorientation effect caused by the selective
excitation of the BAAB2 molecules generates an optical torque on the strongly
anchored system. This optical torque results in a much larger order modification
compared to that simply generated by the disruption caused by the cis con-
centration and must therefore be included in considerations surrounding these

light-sensitive systems.
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Chapter 10

All-optical automatic switchable

laser protection

Much of the work contained in this chapter was published by Ethan I. L. Jull and
Helen F. Gleeson, ” All-optical responsive azo-doped liquid crystal laser protec-
tion device”, Optics Ezpress, 26(26), 2018 [1]. Should any of the work included
be specific to an author that is not E. I. L. Jull it will be noted in the text.

10.1 Introduction

Photosensitive LC systems, similar to those discussed in chapter 7 — 9, are in-
credible materials with a multitude of potential applications. They are typically
generated from azobenzene-based materials which exhibit the reversible photoiso-
merisation process, discussed in chapter 3. There has been considerable research
into: the behaviour of chiral nematics doped with azo-based materials [2, 3], azo-
based LC materials [4, 5], and also chiral dopant’s with an in-built azobenzene
group [6-10]. Photosensitive LC systems have been suggested for application in
optical data storage devices [8, 11], photo-tuneable diffraction gratings [12, 13],

and resonance tuning in plasmonic devices [14, 15].

In this chapter the BAAB2 doped 5CB, discussed in chapter 7, will be pre-

sented as a passive switchable laser protection device which automatically switches
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PROTECTION

into a protection/blocking mode under irradiation of the laser wavelength. The
use of LCs in laser protection has been previously demonstrated [16, 17], with
the electro-optical properties of LCs being an excellent basis for a switchable
optical device as shown in chapter 5. However, the need for an external sen-
sor to detect the laser "threat” before switching the LC system into protection
mode is somewhat limiting. It seems logical to utilise the light-matter interaction

in photosensitive LCs for an all-optical automatically switching protection device.

The reversible trans-cis photoisomerisation process will trigger the switch
from transmission to blocking in this laser protection device. The photo-induced
transformation of the azo-molecule between the trans and cis conformal states
generates an order modification when doped into a LC host (discussed in detail
in chapter 3). This order modification will lower the nematic to isotropic phase
transition temperature. Therefore, if the device is held in a specified temperature
range this photoisomerisation process will induce an isothermal phase transition,

the basis for this photo-switchable laser protection device.

10.2 Materials and methods

Mixtures of BAAB2 azo-LC in 5CB were created at varying concentrations from
5 — 10%(%). These mixtures were filled into twisted nematic (TN) planar aligned
devices (SE3510 polyimide alignment layer) with approximately 3um cell gaps
(fabrication described in chapter 4.5). The absorption spectrum of BAAB2 in
acetone measured using an Aglient UV/Vis 6000 spectrometer is shown in fig-
ure 10.1. In this application a low-power 405nm laser (P=0.2-3.5mW, beam
diameter=27mm) will be utilised as the laser "threat” and will trigger the pho-
toisomerisation of the BAAB2 molecules. The overlap of the BAAB2 absorption
bands and the 405nm wavelength is shown in figure 10.1 and demonstrates the

ability for the laser to trigger the trans-cis excitation process.
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Figure 10.1: The absorption spectrum for BAAB2 dissolved in acetone is shown.
The absorption peaks correspond to the trans and cis conformer excitations. The

overlap of the laser wavelength with the trans excitation is shown.

10.3 Results and discussion

10.3.1 Phase transition temperature

The fundamental mechanism behind this device is the light-induced isothermal
phase transition. Therefore the nematic to isotropic phase transition temperature
must be carefully evaluated in the un-irradiated states, under ambient conditions,
and under continuous laser irradiation.

DSC (described in chapter 4) and red-filtered POM (to prevent photo-switching
from the white light source) was conducted on each of the BAAB2 concentrations
in 5CB to evaluate the un-irradiated nematic to isotropic transition temperatures,
figure 10.2(a). In the un-irradiated state an increase in the phase transition tem-
perature with increasing BAAB2 concentration is observed. This is a direct result
of pure BAAB2 having a higher nematic to isotropic phase transition temperature
(83.5°C") compared to pure 5CB (35.8°C'). There is a slight discrepancy between
the POM and DSC results attributed to the absolute accuracy of each experi-

161



10. ALL-OPTICAL AUTOMATIC SWITCHABLE LASER
PROTECTION

mental method. Subsequent measurements of the nematic to isotropic transition
temperature under various irradiation conditions are conducted using POM and
therefore will be directly compared to red-filtered POM rather than DSC results.

[luminating the sample in the POM setup without a red-filter in place will
trigger photoisomerisation of the BAAB2 in the sample and this would subse-
quently reduce the order parameter and therefore the nematic to isotropic phase
transition temperature. The broadband light source impact on transition tem-
perature would be less when compared with UV or laser irradiation. It is however
an important characteristic to consider if the device is to be implemented in real-
world conditions. Therefore, the nematic to isotropic transition temperature was
measured whilst under broadband white light in the POM setup for each mixture
of BAAB2 in 5CB, figure 10.2(a). An average reduction of approximately 7°C
was observed for each concentration, a result of the photoswitching caused by the

50W halogen bulb focussed onto the sample.
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Figure 10.2: (a) The nematic to isotropic transition temperature is evaluated for
varying concentration of BAAB2 in 5CB for a variety of irradiation conditions.
The blue highlighted zone is the switchable regime in which irradiation with the
405nm laser will result in an isothermal phase transition. (b) The nematic to
isotropic transition temperature for 10%(=2) BAAB2 in 5CB as a function of
broadband white light intensity is shown. The transition temperature decreases
with increasing broadband intensity and an exponential decay is fit to guide the

eye.
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To further investigate the impact of broadband white light sources the effect of
increasing broadband intensity on the nematic to isotropic transition temperature
of the 10%(%) BAAB2 in 5CB was evaluated, figure 10.2(b). This demonstrates
a reducing transition temperature with increasing broadband intensity. This is
expected as the increased intensities will cause an increase in the amount of pho-
toisomerisation that is triggered in the sample. The white light intensity was
measured using a photodiode and directly compared to the intensity measured
from ambient lighting conditions to give insight into the potential transition tem-
perature modification in standard conditions. The ambient light intensity was
found to be approximately 2.3% the maximum microscope intensity which indi-
cates a very small transition temperature modification in implementation of the

device in real world conditions.

The impact of continuous wave (CW) laser (0.5mW, 9.0mW em™?) irradiation
on the nematic to isotropic transition temperature of each sample was then in-
vestigated. The 405nm laser was coupled into the POM setup via the reflection
arm and the transition temperature was measured after 5 minutes of continuous
irradiation. The 5 minutes of continuous irradiation was implemented to ensure
the sample had fully equilibrated allowing for reproducibility between experimen-
tal runs. The results shown in figure 10.2(a) demonstrate the large reduction in
transition temperature under CW laser irradiation, approximately 10°C' across all
concentrations. The overall trend demonstrates a decreasing nematic to isotropic
transition temperature with increasing BAAB2 concentration under CW laser

irradiation, a direct result of the higher concentration of cis conformers.

The temperature range between the un-irradiated transition temperature (POM
red-filter) and the CW laser irradiation transition temperature (0.5mW) is de-
noted the switchable protection regime of the device. If the device is held between
these temperatures and exposed to the laser "threat” the system will undergo an
isothermal phase transition from nematic to isotropic. In considering our TN
device configuration between crossed polarisers this isothermal phase transition
will move the device from transmitting between crossed polarisers (nematic) to

dark between crossed polarisers (isotropic). The switchable temperature region
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demonstrated can be readily tuned for any application simply through careful

choice of LC host and azo-LC concentration.

10.3.2 Device spectra

Figure 10.3 demonstrates the transmission and blocking spectra of the photo-
switchable device. In the transmission, TN, state there is clear transmission
observed across the visible spectrum allowing for continual effective observations
through the device. There are low levels of absorption noted at lower wavelengths
which are a result of the BAAB2. The BAAB2 absorption does not impact imple-
mentation of the device as it only slightly impacts the colour of observations made
through the device (slightly yellow), as can be seen from the image inserts. Once
irradiated with the CW laser the device transitions into the blocking, isotropic,
state. The spectrum demonstrates 0% transmission across all wavelengths in the
blocking state. It is important to note that the transmission in the blocking state
of the device is purely dependent on the polariser extinction ratio of the polarisers
utilised. The image inserts in figure 10.3 demonstrates how observations through

the device in the transmission and blocking state appear.
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Figure 10.3: The transmission and blocking spectra for the BAAB2 doped 5CB
device is demonstrated.
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10.3 Results and discussion

Once the laser irradiation is removed the device will relax back into the TN
state as the trans conformer is energetically favourable. This will occur typically
within an hour, although this is temperature and "light” condition dependent.
If the system is exposed to wavelengths of light corresponding to the cis excita-
tion the time taken to return back to the nematic state will be greatly reduced,

typically within 10 minutes.

10.3.3 Response time

One of the most crucial aspects of switchable laser protection lies in the response
time of the device. This was evaluated in these devices by measuring the trans-
mission through the device as a function of time using a photodiode. The response
time was measured from the first point of irradiation to 10% transmission, cho-
sen to give a robust comparison between different experimental conditions. The
response time of the device was measured as a function of BAAB2 concentration,
device temperature, and laser power. Each of these variables will now be evalu-

ated in turn.

The response time was measured as a function of temperature across each
BAAB2 in 5CB mixture’s switchable protection regime following irradiation with
0.5mW laser power. A comparison of the temperature dependence of response
time for 5% (%) and 10%(2) BAAB2 in 5CB is shown in figure 10.4(a). Firstly, the
increased operational temperature range of the 10%(*) doped mixture is clear.
A decrease in response time with increasing temperature is also observed for both
mixtures, ranging from a few hundred milliseconds up to 10s. By plotting these
response times as a function of reduced temperature (TLNI) it can be seen that
the response time for each mixture simply increases at approximately the same
rate as it moves away from the un-irradiated nematic to isotropic transition tem-
perature. This is expected as the further away from the un-irradiated transition
temperature the greater the decrease in order required to generate the isothermal
phase transition. This therefore requires more BAAB2 to be photoswitched from

the trans to cis state.
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Figure 10.4: (a) The response time for 5%(%) and 10%() BAAB2 in 5CB as a
function of (a) temperature and (b) reduced temperature. (c) The response time
dependence of 10%(%) BAAB2 in 5CB on laser intensity.

The laser intensity irradiating the system will also impact the response time.
An increased laser intensity will generate an increased photoisomerisation rate,
increasing the order modification rate and therefore the overall system response
time. Figure 10.4(c) demonstrates the response time of the 10%(%) BAAB2
in 5CB mixture, at 2°C below the un-irradiated nematic to isotropic transition
temperature. It can be seen that increasing laser intensity generates a much
faster response time going from 2—0.51s over a power range of 0.2—3.5mW
(3.5—61.3mWecm™2). This means that if the system is under ”threat” from a
high intensity laser it would result in a reduced exposure time (faster response

time) and therefore better protection.
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10.4 Summary

It is noted that the laser wavelength, 405nm, is on the edge of the BAAB2
trans excitation waveband and therefore has a relatively low photoisomerisation
efficiency. Better matching of the trans excitation waveband to the laser wave-

length would result in much faster response times.

The response time generated in the photoswitchable device can be compared
to literature describing damage to CCD cameras [18]. It was demonstrated by
Schwarz that a colour CCD camera experiences damage from 16kWem™2 after
exposure times of more than 1s. The intensity of the continuous wave laser used
in testing this photo-switchable device is much smaller, 61.3mW em ™2, compared
to the threshold damage of a CCD camera demonstrated by Schwarz, 16kW em 2.

Response times of less than 1s have been clearly demonstrated, with a much
lower laser intensity compared to the threshold damage intensity, in the BAAB2
doped 5CB system investigated in this chapter. This clearly shows how this
photo-induced switch will provide protection for colour CCD cameras against
large laser intensities, as well as low power intensity dazzling. As demonstrated,
the response time decreases rapidly with increasing laser intensity and therefore
if a high intensity laser impacted the system it can be expected that the response

time would decrease dramatically, providing even greater protection.

10.4 Summary

In this chapter an all-optical passive switchable laser protection device was char-
acterised and tested against a 405nm low powered laser. The optical properties
of the device were demonstrated, showing good transmission and blocking states.
The response time dependence on BAAB2 concentration, device temperature, and
laser intensity were fully explored with a response time of 51ms demonstrated.
The ability of the system to provide protection for CCD cameras was evaluated

and excellent protection is predicted.

The potential for this device to be applied to real world application is simple

and effective. The system can be altered in terms of the azo-dopant and LC
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host to provide protection in any temperature range from various laser wave-
lengths. Protection against other laser wavelengths is achieved by shifting the
trans excitation waveband to the desired region, simply through careful selec-
tion of azo-dopant. The passive nature of this device provides a solution which
requires no external sensors, and providing good switch speeds into protection
mode. Thus, this azo-LC doped device has been demonstrated to be an excellent

switchable laser protection device.
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Chapter 11

Conclusion

At the beginning of this thesis the fundamentals of liquid crystal physics were
introduced to give an excellent foundation for the discussions involved in this
research. This was followed by a more detailed look at dichroic dyes, the guest-
host effect, and the photoisomerisation of azobenzene materials and their effect

on liquid crystals.

A rapid, compact, switchable, and tuneable liquid crystal Lyot filter was in-
vestigated for its ability to provide optical protection for cameras and eyesight
against damaging continuous lasers. Specific wavelength rejection was achieved
by utilising the wavelength dependent transmission between aligned polarisers,
with a tuneable rejection wavelength across the visible spectrum (475 — 650nm)
achieved by application of low voltages to the liquid crystal layer (0.5 —1.05V,,5).
A wavelength independent transmission mode was achieved via high-voltage ap-
plication (30V,,,s), which reduces the liquid crystal birefringence to approximately
0 resulting in transmission between aligned polarisers. The response time was in-
vestigated in switching between the OFF and ON states for protection against
three common laser wavelengths (as well as between these different ON states).
This demonstrated response times varying between 40 and 110ms, fast enough

to provide protection for CCD cameras against up to 18W laser power sources.

The implementation of this liquid crystal Lyot filter as a switchable laser pro-

tection device would be simple, with calibration testing required to allow for any
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11. CONCLUSION

temperature dependence in the device. Future work on this liquid crystal Lyot
filter for laser protection device should involve the investigation into the use of a
negative dielectric liquid crystal constrained in a homeotropic orientation device.
This would result in an improved ON response time of the device as the switch
would be driven by the application of a voltage (from low to high voltage), rather
than a relaxation from a high-voltage state as is the case here. The use of a neg-
ative dielectric liquid crystal would also result in the OFF state being the 0V},

state, reducing the overall power consumption of this device.

The effect of doping a high-solubility anthraquinone-based dichroic dye into
the nematic liquid crystal host 5CB was investigated. The maximum solubility
limit of this new high-solubility dye was indirectly extrapolated to be approxi-
mately 7%(%) in 5CB, higher than previous reports of anthraquinone solubility
in nematic liquid crystals, although a direct measurement is required to confirm
this. The impact of these high concentrations of dichroic dye on the host 5CB’s
phase, optical, elastic, and dielectric properties were then investigated. The ne-
matic temperature range was found to increase with increasing dye concentra-
tion, from an 11°C range for pure 5CB to a 19.3°C' for 5.0%(%) high-solubility
dye in 5CB. The absorption peak for the high-solubility dye was found to be
(403.1 4 0.4)nm, with parallel and perpendicular absorption coefficients when in
the nematic host 5CB found to be aj = (0.012 £ 0.001)ODpm ™" %(%)~" and
oy = (0.0027 £ 0.0001)ODpm~"%(%)~!. Finally, the elastic splay and bend
constants were found to decrease with increasing dye concentration in 5CB. The
perpendicular dielectric permittivity remained largely unchanged with increasing
concentration, whilst the parallel dielectric permittivity showed a large system-

atic reduction with increasing dye concentration.

The impact of the high-solubility dye on the nematic host physical parameters
are incredibly important in establishing dichroic dye guest-host device capabil-
ities. The impact on the elastic and dielectric properties will alter the systems
response to external fields and drastically change device performance. Further
investigations are required on this high-solubility anthraquinone dichroic dye to

allow for more confidence in the conclusions presented in this thesis. Restrictions
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in material availability meant that the solubility limit could not be established
through the standard method of over-saturated absorption spectroscopy measure-

ments, required to confirm the solubility limit of 7%(%) measured here.

An anthraquinone dye doped liquid crystal elastomer was developed and the
strain dependence of order parameter was investigated via the polarisation an-
gle dependence of the dichroic dyes absorption. It was demonstrated that the
material order parameter had a linear dependence on the strain, showing excel-
lent agreement with separate Raman spectroscopy data. The order parameter
dependence on strain was found to be largely temperature independent, with a
maximum order parameter measured to be S = (0.28 £ 0.01) before material
breakage. It was suggested that the material could be used as a simple optical

strain sensor, with a transmission contrast of 15% measured at a strain of 0.276.

This dye doped liquid crystal elastomer demonstrated clearly how the ab-
sorption properties of a dichroic dye can be utilised as a probe in investigating
a systems order parameter. Further work is required on this material to fully
investigate the temperature dependence of this material’s strain induced order
to fully evaluate whether it is truly temperature independent as the result here
suggest. Further characterisation of the strain induced change in optical prop-
erties should also be conducted, with various dichroic dyes to establish the best
possible change in optical properties under strain for simple optical strain sensor

application.

The requirement of an external sensor on the switchable liquid crystal Lyot
filter device to switch the device into protection mode was deemed restrictive in
the device capabilities and therefore light-sensitive liquid crystal systems were
investigated to remove this need. Azobenzene BAAB2 was first characterised in
terms of its phase and optical characteristics. A nematic phase was demonstrated
between 48 — 83°C' for the un-irradiated sample and the absorption peaks for

the trans and cis excitations were found to be Ajqns = 350nm and \.;; = 435nm.
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Doping of the nematic liquid crystal 5CB with this azobenzene material was
then undertaken at varying concentrations up to 10%(%). In the un-irradiated
state the nematic to isotropic phase transition temperature was found to increase
approximately linearly from 38.0 — 40.3°C' between 5 and 10%(%) BAAB2 in
5CB, a direct result of the higher nematic temperature range of BAAB2 com-
pared to 5CB. Under continuous irradiation from a low powered 405nm continu-
ous laser the photoisomerisation of the BAAB2 molecules resulted in a reduction
in the nematic to isotropic phase transition temperature (a light-induced order
modification). However, fitting of the light-induced order modification model
demonstrated that the assumption that full photoisomerisation of the BAAB2

population had occurred via this low powered laser irradiation was wrong.

Therefore, to fully investigate this material an additional anthraquinone dichroic
dye dopant 15NB30OH was introduced as a method to directly monitor the order
modification generated by the photoisomerisation process. The average absorp-
tion coefficient for the BAAB2 cis conformer was measured to be a(450nm) =
(0.0109 £ 0.0003)ODum %! allowing a direct measurement of the cis popula-
tion in any system state. It was found that in the yellow-filtered state a small
amount of light leakage generated an increase in the cis population and subse-
quently generated an order modification. The relative change in intermolecular
interaction energy generated by the low-intensity yellow-filtered photoisomerisa-
tion was found to be (—3.5 4 0.3) - 1073, TIrradiation of the samples using an
unpolarised UV light source was then conducted to induce full photoisomerisa-
tion of the samples. The relative change in intermolecular interaction energy was
found to be 2.5 times larger than the yellow-filtered results, at (—8.7+0.2)-1073
indicating that a secondary mechanism was generating a larger order modifica-

tion in the system.

It was hypothesised that the secondary physical process responsible for the
increased order modification was a light-induced torque generated by the selec-
tive excitation of the BAAB2 azobenzene material. The irradiation with unpo-
larised UV light from above generates an affinity for the BAAB2 to orient out of

the plane, generating an optical torque on the system. This was investigated by
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utilising dielectrics as a probe into the material. Under continuous UV irradia-
tion, compared to similar cis concentrations under the two irradiation conditions
(UV and yellow-filtered), a reduction in the elastic constants, an increase in per-
pendicular permittivity, and an increase in pre-tilt angle were observed. All of
these observations are indicative of an external force acting out of the plane of the
system (unaccounted for in fitting resulting in the observed ”changes” to physical

parameters).

These results demonstrated how the light-induced order modification model
assumption that the order reduction is simply a function of cis concentration is
incorrect. As shown here the irradiation conditions are incredibly important and
the possibility of additional order modification being generated by light-induced
molecular reorientation (optical torque) in azobenzene based materials must also

be considered.

The time dependence of the photoisomerisation process of the BAAB2 doped
5CB system was then investigated, demonstrating a temperature independent
photoisomerisation rate of average (0.12 +0.01)%s~!. The decay rate was found
to vary with temperature, as expected due to the thermal decay process involved
in the cis to trans relaxation, from 0.012 — 0.014%s~!. The decay rate was also
found to be highly dependent on the illumination conditions due to the reverse
photoisomerisation process being triggered by visible wavelengths of light. Illumi-
nation with yellow-filtered light resulted in the systems typically relaxing within
6 minutes, whilst no illumination meant that full relaxation took more than 15

hours.

Future work on this incredible light-sensitive material should further investi-
gate the optical properties of the BAAB2 doped 5CB system. The light-induced
order modification model also assumes that the change in the materials polaris-
ability during photoisomerisation is negligible when compared with the impact
of the order modification. However this may not be a correct assumption for
this material and further characterisation of the photoisomerisation process is

required should this system be utilised in further applications. Modelling of the
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system for comparison with experimental data would also aid in increasing confi-
dence in the conclusions drawn in this thesis, especially surrounding the packing

of the cis conformer in the low-intensity states.

The ability for the BAAB2 doped 5CB system to act as an all-optical au-
tomatic photo-switchable laser protection device was then demonstrated. The
ability for the twisted nematic BAAB2 doped 5CB device to switch between a
transmission and blocking mode via irradiation with a low-powered continuous
laser of 405nm was demonstrated. The response time dependence on tempera-
ture and laser power was carefully characterised and the ability for the device
to provide protection for CCD cameras was evaluated with excellent protection

predicted.

The investigation into light-sensitive liquid crystal materials has developed
some interesting systems with some intriguing applications. The ability for de-
vices to switch in response to light means that they have the capability to pro-
vide excellent protection against damaging wavelengths. Full investigation into
the light-induced order modification generated by azobenzene based materials
in nematic liquid crystal unveiled some intriguing physics and demonstrated how
predictions of these materials requires careful consideration not only of conformer
concentrations, but also the irradiation conditions. The ability to accurately pre-
dict how these materials act is crucial not only in application development, but
also in photo-alignment investigations in which the photoisomerisation process is

utilised heavily.
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Appendix A

Materials Glossary

Here a glossary of the most common materials are included for ease of reference.
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