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PREFACE

Liquid crystal displays have revolutionized the field of visual technology and are widely
used in modern society. However, to optimize the performance of these displays, the ori-
entation of the liquid crystal molecules must be precisely controlled. The photoalignment
technique is an unique method for aligning liquid crystal molecules in a specific direction,
and it involves the use of light and photosensitive layer to align the liquid crystal. The
control of surface orientation of nematic liquid crystals with the help of polarized light
is not only an alternative, contactless method to ensure proper alignment at the cell
boundaries, but — because of its reversible character — also opens up new possibilities of

applications (rewritable displays and dynamic holography).

The dissertation is structured as follows. Chapter 1 gives an introduction to liquid
crystals. Here the properties of nematic liquid crystals will be discussed, as well as the
motivations and the objectives will be highlighted. Chapter 2 describes the method-
ology and the materials that have been used in this work. Chapters 3 and 4 present
the results on photoalignment at the nematic liquid crystal interfacing a photosensitive
polymer, where we discuss the influence of the liquid crystalline molecular structure and
that of the phase sequence on the photoalignment process. Chapter 5 discusses the role
of the composition of the polymeric command layer in photoalignment, as well as the

photoinduced mass transfer at the polymer—air interface. Chapter 6 provides a sum-



mary. Additionally, in the Appendix, we briefly discuss preliminary measurements on
ferroelectric nematics, which have not yet been published.
The scientific outcome of this work are published in three papers [N1], [N2] and [N3]

and presented at three conferences.






ACKNOWLEDGMENT

Sometimes, words of thanks seem to be not enough to express the depth of gratitude
one feels. It is with utmost sincerity that I express my profound appreciation to the

individuals who have played an important role in my academic journey.

Foremost, I am profoundly grateful to my supervisor, Dr. Tibor Toth-Katona, for
his continued support and kindness. His guidance has been invaluable in shaping my
path and enriching my understanding. I extend my sincere appreciation to the partially
ordered system group leader Dr. Taméas Borzsonyi, for taking the time to discuss and
answer the questions raised during the study courses. Also, I would like to thank my

colleagues for their support and for creating a conducive scientific environment.

I am thankful to the Stipendium Hungaricum scholarship programme for the financial
support during my unique study experience. Additionally, I am thankful to the ERAS-
MUS+ scholarship and the head of Complex Fluid Research Department Dr. Laszlo

Péter for their financial support during my stay in Kosice, Slovakia.

I would like to thank our colleagues from the Institute of Experimental Physics, Slovak
Academy of Sciences, namely, Dr. Natalia Tomasovicova and Veronika Lackova, for
organizing my stay during the ERASMUS+ mobility. I would also like to express my
deep gratitude to Dr. Marianna Batkova for her invaluable teaching on using the atomic

force microscope. I truly appreciate it.



Last but not least, I am profoundly thankful to my parents for supporting my decision
to complete my PhD. For your patience, understanding and unconditional love during all
these years I spent to study abroad, I am deeply grateful for everything you’ve done for
me. [ do not know how to repay you. To Katharina Schaidt, brothers, sisters, friends,

whether near or far, for their support and for being a part of my study journey.

Thank you all.






CHAPTER 1

INTRODUCTION

Liquid crystals (LCs) caused some confusion when they were first observed [1]. How is it
possible for a material to exhibit both crystalline characteristics and the ability to flow?
However, it becomes much easier to understand when we introduce these substances as a
"new state of matter” that possesses characteristics lying between those of crystals and
liquids. LCs can flow and form drops like typical isotropic liquids but exhibit anisotropic
properties due to the partial order.

This new state of matter revolutionized our life and became essential element in our
daily use devices (e.g., smartphones, TVs, monitors, etc. [2]). The story of LCs began in
the late 19th century when the botanist Friedrich Reinitzer [3] published his observations
on the behavior of cholesterol benzoate crystals (extracted from carrot’s root). He no-
ticed that these crystals have "two melting points”. The crystals melted first at 145.5°C'
and turned into a milky liquid which with further heating became transparent at 178.5°C'
(which is called clearing point), and remained unchanged with further temperature in-
crease. He wrote a letter describing this new phenomenon to Otto Lehmann who was
specialist in crystallography. Physicist Lehmann examined Reinitzer’s substance using a
polarizing microscope and found that the studied substance in the cloudy state exhibited

optical anisotropy like crystals and it was flowing like liquid and, therefore called them
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CHAPTER 1. INTRODUCTION

"flowing crystals” and then "liquid crystals” [4]. Reinitzer and Lehmann understood
that they were experiencing a brand-new, intermediate phase of matter—a phase that
has both crystalline and liquid characteristics. Thus, LCs are known as "mesomorphic
states”, where "meso” means between and “morphic” means shape or form in Greek [5].

At the beginning of the 20th century, the chemist Daniel Vorldnder started to synthe-
size many liquid crystal substances [6]. He found that LCs are mainly organic molecules
of elongated shape. Meanwhile, Georges Friedel was working on the classification of LCs.
Friedel found that LC compounds might have different phases where the molecular order
sorts between the crystalline state and the isotropic liquid state. Friedel was the first
who named the LC phases as [7]: nematic (N), smectic (Sm), and cholesteric (Ch), see

Figure 1.1.
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Figure 1.1: Some thermotropic LCs phases: a) nematic, b) smectic A, ¢) smectic C, d)
cholesteric, and e) columnar.

In 1927, Vsevolod Fréedericksz used magnetic field to induce deformation in LCs.
Fréedericksz showed that the molecular orientation of LC can be deformed when the
applied magnetic field exceeds a threshold value [8, 9]. This deformation called "Fréeder-
icksz transition”. Similarly, electric field can also induce deformation in LLCs. The effect
of the electric Fréedericksz transition is a significant factor in the optical device industry.

Many years after the experimental and theoretical studies to understand the nature of

8



1.1. TYPES OF LIQUID CRYSTALS

LCs [8, 10, 11, 12], the first liquid crystal display (LCD) came to light in 1968 [5].

The twisted nematic (TN) display is the implementation of electric Fréedericksz tran-
sition effect. TN display is invented in 1971 by Schadt and Helfrich [13]. In these devices,
nematic liquid crystals (NLCs) are confined between two glass substrates as a sandwich
cell. LC materials lose the arbitrary orientation when they touch a substrate, so it is
important to treat the substrate in specific way to get a desired alignment of LC [14, 15].

Mainly alignment layers fabricated by rubbing method have been used in LCD indus-
tries. The interaction of liquid crystals with the bounding substrates, however, remained
a particularly significant academic research area. Namely, there is a continuous search
for alternative methods for aligning L.Cs that are applicable in diverse novel fields of LC
research, such as micro-, nano- and biotechnology, medicine, polymer and colloid sci-
ence, photonics, etc. [16, 17]. One of the most stimulating alternative method is the so
called photoalignment of nematic liquid crystals. Photoalignment can be used not only
to ensure the desired orientation in LC devices, but opens up the possibility to reorient
(control) LC through light irradiation in a contactless manner [18].

This dissertation concerns the experimental study of photoalignment. An overview

on photoalignment is provided at the end of this chapter.

1.1 Types of liquid crystals

1.1.1 Lyotropic LCs

LCs that experience phase transitions as a result of changing the solvent concentration
are called lyotropic LCs. Besides the concentration, the temperature also induces phase
transitions in these solutions. Name lyotropic originates from the Greek words "11o”
which means "to dissolve” and "tropikés,” which means "way” [5]. This kind of LCs
is important for biological research, living organism understanding, and for biological
sensors. The most known examples of lyotropic LCs are the "soap—water” mixture,

DNA, and RNA [19]. Lyotropic liquid crystals are outside the scope of our research, and
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CHAPTER 1. INTRODUCTION

therefore, for more information see Refs. [20, 21].

1.1.2 Thermotropic LCs

The other class of LCs is called thermotropic, where "thermés” means "hot” in Greek.
Thermotropic LCs are important for the fundamental research, electro-optic devices,
displays, pressure and thermal sensors, etc. [19]. These LCs experience phase transitions
as a result of temperature change. By increasing the temperature, the molecular order
decreases, and finally, it will be completely disordered when the isotropic phase is reached,

see Figure 1.2.
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Figure 1.2: Examples of thermotropic phase transitions: crystalline (a) to smectic A (b),
to nematic (c) to isotropic (d) phase. The order parameter of the molecules decreases
with increasing the temperature.

Material is isotropic when it exhibits the same physical properties when measured
from different directions at a given temperature, so it has a single value of refractive
index, dielectric constant, etc. The anisotropic material exhibits different physical prop-
erties when measured from different directions due to the partial order of the anisometric
molecules [22].

Molecules of various anisometric shape may create LC phases, e.g., rod-like (calamitic),
disk-like, bowl-shape, bent-core (banana-like) — see Figure 1.3 [19]. In general, rod-like

molecules contain at least two rings connected with each other via rigid bridging group,
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1.1. TYPES OF LIQUID CRYSTALS

Rod-like or Disc-like molecule Bowl-like molecule
calamatic molecule

Banana-like molecule

Figure 1.3: Examples of the molecular shape of some mesogenic compounds. Rod-like
(calamitic) molecule of the PCH7 LC compound, disc-like molecule of a triphenylene [23].
Bowl-like molecule is a cyclotriveratrylene (CTV) [24]. Bent-core (banana-like) molecule

of CIPbis10BB [25].

and one of the rings linked with a hydrocarbon chain, while the other ring is linked for ex-
ample to a unit with permanent dipole. Rod-like molecules can form various phases such
as, smectic (SmA, SmB, SmC, etc.), nematic (N) and cholesteric (Ch) — see Figure 1.1.
Disc-like molecules may exhibit discotic nematic, hexagonal columnar, tilted columnar
(see an example in Figure 1.1(e)). Bent-core molecules may exhibit nematic and various
other (B; — Bg) phases [26].

The dissertation work concerns mainly nematic phase (and in small part smectic A
phase — see Figure 1.1(b)) composed of rod-like molecules. In the nematic phase the long
axes of the molecules statistically align along a specific direction, called the director n.
The mass centers of the molecules, however, remain disordered — see Figures 1.1(a) and
1.2(c). In the smectic A phase, besides of the orientational order, the mass centers of the
molecules form layers perpendicular to n, however, they remain disordered within the
layers and the mass centers do not correlate between the layers — see Figures 1.1(b) and
1.2(b). In the followings, the basic properties of the nematic liquid crystal (NLC) phase
will be shortly discussed. Peculiarities of the SmA phase will be introduced in Chapter 4,

which deals with the role of liquid crystal phase in photoalignment. For more information
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CHAPTER 1. INTRODUCTION

regarding other LC phases, see e.g., Refs. [19, 27, 28, 29, 30].

1.2 Properties of nematic liquid crystals

Among all thermotropic LC phases, NLC is the most widely used in electro-optic devices
like LCDs. The nomenclature of nematic came from the Greek word "nématos” which
means thread-like [31]. Under polarizing optical microscope (POM) with crossed polarizer
and analyzer, one can see disclination lines (see Figure 1.4). These disclinations look like

threads, and therefore, Friedel named the phase nematic [5, 7, 8, 26]

Figure 1.4: Typical NLC between crossed polarizers (P x A). P is the polarizer and A is
the analyzer.

The bright and dark regions in Figure 1.4 represent different orientations of the di-
rector. When the director is oriented parallel with the polarizer, or perpendicular to
it, no change in the state of light polarization occurs. Therefore, the transmitted light
through the NLC layer will be blocked by the analyzer, and dark regions appear. When
the director makes an angle with the polarizer, then the light splits into two components
propagating through LC material with different velocities (details in Sec. 1.2.5). Passing
through the NLC layer, the two components combine into an elliptically polarized light.

Part of the light passes through the analyzer, resulting in bright colored regions. The

12



1.2. PROPERTIES OF NEMATIC LIQUID CRYSTALS

texture of NLC is called Schlieren texture which shows brushes pinned with singularities
(point defects). The description of POM will be provided in Chapter 2, while variety of

LC textures are illustrated in Ref. [32].

NLC rod-like molecules align themselves statistically parallel to each in a specific di-
rection, called the director (n), which is a unit vector. NLCs have no positional order
where the centers of mass for the molecules are randomly distributed just like in isotropic
liquid. To describe the relative orientation of the molecule to the director, one can intro-

duce a scalar component, the so called the order parameter S [26, 33].

S = (Pycos(0)) = %(300320 — 1), (1.1)

where P, is the second Legendre polynomial, the angle brackets denote the average orien-
tation of the molecules, and 6 is the angle between the molecular axis and n, see Figure

1.5.

The order parameter can take values between 0 and 1, where 1 corresponds to the
perfect ordered crystalline state, and 0 to the disordered liquid state. NLC order param-
eter typically takes values between 0.3 and 0.8 [26]. As the temperature increases, the
order of the molecules and with that the order parameter, continuously decreases, see
Figure 1.2. At a certain temperature, the nematic phase undergoes a phase transition to
the isotropic (I) phase. During this transition, the order parameter drops discontinuously

to zero, indicating a first-order phase transition [33].

This phase transition temperature is also known as "clearing point” and is denoted by
Tnr. The nematic phase is uniaxial, which means that a physical parameter has "extraor-
dinary” value along the director, while it has another, "ordinary” value perpendicular to
it [5, 26, 33]. Therefore, the physical properties in the nematic phase are anisotropic and

will be discussed in the following subsections.
The N phase has additional notable characteristics [5, 33]. It exhibits a rotational
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CHAPTER 1. INTRODUCTION

/

Figure 1.5: Molecular order in the nematic with the director n.

symmetry around the nematic director, and therefore, the states "+n” and "—n” are
physically equivalent. The direction of the nematic director can be rotated or reoriented
in any direction without affecting the properties of the nematic phase as a whole. This
is a consequence of the rotational symmetry of the nematic phase. The anisotropic
properties of NLCs make them suitable for various technological applications, including
displays, sensors, and optical communication devices [34, 35, 36]. One of the essential
characteristics of NLCs is their ability to align under the influence of external stimuli,

such as electric or magnetic fields, surface treatment, and light [37, 38].

1.2.1 Elastic properties

The elastic constants” are among the properties that depend on order parameter. These
constants are referred as Frank-Oseen elastic constants, after Oseen [10], the first who
established the basis of the continuum model and based on his work, Frank [11] intro-

duced the theory of elasticity. Frank-Oseen elastic free energy per unit volume is given by:
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1.2. PROPERTIES OF NEMATIC LIQUID CRYSTALS

1 1 1
F = §K11(V -n)?+ §K22(n .V xn)? + 51(33(r1 x V x n)? (1.2)

where K11, K99 and K33 are the elastic constants that describe the splay, twist and bend

deformations, respectively — see Figure 1.6. In most NLCs Kqy < K11 < K33.

P 2829 N\

o= =222 0000% §\%

SSs= ==== 0°0°0
9 b) &

Figure 1.6: Basic deformations of NLC: a) splay, b) twist, and ¢) bend deformation.

Usually, NLC is confined between two solid substrates forming a sandwich cell, or just
lie on a solid substrate forming a sessile droplet. In both cases the nematic director will
take a specific orientation depending on the alignment layer at the interface. In most
cases, n is either parallel with the substrate (planar alignment), or it is perpendicular
to the substrate (homeotropic alignment) — see Figure 1.7. The anchoring strength can
be used to describe how the alignment layer interacts with the liquid crystal. Planar
alignment is typically regarded as a strong anchoring condition. Since n is a unit vector
which describes the average molecular orientation, it is related to the azimuthal ¢ and

zenithal 6 angles as [38]:

cos ¢ cos 6
n = cos psin (1.3)

sin @

The direction of n is established by minimizing the total free energy, where the elastic
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CHAPTER 1. INTRODUCTION

energy is crucial.

| » I n
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= =
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Figure 1.7: Typical nematic liquid crystal alignments on glass substrate. The left side
drawing illustrates planar alignment. The right side drawing illustrates homeotropic
alignment.

1.2.2 Electric and dielectric properties

Nematic liquid crystals are in principle insulators, however, in reality they have a fi-
nite electric conductivity. This finite conductivity comes from ions remaining from the
synthesis, or from the interfaces in contact with liquid crystals. In general, the electric
conductivity of nematics is of the order of 1071 — 1077S/m. Because of the small con-
ductivity, nematics can be often regarded with good approximation as ohmic materials,
in which the relation between J current density and the E electric field is defined by the
o symmetric electric conductivity tensor: J = o¢E. The two independent elements of
the o tensor, namely, o and o, — which are the electric conductivities parallel with
the director and perpendicular to it, respectively — define the anisotropy of the electric
conductivity, o,:

Oq = 0| —0L. (1.4)

Similarly to the anisotropy of the electric conductivity, the g, dielectric permittivity

anisotropy of the nematics can be also written as:

€a = €| — €1, (1.5)

where g and €, are the dielectric permittivities parallel with, and perpendicular to

the director, respectively. The anisotropy of the dielectric permittivity depends on the
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1.2. PROPERTIES OF NEMATIC LIQUID CRYSTALS

moleculars structure of the liquid crystal. More precisely, it depends on the magnitude
and direction of the molecular dipole moments, and may vary in a wide range of ¢, ~
+(1 — 10).

The dielectric free energy density, pf. of liquid crystal placed in an E external electric

field is defined as (see, e.g., [33]):

1 1
pfe= —§€0€LE2 - §eoea(nE)2, (1.6)

where €y is the permittivity of vacuum. The minimum of the Eq. (1.6) determines the
orientation of the director in the external electric field. In case of ¢, > 0, the director is
parallel with the electric field (n || E), while, in case of ¢, < 0 perpendicular to it (n L E).
With minimization of the free energy, one can obtain the threshold voltage required for

the reorientation of the liquid crystal layer (electric Fréedericksz [9] threshold):

| K;
Up = 1.7
F m 60’6a|7 ( )

where K is the relevant elastic constant of the deformation.

1.2.3 Magnetic properties

Similarly to the dielectric permittivity, the magnetic susceptibility of nematic liquid crys-

tals is also anisotropic [33]:

Xa = X| = XLs (1.8)

where x| and x, are the magnetic susceptibilities parallel with, and perpendicular to the
director, respectively. The vast majority of liquid crystals are diamagnetic. Therefore,
the magnetic susceptibilities having magnitude of the order of 107 — 1075 are negative
in both directions, i.e., x| < 0 and x, < 0. The sign of the magnetic susceptibility
anisotropy (of typical magnitude of y, ~ 10~7) depends on the structure of the rigid
core of the liquid crystal molecules: the anisotropy of nematics containing aromatic rings

is positive (x, > 0), while those with aliphatic structure, or with cyclohexane rings are
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CHAPTER 1. INTRODUCTION

negative (x, < 0).
The pf,, magnetic free energy density of liquid crystal placed in a H external magnetic

field is:

1 1

Pfm = _§,UOXJ_H2 - §M0Xa(nH)2’ (1.9)

where 11y is the magnetic susceptibility of vacuum. Analogously to the case of electric
field, the minimum of the Eq. (1.9) determines the orientation of the director in external
magnetic field. In the case of x, > 0 the director orientation is parallel with the magnetic
field (n || H), while for x, < 0 perpendicular to it (n L H). One has to note, however,
that because of the small values of y,, relatively high magnetic fields are required for
the reorientation of liquid crystals. Minimization of the free energy gives the threshold
magnetic field, required for reorientation of liquid crystal layer having a thickness of d

(magnetic Fréedericksz threshold):

K;

HF = )
MO’XCL’

(1.10)

S

For more information about electric and magnetic properties see the references [8, 26,

27, 33, 39, 40].

1.2.4 Viscosity

In 1960s Ericksen and Leslie have developed the continuum theory of nematic liquid
crystals [41, 42, 43], in which the anisotropic flow properties are described by six viscosity
coefficients ay,...,ag. In fact, only five of the coefficients are independent due to the
relation ag — a5 = ag + ag, which is introduced by Parodi [44]. The Leslie viscosity
coefficients for E7 nematic liquid crystal at 25°C'" are [45]: oy = —0.018, ay = —0.1746,
az = —0.0214, oy = 0.1736, a5 = 0.1716, ag = 0.0244 Pa.s.

The apparent viscosity 7 of a nematic liquid crystal depends on the shear rate dv, /dy.
Miesowicz has found that nematics aligned in different geometries have different appar-
ent viscosity coefficients [46]. Upon application of shear rate dv,/dy in three different

alignments of NLC with n a magnetic field along z, x and y axis, three different viscosity

18



1.2. PROPERTIES OF NEMATIC LIQUID CRYSTALS

coefficients will be obtained, also known as "the Miesowicz coefficients”, n,, 1, and 7.,

respectively:

Na = Qg /2
m = 1/2(as + ay + ag) (1.11)

Ne =1/2(—ag + oy + a5)

For more information about viscosity, see [8, 27, 33, 39, 42, 46].

1.2.5 Optical properties

The optical properties of nematic liquid crystals are uniaxial. The director n is the
only optical axis, and the optical indicatrix (index ellipsoid) is an ellipsoid of revolution
about the principal symmetry axis (i.e., invariant for the rotation around n). When the
light propagates in a direction different from the optical axis n, it splits into two rays
with a polarization perpendicular to each other that travel with different velocities in the
liquid crystal. Thus, the refractive index n, is polarization dependent and the material
(liquid crystal) is birefringent. Let k be the propagation direction of the light and e its
polarization vector, and let the unpolarized light propagate from a direction enclosing
an angle ¢ with n. In that case, the light can be decomposed into two rays. One is
independent from the angle 9 of the propagation, having ordinary polarization (e L n),
and traveling with velocity ¢/n, (n, being the ordinary refractive index). The other ray
propagates with velocity of ¢/n., has an extraordinary polarization, which depends on

the propagation direction (i.e., from ¢ angle of incidence) [45]:

n”nL

= Y
\/nﬁ cos? ) +n? sin® v

ne() (1.12)

where n and n, are the refractive indices parallel with-, and perpendicular to n, re-
spectively. Note, that for ¥ = 0, n.(J) = n,, and this orientation corresponds to the so

called homeotropic liquid crystal alignment. In the case of ¥ = 7/2, then n.(¥) = ny,
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CHAPTER 1. INTRODUCTION

that corresponds to the so called planar (or homogeneous) alignment. The values of n
and n typically fall in the range of 1.4 — 1.9, and in the nematics from rod-like molecules

the relation n > n, holds, and the value of birefringence

An =nj —ny (1.13)

is in the range of 0.05 and 0.3, depending on the molecular structure. The birefringence
An can be determined under crossed polarizers. When the director and the polarizers

are in the same plane, the intensity of the transmitted light, I is [45]

I = A3 sin?2¢ - sin®(6/2), (1.14)

where Aj is the amplitude of the polarized light, ¢ is the angle between n and the

polarization direction of the polarizer in front of the L.C layer, and

B 27 And

"=

(1.15)

is the retardation (phase difference between the ordinary and extraordinary ray), d is the
thickness of the LC layer, and X is the wavelength of the light. In case of ¢ = 7/4, the

transmitted light intensity has a maximum value:

o TANd
A

2 .
Inaz = Agsin

. (1.16)

One can see that the dependence of the transmitted light intensity on d, An and on A

has an oscillatory character.
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1.3. AN OVERVIEW ON PHOTOALIGNMENT OF NEMATIC LIQUID CRYSTALS

1.3 An overview on photoalignment of nematic liquid

crystals

The proper alignment of the liquid crystal molecules at the boundaries is the key factor for
correct operation of all devices based on LCs [47]. Consequently, proper surface treatment
of the substrates interfacing the LC material has practical importance [15]. For a long
time, it has been known that uniform orientation of LC can be achieved when it is
placed between mechanically rubbed solid substrates [48, 49, 50]. This feature is crucial,
e.g. in liquid crystal display (LCD) industries, where unidirectional alignment is needed
[14]. Development of alignment layers, has led LCs to align either homogeneously in a
unidirectional manner [51, 52|, like in twisted nematic (TN) displays, or homeotropically,
like in the vertically aligned nematic (VAN) LCDs [37, 53]. Rubbing a polymer layers
unidirectionally with soft cloths helps in aligning LC molecules homogenously [14, 54,
55]. Over the years, various methods were employed [54, 55, 56, 57, 58]. Initially, glass
substrates were coated with long-chain polymers like polyvinyl alcohol (PVA) and other
organic compounds like silanes [59], which were subsequently buffed. Later, polyimide
layers replaced these materials and showing better alignment performances. However,
mechanical rubbing has drawbacks, such as producing and accumulating dust particles
and static charges on the polymer surface, and causing mechanical damages on it [60, 61].
Moreover, with rubbing method one can not align LCs in enclosed area, or in microfluidic

channels.

To overcome the drawbacks of polymer rubbing, a new technique has been developed
[37]. This alternative method, known as photoalignment [62, 63, 64]. The concept of
photoalignment was reported more than three decades ago [64, 65, 66, 67]. Ichimura et
al., in 1988 showed that the azo-dye molecules attached to the substrate are working as
“command surface” [68, 69, 70, 71, 72]. As the name indicates, an azo-dye unit is able
to reorient approximately one million molecules of LC in the bulk [37]. Gibbons et al.,

created a simple LC cell using polyimide alignment layers on both the bottom and top
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CHAPTER 1. INTRODUCTION

substrates. The top substrate was doped with a chromophore dye. Both substrates were
rubbed unidirectionally. The cell was then filled with NLC and irradiated with linearly
polarized light, oriented parallel with the rubbing direction of the polyimide. It was
discovered that LLC molecules in the irradiated area oriented themselves perpendicular to
the light polarization and maintained this orientation even after the light was switched off.
Many other researchers begun to use this concept by using UV /Vis light and azobenzene

derivatives to photoalign LC molecules [62, 73, 74, 75, 76].

Various methods exist for achieving photoalignment of LC systems. LCs can be
doped with photochromic guests, some LCs are photosensitive themselves (possess pho-
tosensitive moiety in the molecular structure), or LCs can be brought into contact with
photosensitive substrates [36, 37, 77, 78]. These photoalignment methods are reversible,
while some others are irreversible, like bond breakage in polyimides, or photochemical

crosslinking of polymer precursors [79].

The dissertation work concerns only photoalignment at the LC—photosensitive sub-
strate interface. For the fabrication of the photosensitive substrate, as photochromic
units azobenzene dye derivatives exhibiting trans-cis (E/Z) isomerization [80] (see Fig-
ure 1.8) are the most widely used. The wide use is due to their remarkable photo- and
chemical stability, relative ease of synthesis, good solubility in liquid crystals, and due
to the reversibility of their polarization dependent photoisomerization [81]. Azobenzene
derivatives can usually excited by green, blue, or UV light (depending on their absorp-
tion spectra) [80]. Photo-excitation causes a trans-cis isomerisation of azobenzene — see
Figure 1.8. [68, 80, 82]. The trans isomer is a rod-like isomer, while the cis isomer has
a bent-shape and the trans isomer is more stable than the cis from thermodynamic con-
siderations [82]. The trans-cis photoisomerization happens with largest probability when
the polarization of the light parallel with the long axis of the trans isomer [83], because
the ”dipole transition moments” of the trans isomer is in the same direction as the po-
larization of the light [82, 84, 85, 86]. In contrast, when the dipole transition moments
encloses 90° with the polarization of the light light, the photoisomerization probability is

the lowest [80]. Molecular reorientation occurs when the photons of polarized light are ab-
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hV2, or kT

Figure 1.8: Trans-cis isomerisation of azobenzene derivatives.

sorbed by azobenzene molecules [37, 85]. Namely, polarized irradiation selectively excites
the trans azo isomers depending on their orientation, and rapid successive trans-cis-trans
isomerization cycles result in the orientation of the azobenzene long axis perpendicular

to the light polarisation [37, 80|, see Figure 1.9.

Trans (vertical) = Trans (horizontal)
A
N - P
\\\Rl = N7 i @N/
s CN
Light

polarization (vertical)

Figure 1.9: Irradiation of azo-dye with linearly polarized light causes a transformation
of trans isomers resulting in their orientation perpendicular to the light polarization
direction [37].

In Section 1.2.1, I have illustrated the two basic alignments of the liquid crystal at
the solid substrate: the planar and the homeotropic — see Figure 1.7. Both alignments
can be achieved at the photosensitive command surface by a proper surface treatment
by which the trans isomers of the azobenzene moieties are aligned. When the long axis

of the trans isomers are aligned perpendicular to the substrate, a homeotropic alignment
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of the interfacing LC molecules is achieved initially. In that case, upon photo-excitation,
the cis isomers trigger a homeotropic-to-planar orientational transition of the interfacing
LC molecules, which is also called out-of-plane photocontrol, or zenithal photoalignment
[37].

When the long axis of the trans isomers are aligned in one direction, and in the plane
of the substrate, the interfacing LC is planarly (homogeneously) aligned, with n parallel
with the long axis of the azobenzene trans isomer. In that case the photo-excitation with
polarized light, (having polarization direction parallel with the long axis of the trans
isomers) triggers a series of trans-cis-trans isomerisations, ending up with the long axis
of trans isomers oriented perpendicular to the initial orientation, but still in the plane of
the substrate as illustrated in Fig. 1.9. Such a reorientation of the azobenzene moieties
causes an "in-plane” reorientation of the liquid crystal director by 90, i.e., causing an
azimuthal twist deformation in the initially planar LC cell [47, 65, 67, 87, 88, 89]. This

is the so called in-plane photocontrol, or azimuthal photoalignment.

1.4 Motivations and research objectives

The motivation for this doctoral work follows from an earlier experimental observation
on the photoalignment at an LC—polymer interface [90]. Namely, when a polymer con-
taining an azobenzene derivative was interfacing various nematic LCs having biphenyls
in their molecular structure, the photoalignment mechanism turned out to be far more
complex than the usually considered two-dimensional photo-reorientation described in
the Section 1.3. First, depending on the temperature, both azimuthal and zenithal
photo-reorientations have been observed. Second, at high temperatures, close to the
nematic-to-isotropic phase transition temperature Ty;, a temperature induced reorien-
tation (anchoring transition) has occurred, without any photo-excitation. Finally, when
the photo-, or thermal-excitation has been switched off, the system has relaxed back to
the initial orientation relatively fast. The authors have proposed different temperature

dependence of the azimuthal and zenithal anchoring strengths as an explanation, and
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suggested that the LC—polymer interface should be regarded as a coupled system, where
the two components mutually influence each other [90].
To shed light on the predicted interaction between the interfacing polymer and LC,

the aim of my research was to answer the questions such as:

Does the molecular structure of LCs influence the photoalignment? If yes, how?

Does the type of the LC phase play a role in the photoalignment process?

Does the photoalignment mechanism depend on how the azobenzene derivative is

embedded in the polymer layer?

What happens with the free polymer surface upon photo-excitation?
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CHAPTER 2

METHODOLOGY AND MATERIALS

This chapter discusses the substrate preparation (including the cleaning procedure, the
spin-coating, the thermal annihilation), the assembly of the LC sandwich cells, overviews
the materials used, and describes the experimental methods that have been employed

during the doctoral work.

2.1 Substrate preparation

First, microscope slides have been cut into 25 x 25 mm pieces using a glass cutter having
carbide or diamond tip (Figure 2.1(a)). The glass substrates were cleaned by sonication
(Elmasonic S), following the recipe of Ref. [91]: for 10 min in each of the following solvents
in the order of ethanol, trichloroethylene, methylene chloride, ethanol again, rinsed by
Millipore water (obtained by ELGA Purelab Option), and dried with a nitrogen jet.
Spin-coating of the solution of the photosensitive polymer in toluene has been per-
formed with Polos SPIN150i spin-coater (Figure 2.1(b)) at 800 rpm for 5 s, and then at
3000 rpm for 30 s (all with spin acceleration of £1000 rpm/s). The spin-coated substrates
have been baked in an oven for at least 2 h at 140 °C. The thickness of the polymer layer

has been estimated to be of the order of 0.1 pum, based on the spin-coating experiments
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on PMMA [91].

Figure 2.1: (a) The glass cutter tool. (b) Spin-coater device.

2.2 LC sandwich cell assembly

Sandwich LC cells (Figure 2.2) have been prepared from two glass plates separated by
teflon, mylar, or nylon spacers. Two components epoxy glue has been used to fix the two
plates together.

One of the glass plates is the so called reference plate coated with rubbed polyimide
layer (RPi), which ensures planar orientation of the LC molecules at the surface. The
other glass plate is coated with the photosensitive layer prepared as described in the
previous section.

When the epoxy glue has hardened, the thickness d of the empty LC cell has been
measured by interferometric method with Ocean Optics USB2000 spectrophotometer.
The thickness d of the cells was of the order of 10 pm in my experiments.

The given liquid crystal material has been introduced into the sandwich cell by cap-
illary action at a temperature of few centigrade below the clearing (nematic-to-isotropic
phase transition) temperature Ty;. Prior and during the NLC flowing in the cell, the
whole cell was illuminated by polarized light with a polarization perpendicular to the
rubbing direction on the RPi reference plate (see Fig. 2.2). Such a procedure usually
results in a LC cell with good planar initial orientation. The initial alignment has been

checked with polarizing optical microscope (POM).
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Figure 2.2: Schematic drawing of the cross-section of a LC sandwich cell. RPi denotes
the rubbed polyimide layer.

2.3 Materials

2.3.1 Liquid crystals

Commercially available (from Merck KGaA, Sigma-Aldrich, and Synthon Chemicals)
liquid crystal compounds and mixtures have been selected according to the research ob-
jectives to investigate the role of the LC molecular structure and that of the LC phase on
photoalignment. The acronyms, molecular structures and phase transition temperatures
of the selected (in the LC community well known) LCs are listed in Table 2.1.

For the NLC having only phenyl rings in the rigid core, the previously investigated [90]
NLC mixture E7 has been selected, for which most of the physical parameters (and their
temperature dependence) have been previously determined, which posses a wide temper-
ature range of the nematic phase, and which has shown rich photoalignment mechanisms
[90]. For NLCs containing both phenyl and cyclohexane rings some members of the PCH
homologous series (PCH3, PCH5 and PCHT), and the 6CHBT compound have been cho-
sen. For the NLC having exclusively cyclohexane rings in the rigid core, the mixture
ZLI1695 has been selected. Note that all of these compounds (except 6CHBT) have the
same (CN) polar head, and somewhat different length of the flexible alkyl-chain.

The cyano-biphenyl compound 8CB has been chosen for studies on the influence of

the LC phase on the photoalignment, since this compound beside the nematic (N) phase
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H LC Phase transition temperature Chemical formula ~ Chemical structure H

CN

/\/\/\/\OCN
E7 mixture N 60°C' I C.H,0.N s OO

PCH3 N 47°C'1 Ci¢Ha N MQ@
PCH5 N 53.5°C I CrsHas N e & & L
PCH7 N 58.5°C' I CooHagN i -8 o
6CHBT N 43°C' T CroHyrN S O

ZLI1695 mixture N 72.5°C' 1 Ci7Hog N

F
5CPUF Cr 31°C' N 56.5°C' 1 023H27F3

8CB SmA 33°C' N 41.5°C' T Clyy Hos N e as o8

Table 2.1: Acronyms, molecular structures and phase transition temperatures of liquid
crystals compounds used in photoalignment experiments. Cr, SmA, N and I stand for
crystal, smectic A, nematic and isotropic phase, respectively.

posses smectic A (SmA) phase too.

Nematic compound 5CPUF, having biphenyl in its rigid core, with three fluorine
atoms attached to one of them has been investigated for a reason which will be detailed
in Chapter 3.

All the above LC compounds and mixtures have been received from the manufacturer,

and were used as received.

2.3.2 Polymers with photochromic units for the command sur-
face

Molecular structures of the polymers with embedded (chemically attached, or physically

mixed) photochromic units, which have been used for the preparation of the command

surface, are shown in Figure 2.3. To our knowledge, for the first time I have compared

directly the photoaligning efficiency of two polymeric command surfaces composed from
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the same constituents.

Polymethyl-methacrylate (PMMA) polymer functionalized with the azo-dye Disperse
Red 1 (DR1) called as pDR1 — see Figure 2.3(a), has been obtained from Alphamicron
Inc., Kent, OH, USA. The pDR1 polymer has been dissolved in toluene in concentration

of 2 wt% prior spin-coating.

(a)

pDR1

(b)
bl

PMMA + DR1

PMMA1:{n)= 150
PMMA2:{n)= 1200
PMMA3:(n )= 9960

0" Yo
CHa
n

Figure 2.3: Molecular structures of (a) photosensitive polymer pDR1, n: m~ 1: 9, (b)
polymethyl-methacrylates (PMMA) of different number-average degree of polymerization
(n) physically mixed the azo-dye Disperse Red 1 (DR1).

Physical mixtures PMMA+DR1 have been prepared with PMMA polymers having
different number-average degree of polymerization from (n) = 150 to (n) = 9960, as
indicated in Figure 2.3(b). Namely, on one hand, the increase of the degree of polymer-
ization increases the glass transition temperature, T, of PMMA [92, 93]. On other hand,
T, in thin polymer films is known to influence the dynamic processes of other contact-
ing materials, thus difference in T, of the underlying polymer may substantially affect
the photoalignment behavior of the layer [94]. For the midpoint of the glass transition
temperature values of T, = 105 °C and T, = 125 °C have been given by the provider for
PMMA1 and PMMA3, respectively [see Figure 2.3(b)], while for pDR1 [Figure 2.3(a)] T},

= 119 °C has been measured [95]. The glass transition temperature of these polymers
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are far above the clearing temperature Ty; of the liquid crystals (see Table 2.1). The
content of DRI in the mixture with PMMA has been varied in a wide range: from 6.2
wt% of DR1 (that corresponds to the DR1 content of pDR1), up to 42 wt% of DRI.
PMMA polymers of different degree of polymerization, and the azo-dye DR1 have been

purchased from Sigma-Aldrich, and used as received.

2.4 Pump-—probe beam optical setup

A pump-probe optical setup combined with a lock-in amplifier has been used for pho-
toalignment measurements. A schematic drawing, as well as a photograph of the setup
is shown in Figure 2.4. The pump beam originating from a diode-pumped solid-state
(DPSS) laser (MSLFN-457, 20 mW, 457 nm), or alternatively from a diode laser (Toptica
iBeam-Smart 445-S, up to 100mW, 445nm) [(1) in Figure 2.4(b)] enters the NLC cell
[placed in a hot-stage (4)] from the photosensitive side. A rotatable A\/2 plate (2) has
been used to control the pump beam’s polarization direction, and a biconcave lens (3) has
been used to increase the diameter of the beam to a few millimeters (significantly greater
than the probe beam’s diameter). The probe beam from a He-Ne laser (6) (5 mW, 633
nm) entered NLC cell at the reference plate. The polarization of the probe beam has
been controlled by a rotatable polarizer (7). The probe beam transmitted through the
LC cell passes through a fast rotating (60 — 70Hz) polarizer sheet (9) before it gets into
the photodetector (11) (Thorlabs PDA 100A-EC). Simultaneously, a reference beam from
a diode laser (8) also falls on the non-transparent part of the rotating polarizer having
a single gap, thus providing a single light pulse per rotation to the photodetector (10)

which serves as a reference signal for the lock-in amplifier (12) (Signal Recovery 7265).

Signal from probe beam, provided by the photodetector (11) goes to the input of the
lock-in amplifier. The amplifier measures the phase and the amplitude of the signal, and
transmits the data to the digital multimeter (13) (Keithley 199 System DMM /Scanner)

which is connected to a personal computer (14) used for archivation.
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Figure 2.4: (a) Schematic drawing of the experimental setup. (b) Photograph on the
optical setup: (1) pump laser; (2) \/2 plate, or A/2 Fresnel-rhomb; (3) biconcave lens;
(4) hot-stage with the LC sample in it; (5) hot-stage temperature controller; (6) He-Ne
probe laser; (7) rotatable polarizer; (8) reference diode laser; (9) fast rotating polarizer
sheet; (10) photodetector for the reference beam; (11) photodetector for the probe beam;
(12) lock-in amplifier; (13) digital multimeter; (14) personal computer.

For the determination of the ”in-plane” (azimuthal) twist deformation angle ¢, the
polarization of the probe beam is parallel with the initial director (i.e., with the direction
of rubbing on the reference plate), and ¢ at the command surface can be determined

from the phase of the signal.
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For the detection of the "out-of-plane” (zenithal) photo-orientation, the polarization
of the pump beam is set perpendicular to the initial director (thus, no azimuthal pho-
toalignment is expected), while, the polarization of the probe beam encloses 45° with the
initial director, and the amplitude of the signal is measured.

When a significant out-of-plane photoalignment occurs, oscillations in the transmit-
ted light intensity of the probe beam appear, similarly to the electric-, or magnetic-field
induced Fréedericksz transition—see e.g., Ref. [96]. One has to note, that for a quanti-
tative estimate of the zenithal photoalignment angle, 6,50t,, besides the sample thickness

(d), the temperature dependence of all relevant material parameters have to be known

for the NLC [90].

2.5 Polarized optical microscope

Polarizing optical microscope (POM), is one of the basic devices to analyze mesogenic
substances. It is frequently employed to determine phase transition temperatures, and
to identify the LC phase type based on the LC textures. I have used Olympus BX50
polarizing optical microscope (shown in Figure 2.5) to determine the phase transition
temperatures of LC compounds, and to test the quality of the prepared LC sandwich
cells (see for example, the POM image made on an LC cell, shown in Figure 2.6). For
details on the principles of polarizing optical microscopy see, e.g., Ref. [97].

I have designed an experimental setup based on the POM, by which some of the
photoalignment processes could be visualized. The photograph of the setup is shown in
Figure 2.7.

In the setup, the diode laser Toptica iBeam-Smart 445-S (at 445nm) serves as the
source of the pump beam. The POM is equipped with a CCD camera (Flir BFS-U3-
3254C-C), and on the 5X objective of the microscope a 3D printed holder is mounted.
The holder holds a beamsplitter cube and a band-pass filter preventing the laser light
reflected from the sample to enter the objective, the ocular and the CCD camera. The

LC sample is placed in a hot-stage (Instec HCS402) which temperature is regulated by
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Figure 2.5: a) Olympus BX50 polarizing optical microscope. b) Schematic representation
of the parts of a polarizing optical microscope equipped with a CCD camera. [98]

(a) (b)

Figure 2.6: Photograph taken with the help of POM (equipped with a CCD camera)
on a NLC layer in planarly oriented sandwich cell. The small white dots indicate some
impurities or orientational imperfections in the sample. P and A denote the direction of
the polarizer and analyzer, respectively, while n denotes the nematic director.
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the Instec mK2000 controller. POM works on transmission mode, i.e., the LC sample is
illuminated from below with polarized white light. The polarization of the pump beam is
regulated by the rotatable A/2 plate. The beam is focused by a biconvex lens, enters the
beamsplitter cube from which 90% of it is reflected on the LC sample from above. This
setup has allowed us to visualize some photoalignment processes, the results of which are

still unpublished, and will shortly be discussed in the Appendix.

i ﬁ camera
i

Biconvex
lens

3D printed holder with
beamsplitter cube and
band-pass filter

Temperature
controller

Figure 2.7: Optical setup combined with polarized optical microscope for visualization
of the photoalignment processes.

2.6 Atomic force microscope

Atomic force microscope (AFM) measurements have been used to detect photo-induced
changes (including photo-induced mass transfer) on the photosensitive polymer layers
in contact with the air. I have performed these measurements at the Institute of Ex-
perimental Physics, Slovak Academy of Sciences, Kosice in the framework of Erasmus+

Scholarship for Short-Term Doctoral Mobility.
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The preparation of the substrates, (cleaning and coating with the photosensitive poly-
mer layer) is described in Section 2.1.

Atomic force microscopy (AFM) scans on the photosensitive substrates prior and after
the polarized laser illumination were carried out with Agilent 5500 AFM system (Figure
2.8) equipped by PicoView 1.14.3 control software. The images were acquired in the semi-
contact (tapping) mode using medium soft silicon cantilevers (Oxford Instruments, model
AC240TS-R3) with the resonant frequency of 70 kHz (typ.), and spring constant of 2 N/m
(typ.). The measurements were performed at ambient relative humidity of 30 — 40% at
room temperature. The captured images were processed using freely available software

from Gwyddion [99].

Figure 2.8: Agilent 5500 atomic force microscope. Inset: the tip of the AFM.
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CHAPTER 3

ROLE OF THE LIQUID CRYSTALLINE
MOLECULAR STRUCTURE IN
PHOTOALIGNMENT

In order to clarify the role of the molecular structure of NLC in photoalignment pro-
cess, we have systematically varied the rigid core of the liquid crystal molecules inter-
facing the pDR1 polymer. Besides the E7 LC mixture, in which the rigid core of the
LC molecules contains biphenyl, LCs with phenylcyclohexane rigid core (PCH3, PCH5,
PCH7 and 6CHBT, as well as, with bicyclohexane rigid core (ZLI1695) have been used in
the experiments—see Table 2.1. Finally, for the experimental test of our interpretation
regarding the interaction between the pDR1 polymer layer and the LC molecules, has
been performed with 5CPUF LC containing biphenyl in the rigid core connected to three

fluorine atoms (see Table 2.1).

Measurements have been focused on both azimuthal (in-plane) and zenithal (out-of-
plane) photoalignment, as well as on the back-relaxation of the systems when the photo

excitation is turned off.
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3.1 Azimuthal (in-plane) photoalignment

In the measurements of the azimuthal photoalignment the polarization of both the pump
and the probe beam has been set parallel with the initial n, and the phase of the probe
beam has been measured, which is directly related to the azimuthal photoalignment angle
. The temperature of the samples has been varied from room temperature up to Th;.
Under these conditions the pump beam is expected to induce a twist deformation at the
photosensitive substrate resulting in a twisted LC cell from the initially planar one. In

the case of complete photoalignment, the twist angle ¢ should saturate at 90°.

Figure 3.1(a) and 3.1(b) shows the temporal evolution of the photoinduced twist
angle ¢ for LC cells containing E7 and ZLI1695, respectively, measured at different tem-
peratures (AT = Ty; — T). The pump-beam has been switched on at ¢ = 100 s and
switched off at ¢ = 300 s in all measurements. As one can see, at lower temperatures
(e.g. at room temperature), the azimuthal twist deformation reaches the saturation value
of approximately 90° for both E7 and ZLI1695, indicating a complete azimuthal photo-
reorientation. With the increase of the temperature, the twist angle gradually decreases,
and vanishes for E7 far below T, while for ZLI1695 just below Ty; — see Figure 3.1
[N1].

Figure 3.2 shows the temporal evolution ¢(t) for LC cells filled with NLCs from the
PCH homologous series. The results on the azimuthal potoalignment angle for these cells
are similar to those obtained for the cell filled with ZLI1695 [N1].

Figure 3.3 gives the temperature dependence (relative to the nematic-to-isotropic
phase transition temperature, T;) of the saturated value of the azimuthal photoalign-
ment angle ¢, measured for E7, Z1.LI1695 and PCH series. For all NLCs a sudden decrease
of ¢ has been observed below T ;. However, the decrease of ¢ for E7 occurred in a much
lower temperature range of Ty — T = 20 — 25 °C', which is in full agreement with pre-
vious results [90]. For ZLI1695 and the PCH NLCs, the sudden decrease in ¢ occurs
much closer to the nematic-to-isotropic phase transition temperature (Ty; —7 < 10 °C).

Moreover, concentrating on PCH series in Figure 3.3, the decrease of ¢ occurs closer to
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(a)
(b)

Figure 3.1: Azimuthal photo-reorientation angle ¢ in time, measured at different tem-
peratures in cells filled with NLCs having: (a) phenyl rings in the rigid core (E7), and
(b) cyclohexane groups in the rigid core (ZLI11695). The pump-beam was switched on at
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t = 100 s, and switched off at t = 300 s.
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Figure 3.2: Azimuthal photo-reorientation angle ¢ in time, measured at different tem-
peratures in cells filled with NLCs having a phenylcyclohexane rigid core: (a) PCH3, (b)
PCHS5, and (¢) PCH7. The pump-beam was switched on at ¢ = 100 s, and switched off
at t = 300 s, or at t = 500s (for the highest temperature in case of PCHT).
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Figure 3.3: Temperature dependence of the saturated azimuthal photo-reorientation angle
¢, measured in cells filled with various NLCs (E7, PCH5, PCH7 and ZLI1695) as indicated
in the legend.

Tn1 as the length of the alkyl chain is increased, which may indicate a possible influence

of the flexible alkyl chain on the photoalignment [N1].

3.2 Zenithal (out-of-plane) photoalignment

Previous measurements [90] have shown significant zenithal photoalignment in samples
containing E7 with a biphenyl rigid core. Zenithal photoalignment occurred in the tem-
perature range above which the azimuthal photo-reorientation angle ¢ suddenly drops
(i.e., for AT =Tn; — T < 20 °C — see also in Figure 3.3).

To test whether a similar zenithal photoalignment occurs in samples with PCH com-
pounds, or with ZLI1695, the experimental setup for zenithal reorientation was used (see
Section 2.4 for pump-probe beam optical setup).

Measurements on the zenithal photoalignment have been performed from room tem-
perature to the clearing temperature T for PCH3, PCH5, PCH7, as well as for ZLI11695.
None of these measurements resulted in oscillations of the transmitted light intensity, in-

dicating the absence of a significant zenithal photo-reorientation. In all these samples,
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only a slight change in transmitted light intensity has been observed at all temperatures
[N1]. This change could be the result of a small misalignment of the director at the two
confining surfaces (see Section 2.1), a small misalignment of the polarization direction of

the pump beam and n, or a small zenithal photoalignment as mentioned in Ref. [90].

Figure 3.4 illustrates the slight changes in the transmitted light intensity ina d = 17.1
pm thick cell filled with PCH7 [N1] at three different temperatures: AT = Ty — T =
24.3 °C, 7.5 °C, and 1.5 °C. The pump beam was activated at t = 100 s and deactivated
at t = 300 s. Based on these measurements one can conclude that in samples with PCH
NLCs and with the ZLI1695 mixture, the magnitude of the zenithal photoalignment is
either zero, or it is much smaller than that detected in the NLC with biphenyl rigid core
(E7) reported in Ref. [90].

2 PCH7; d=17.1um
5 —T.-T=243°C
E, NI

s | N T, T=7.5°C
o 0
2 T, T=15°C
>

‘»
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I3
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Figure 3.4: Temporal variation of the transmitted light intensity of the probe beam mea-
sured in a PCHY cell at different temperatures in the setup for detection of zenithal

photo-reorientation (pump beam polarization perpendicular to n, probe beam polariza-
tion encloses 45° with n).
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3.3 Back-relaxation from the azimuthal photoalign-

ment

The relaxation process towards the initial (planar) alignment has been monitored as well,
via the time evolution of the azimuthal photoalignment angle ¢ after switching off the

pump beam.

One can deduce from Figures 3.1, 3.2 and 3.5 that with the increase of temperature,
the back-relaxation becomes faster. Such temperature dependence of the back-relaxation
dynamics has been attributed to the temperature dependence of the equilibrium con-
centration of the trans-cis isomers, and by that of the cis-to-trans isomerization kinetics
[90]. The equilibrium concentration of the trans conformers at low temperature is much
higher than the equilibrium concentration of the cis conformers, and upon the pump
beam activation the trans-to-cis isomerization is faster than the cis-to-trans isomeriza-
tion upon the deactivation of the pump beam. With the increase of the temperature,
the equilibrium ratio of the two conformers undergoes a slight shift in favor of the cis
isomer, and the trans-to-cis isomerization somewhat slows down, while the cis-to-trans
isomerization speeds up. These processes ultimately lead to slower photoalignment and

faster relaxation at higher temperatures, as observed [N1, N2J.

Furthermore, it has been also observed that the speed of back-relaxation is influenced
not only by the temperature dependence of the isomerization kinetics, but also depends
on NLC material that is used in contact with the polymer. This can be seen in Figures
3.1, 3.2 and 3.5, which compare the behavior of E7, ZLI1695 and NLCs from PCH series
[90]. The back-relaxation at a given temperature Ty; — 7" has been found much faster

for E7 compared to other NLCs.

Figure 3.5 shows in details the temperature dependence of the back-relaxation kinetics
for PCH7 at three different temperature ranges of the nematic phase: low temperature
range (a), mid temperature range (b), and high temperature range (c). Obviously, the

relaxation times differ by orders of magnitude at high and at low temperatures (from
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(b)

(c)

Figure 3.5: Back-relaxation of the azimuthal photo-reorientation angle ¢ (pump beam
switched off at ¢ = 0 s) measured at different temperatures as indicated in the legend
on a d = 17.1 um thick cell filled with PCH7. (a) Low-temperature range; (b) mid-
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Figure 3.6: Back-relaxation of the azimuthal photo-reorientation angle ¢ (pump beam

switched off at ¢ = 0 s) measured at a given temperature in cells of different thickness d
filled with E7 as indicated in the legend.

seconds to days).

Figure 3.6 shows the temporal evolution of the back-relaxation of the photoinduced
azimuthal (twist) angle ¢ in cells of different thickness (d), filled with E7 and measured
at the same temperature Ty — T = 34.7 °C'. Surprisingly, no straightforward thickness
dependence of the relaxation kinetics has been found: the thickest samples relaxed the
fastest, followed by thinnest cell. This finding is reminiscent of non-trivial d dependence
of the temperature range at which the sudden decrease of ¢ has been previously detected

for E7 [90].

3.4 Discussion

The photoalignment experiments at the NLC-pDR1 polymer interface have led to an
almost complete azimuthal photoalignment (¢ &~ 90°) at room temperature (far below

Tyr) for all NLCs discussed in this dissertation [N1]. The only exception was the earlier
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analyzed NLC, namely 5CB, for which Ty is relatively close to room temperature [90].
As the temperature was increased, at some point ¢ started to decrease for all NLCs.
Depending on the molecular structure of NLCs, considerable differences have been found
in the temperature range at which the decrease of ¢ occurs. For NLCs with biphenyl rigid
core, the sudden decrease of ¢ has been detected far below Ty ;: for E63 in the temperature
range Ty — T = 30 — 35 °C [90] and for E7 in the range of Ty; — T = 20 — 25 °C (see
Figure 3.3). In contrast, NLCs having a phenylcyclohexane or a bicyclohexane rigid core,
the drop of ¢ has happened much closer to Tyy, at Ty; — T < 10 °C, (see Figure 3.3).
One has to note that in this high temperature range, a temperature induced change in
the pretilt angle (anchoring transition towards the homeotropic alignment) has also been

observed for E7 and 5CB NLCs [90].

According the experimental results, NLCs with biphenyl rigid core exhibit significant
zenithal photoalignment in the high temperature range, where the azimuthal photoalign-
ment diminishes [90, N1|. In contrast, in NLCs with phenylcyclohexane or bicyclohexane
rigid core only indications have been found for a possible slight zenithal photoalignment

of negligible magnitude in the whole temperature range of the nematic phase.

At a given relative temperature, Ty — T, the back-relaxation of the NLC having a
biphenyl in the rigid core (E7) has been found faster by orders of magnitude compared
to that of the NLCs having phenylcyclohexane (PCH3, PCH5, PCHT), or bicyclohexane
(ZLI1695) in the rigid core—see Figures 3.1 and 3.2.

These findings, namely the diminishing azimuthal photoalignment far below T; and
the appearance of the zenithal photoalignment instead, as well as the fast back-relaxation
indicate that in NLCs with biphenyl rigid core something, presumably an interaction
between the pDR1 polymer and the NLC, acts against the conventional azimuthal pho-
toalignment and helps the relaxation towards the initial (planar) alignment. On the other
hand, the persistence of the azimuthal photoalignment to temperatures much closer to
Tnr (up to temperatures at which presumably the temperature induced orientational
transition takes over [90]), the much smaller (if any) zenithal photoalignment, and the

much slower back-relaxation, observed in NLCs with phenylcyclohexane or bicyclohex-
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ane rigid core, indicate that in these systems no such interaction is present, or it is much

smaller (compared to that in systems with NLCs having biphenyl rigid core).

To identify the potential source of such interaction, for simplicity, first we consider the
size of the biphenyl core [100, 101] and that of the azobenzene trans-isomer [102] only, and
we compare them in Figure 3.7(a). Phenyl rings are capable to exhibit aromatic interac-
tions that have been proposed to consist of van der Waals, hydrophobic and electrostatic
forces [103]. Several geometries have been proposed on the basis of the electrostatic com-
ponent, arising from interactions of the quadrupole moments of the aromatic rings, based
on the greater electron density on the face of the ring and reduced electron-density on
the edge [104]. One of them is the so called offset stacked aromatic m — 7 interaction
[105, 106], which is demonstrated by representation of the molecular electrostatic sur-
face potential (MESP) for four benzene rings in Figure 3.7(b). We note here, that in
the biphenyl structure, the two rings are somewhat twisted with respect to each other
[100, 107], the CN polar head and the alkyl tail in the cyano-biphenyl NLCs [108], as
well as the azo-coupling in the azobenzene derivative [109] introduce minor modifications
in the simplified MESP shown in Figure 3.7(b). Despite these minor modifications, the
dimensions of the NLCs with the biphenyl rigid core and the azobenzene moiety attached
to the PMMA polymer suggest the presence of offset stacked aromatic = — 7 interactions
between them [N1]. These interactions act against the trans-to-cis isomerization upon
the excitation of the azobenzene moiety (i.e., against the photoalignment) by introduc-
ing additional restoring stresses. For further analysis, one has to take into account the
temperature dependence of the azimuthal and zenithal anchoring strengths. Based on
the experimental results [90] it has been proposed that the zenithal anchoring strength
weakens with the increase of the temperature much faster than the azimuthal anchoring
strength. This assumption has been supported by the experimental observations at high
temperatures (Ty; — T < 10 °C'), at which a temperature induced orientational transition
from planar towards the homeotropic has been observed without any pump beam illu-
mination [90]. These phenomena have been originally attributed to the flexibility of the

spacer consisting of two methylene units that connects the PMMA main chain with the
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Figure 3.7: (a) Size of the biphenyl rigid core and that of the azobenzene trans-isomer. (b)
Offset stacked aromatic interaction between benzene molecules enabled by the molecular
electrostatic surface potential (MESP, blue is positive, red is negative).

azobenzene moiety (see between the oxygen and nitrogen atoms in Figure 2.3(a)) [90].

According to our interpretation, under the pump beam illumination, the additional
restoring stresses originating from the offset stacked aromatic m — 7 interactions in case
of the NLCs with biphenyl rigid core may cause the “crossover” between the zenithal and
azimuthal anchoring strengths to occur at a considerably lower temperature. In other
words, the orientational transition from planar towards homeotropic orientation under
pump beam illumination occurs at much lower temperatures than it occurs without the
photo-excitation. Naturally, when the photo-excitation is terminated, the driving force for
trans-to-cis isomerization is also stopped, and the system relaxes back to the initial planar
alignment [N1]. One has to note that in this scenario, it is not necessarily required to
have a conventional trans-to-cis isomerization assisted photoalignment. The prerequisites
are only the stresses induced by the isomerization and the offset stacked aromatic ©# — 7
interactions, along with the proper azimuthal and zenithal strengths.

On the other hand, one has also to note, that whenever the pump beam is switched
off, the suggested m — 7 interaction helps the back-relaxation, by which it becomes faster.
This can explain by orders of magnitude faster back-relaxation observed in NLCs with
biphenyl rigid core compared to that in NLCs with phenylcyclohexane or bicyclohexane

rigid core.
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In case of NLCs with phenylcyclohexane or bicyclohexane rigid core, such m — 7 inter-
action between the NLC molecules and the azobenzene moiety of pDR1, acting against
the trans-to-cis isomerization is not expected, see Figure 3.8 (for the MESP of cyclo-
hexane see e.g. [110]). Therefore, the azimuthal photoalignment is maintained (almost)
over the whole nematic temperature range, while the zenithal photoalignment is either
insignificant or completely absent. Moreover, the back-relaxation of NLCs with a phenyl-
cyclohexane or bicyclohexane rigid core is significantly slower when compared to NLCs
containing a biphenyl rigid core. Therefore, the proposed 7 — 7 interaction together with
the different temperature dependence of the azimuthal and zenithal anchoring strengths
(proposed in Ref. [90]), can give a qualitative explanation for the experimental findings

stated above.

biphenyl  phenylcyclohexane bicyclohexane

Y sl Sa®,
azobenzeneQR\.Q Q’*Q Q‘*Q
-0 Q-7 DT-TY

Figure 3.8: Scaled, schematic drawing of the trans isomer of the azobenzene and LC
rigid cores of biphenyl, phenylcyclohexane and bicyclohexane, together with the aromatic
interaction possibilities between them.

To validate the assumption about the role of the offset stacked m — 7w aromatic in-
teraction, more NLC compounds have been chosen for further studies, namely, NLC
compounds 6CHBT and 5CPUF-—see Table 2.1. 6CHBT has similar molecular structure
with phenylcyclohexane rigid core as PCH homologue series with the exception that the
phenyl ring in 6CHBT is connected to a polar thiocyanate (SCN) group instead of a CN
group in PCH LCs. Therefore, the photoalignment at the pDR1-6CHBT interface is
expected to have similar characteristics as those at the interface pDR1-PCH homologue
series, namely, efficient azimuthal photoalignment over a wide temperature range of the

nematic phase without considerable zenithal photoalignment [N1].
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The other NLC compound, 5CPUF, has biphenyl in the rigid core, with one of the
phenyl rings connected to three fluorine atoms at 3,4,5 positions, which invert the MESP
of the ring [111]. The three fluorine atoms change the MESP of the adjacent ring (and
even that of the next phenyl ring) to a large extent (the details will be discussed later,
at the end of this Chapter). These modifications in the MESP of the biphenyl part of
the 5CPUF molecules prevent the offset stacked m — 7 aromatic interactions between the
biphenyl part of the 5CPUF and the trans isomer of the azobenzene moiety of the inter-
facing polymer. Thus, if our assumption about the role of the aromatic m — 7 interaction
is correct, it is expected that 5CPUF will exhibit the same photoalignment behavior as
NLCs with phenylcyclohexane (6CHBT and PCH homologous series) or bicyclohexane
(Z111695) rigid core. That means, a complete or near-complete azimuthal photoalign-
ment throughout the temperature range of the nematic phase except extremely close to
T, where the thermal effect of the pump beam or the possible temperature induced
anchoring transition may occur [90]. Furthermore, 5CPUF is not expected to show con-
siderable zenithal photoalignment, and the back-relaxation is expected to be considerably
slower than that in cyanobiphenyl NLCs (e.g. 5CB, E63 and E7) [90] due to the absence

of the offset stacked m — 7 aromatic interactions between 5CPUF and the pDR1 polymer.

Figure 3.9 shows the temperature dependence of the saturated azimuthal photoalign-
ment angle, ¢, measured for 6CHBT and 5CPUF. A nearly complete azimuthal pho-
toalignment has been detected in the whole temperature range of the nematic phase for
both 6CHBT and 5CPUF, with ¢, typically in the range between 80° to 90°. Close to
the nematic-to-isotropic phase transition (Ty; — 7 < 2 °C) a slight decrease of ¢4, has
been observed, especially in the case of 6CHBT. Even closer to Ty, at Ty — T < 1 °C
the measurements on the photoalignment angle have failed, because of the thermal ef-
fect of the pump beam. This is illustrated with temporal evolution of the signal in
Figure 3.10 for both 6CHBT and 5CPUF: when the pump beam is switched on (at ¢
= 100 s), the photoalignment immediately takes place, however, before it ends, the ab-
sorbed light heats up the NLC layer at the photosensitive substrate and it undergoes

the nematic-to-isotropic phase transition within seconds, and the photoalignment angle
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Figure 3.9: Temperature dependence of the saturated azimuthal photoalignment angle
wsat Mmeasured for 5CPUF and 6CHBT.

becomes meaningless. Similarly, when the pump beam is switched off, the nematic phase

reappears within seconds and the signal tends towards the initial value.

For the estimation of the zenithal photoalignment the temporal evolution of the trans-
mitted light intensity has been monitored in the experimental setup as described in
Section 2.4. Figure 3.11 (a) and (b) shows the time evolution of the transmitted light
intensity measured at different temperatures Ty; — 1" for NLCs 5CPUF and 6CHBT,
respectively. The pump beam has been switched on at ¢ = 100 s and off at ¢ = 300 s in
all cases as indicated in Figure 3.11. For 5CPUF no oscillations in the transmitted light
intensity is detected at any temperature when the pump beam is turned on/off, except
very close to the clearing point — see at Ty —7 = 0.5 °C in Figure 3.11(a). These oscilla-
tions, however, appear not because of a significant zenithal photoalignment, but because
of the thermal effect of the pump beam: the pump beam heats the sample and drives it
through a nematic-to-isotropic phase transition as illustrated in Figure 3.10. Similarly to

5CPUF, in samples with 6CHBT no oscillations in the transmitted light intensity of the
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Figure 3.10: Temporal evolution of the azimuthal photoalignment angle ¢ measured for
5CPUF and 6CHBT at temperatures close to the phase transition temperature Ty;.

probe beam have been observed either — see Figure 3.11(b).

The back-relaxation of the azimuthal photoalignment has also been monitored for
6CHBT and 5CPUF. Figure 3.12(a) shows the time dependence of ¢ after the pump
beam is switched off (at ¢ = 0 s) for 6CHBT and 5CPUF at nearly the same temperature
Ty — T as indicated in the legend. The relaxation in 5CPUF is somewhat faster than in
6CHBT. Considering the temperature dependence of the back-relaxation dynamics, the
general rule for all NLCs is that it becomes faster with the increase of the temperature
(i.e., with the decrease of Ty — T'), as it has also been found for other NLCs previously
(for PCH homologous series, E7, E63, and Z1.11695)[90, N1, N2|. Here, we illustrate such
a temperature dependence for 5CPUF in 3.12(b).

All our expectations are now confirmed by the experimental results: a complete (or
close to complete) azimuthal photoalignment has been found almost in the whole tem-
perature range of the nematic phase for both 5CPUF and 6CHBT (except very close
to Ty —see Figure 3.9), and no considerable zenithal photoalignment is detected (Fig-

ure 3.11). At a given Ty; — T temperature, the back relaxation dynamics for 5CPUF
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Figure 3.11: Temporal variation of the transmitted light intensity of the probe beam
measured in cells with (a) 5CPUF, (b) 6CHBT, at different temperatures, in the setup for
detection of zenithal photoreorientation (pump beam polarization direction perpendicular

to n, probe beam polarization direction encloses 45° with n).
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Figure 3.12: Back-relaxation of the azimuthal photoalignment angle, ¢ for 6CHBT and
5CPUF at relative temperatures Ty - T indicated in the legend. (b) Temperature de-
pendence of the back-relaxation dynamics for the 5CPUF NLC.
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and 6CHBT has been found much slower than in cyanobiphenyl NLC compounds — cf.
Figures 3.12 and 3.1(a). Moreover, the back-relaxation dynamics of 6CHBT resembles
to those obtained for the PCH NLCs. This fact is illustrated in Figure 3.13(a), where
the relaxation in 6CHBT is compared with that in PCH7 at about the same relative

temperature Ty — T ~ 18 °C.

The assumption that the alkyl chain length plays a role in photoalignment has also
been raised in our investigations. Focusing on the temperature dependence of the az-
imuthal photo-reorientation angle p(AT) for PCH homologous series in Figure 3.3, and
on the data from Table 2.1, one can note that the phase transition temperature Ty
increases with the increase of the length of the chain, and the azimuthal photoalignment
is maintained to temperatures closer to T as the length of the alkyl chain is increased.
Since 6CHBT has similar molecular structure, and shows similar photoalignment charac-
teristics to the PCH homologous series, it is logical to make a comparison in this regard.
Figure 3.13(b) compares the temperature dependence of the saturated azimuthal pho-
toalignment angle for 6CHBT and PCH series. Obviously, 6CHBT maintains azimuthal
photoalignment the closest to Ty, despite having a shorter alkyl chain compared to
PCHY. Note that on the absolute scale, 6GCHBT has the lowest Ty; among these NLC—
see Table 2.1. Therefore, the dependence of the photoalignment on the length of the alkyl

chain is non-trivial, and still remains puzzling.

The non-trivial thickness dependence of the back-relaxation kinetics shown in Figure
3.6 (and that of the temperature range in which the sudden decrease of ¢ is detected
for E7 [90]) indicates that these processes are much more influenced by some condi-
tion(s)/factor(s) other than the sample thickness d. Such condition/factor could be for
example differences in the quality of the pDR1 layer for different cells (despite of the
same preparation procedure), or the exact illumination history with the pump beam for

each sample.

Finally, we provide the MESP created by MarvinSketch software for 5CPUF, 6CHBT
and 8CB LC compounds (where 8CB is representative example of all cyanobiphenyl LCs),

as well as some of the conformers of the pDR1 polymer [N2]. The charge distributions
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of molecules are shown in three dimensions, using a color code where blue represents
positive and red represents negative — see Figure 3.14(a).

As expected [111], the three fluorine atoms in the structure of 5CPUF change the
MESP of the phenyl ring considerably compared to the cyano-group in 8CB. In contrast
to that, the thiocyanate (SCN) group in 6CHBT does not change significantly the MESP
of the phenyl ring compared to the cyano-group in 8CB. Therefore, in this respect, 6CHBT

can be regarded very similar to the benzonitrile containing PCH LC homologous series.
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Figure 3.14: (a) Molecular electrostatic potentials (MESPs, blue is positive, red is neg-
ative) mapped for 5CPUF, 8CB and 6CHBT molecules; (b—f) some examples of various
conformers of a pDR1 segment.

Possible conformations of the photosenitive polymer, pDR1, have been also investi-
gated. For simplicity, only a segment shown in Figure 3.14(b) has been considered. Even
for such an oversimplified polymer segment about 100 different conformations have been
found, with most of them having energy difference in the order of RT = 0.593 kcal /mol.
We illustrate some of these conformers in Figures 3.14(b), (c), (d), (e), and (f), having en-
ergies of 127.74 kcal /mol, 126.62 kcal /mol, 125.96 kcal/mol, 134.14 kcal/mol, and 126.10
kcal/mol, respectively. For further simplification, in Figures. 3.14(c)-(f) we fixed the
main-chain segment [visible in Figure 3.14(b)] perpendicular to the plain of the pictures.

One should note that the conformations of the pDR1 polymer shown in Figure 3.14(b-
f) and oversimplified: they consider only a particular (one of the most simple) possible

segment of the polymer chain, do not take into account the whole polymer chain, the
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entanglements and the interactions between the chains, the actual phase of the polymer,
etc. However, to our belief, even such an oversimplified picture can give some hints
that bring us closer to understanding the photoalignment process at the pDR1-NLC
interface. Namely, for the explanation of experimental results obtained in [90] (including
the temperature induced anchoring transition), a different temperature dependence of
the zenithal and azimuthal anchoring strengths at the pDR1-NLC interface has been
proposed. The different temperature dependencies of the anchoring strengths have been
associated with the flexibility of the spacer consisting of two methylene units connecting
the PMMA main chain with the azobenzene moiety. The representation used in Figure
3.14(b-f) indicates that the trans-isomer of the azobenzene moiety has the ability to
orient itself in any direction, from horizontal to vertical, with a minimal energy expense
of a few RT. It seems more likely that the flexibility of the PMMA polymer main chain
is responsible for the differing temperature dependence of the zenithal and azimuthal

anchoring strengths, rather than the flexibility of the two methylene unit spacer [N2].

The above assumption is supported by our preliminary experiments at the interface
of the derivatized methyl red (dMR) [112] monolayer and cyanobiphenyl NLCs, 5CB
as well as mixture E7. The dMR monolayer has been prepared by chemisorption of its
triethoxysilane unit on the activated glass substrate. The triethoxysilane unit is connected
to the azobenzene containing methyl red via three methylene units, i.e., the spacer unit
here is longer than in pDR1. Our preliminary measurements on these systems have shown
a quite efficient azimuthal photoalignment of 5CB and E7 over the whole temperature
range of the nematic phase, an absence of zenithal photoalignment, and a much slower
back-relaxation than in systems with pDR1. All these observations indicate that the
eventual flexibility of the methylene spacer does not play a role in the photoalignment,

seen at the interface of cyanobiphenyl NLCs with pDRI1.

We also note that we have carried out photoalignment measurements on contaminated
or partially decomposed NLCs of PCH3, PCH5, and Mixture ZLI11132 (which primarily
consists of PCH homologues: 25 wt% of PCH7, 36 wt% of PCH5, 24 wt% of PCH3 and

15 wt% of BCH5). The detection of contamination or partial decomposition was easily
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observed, as it resulted in a significant reduction of the phase transition temperature Tn7y,
as well as in a considerable broadening of the temperature interval in which the nematic
and isotropic phases coexist. We have found that, instead of the expected literature
data: Ty; = 47 °C, Ty; = 53.5 °C, and Ty = 71 °C for PCH3, PCH5, and ZLI1132,
respectively, the nematic-to-isotropic phase transition has occurred in the temperature
range of 37 — 41 °C, 40 — 45.5 °C, and 59 — 66 °C. The azimuthal photoalignment angle
was found to be small (¢ < 10°) in every cell prepared with these NLCs, demonstrating

the importance of the purity of NLCs interfacing the pDR1 polymer for photoalignment.
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CHAPTER 4

ROLE OF THE LIQUID CRYSTALLINE
PHASE IN PHOTOALIGNMENT

To determine experimentally how different LC phases influence the photoalignment, the
cyanobiphenyl compound 8CB (see Table 2.1) possessing both smectic A and nematic
phases has been chosen. Measurements on the azimuthal and zenithal photoalignment
have been performed in the whole temperature range of both (smectic A and nematic)
LC phases. The temporal evolution of the back-relaxation has also been monitored. In
the nematic phase of 8CB, similar photoalignment characteristics are expected as in other

NLCs with biphenyl rigid core (5CB, E63 and E7).

4.1 Azimuthal (in-plane) photoalignment

In Figure 4.1 we present the temperature dependence (relative to the nematic-to-isotropic
phase transition temperature, T ) of the saturated azimuthal photoalignment angle, g
measured for 8CB. In the figure, the temperature ranges of the isotropic (I), nematic (N)
and smectic A (SmA) phases are also indicated together with the nematic-to-smectic A

phase transition temperature at Ty — 1T = 8.5 °C.
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Figure 4.1: Temperature dependence of the saturated azimuthal photoalignment angle
wsat measured for 8CB liquid crystals (I, N and SmA indicate the temperature range of
isotropic, nematic and smectic A phase, respectively).

At low temperatures, in the smectic A (SmA) phase (Ty; —7T > 8.5 °C) no azimuthal
photoalignment has been observed (s, = 0). In the nematic (N) phase, at temperatures
close to the SmA phase (7.1 °C < Ty;—T < 8.5 °C) no significant azimuthal photoalign-
ment has been detected (g, < 5°) either. With the further increase of the temperature
in a narrow range of 5.3 °C < Ty —T < 7.1 °C an incomplete azimuthal photoalignment
has been measured (25° < gt < 75°).

In the high temperature range of the nematic phase 0 < Ty; —T < 5.3°C a negligible
azimuthal photoalignment has been found again (¢ < 6°), while the definition of @, in
the I phase (Tx; — T < 0) becomes meaningless. After switching off the pump beam, the
back-relaxation of 8CB, illustrated in Figure 4.2, has been found by orders of magnitude

faster than in 5CPUF, 6CHBT, ZLI11695 and PCH homologous series [N1, N2J.

4.2 Zenithal (out-of-plane) photoalignment

Figure 4.3 shows the temporal evolution of the transmitted light intensity obtained at

various temperatures Ty;—7T. The pump beam was switched on at t = 100 s and switched
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Figure 4.2: Back-relaxation of the azimuthal photo-reorientation angle ¢ (pump beam
switched off at ¢ = 0 s) measured at different temperatures as indicated in the legend on
a cell filled with 8CB.

off at t = 300 s.

In the SmA phase, the transmitted intensity of the probe beam remains nearly
unchanged upon the photo-excitation by the pump beam, as shown in Figure 4.3 at
Ty — T = 15.2 °C. By increasing the temperature in the nematic phase in the temper-
ature range of 5.3 °C < Ty — T < 8.5 °C), the change of transmitted light intensity
becomes bigger when the pump beam is switched on (see Figure 4.3 at Tyy; —T = 7.1°C),
however, no temporal oscillations in the intensity were observed. At even higher tem-
peratures of the nematic phase (T; — T < 5.3 °C, where no significant azimuthal
photoalignment has been observed), the transmitted light intensity of the probe beam
started to oscillate upon switching on/off the pump beam, as illustrated in Figure 4.3 at
Ty — T = 1.9 °C, indicating a significant zenithal photoalignment. One should note,
that these oscillations were observed well below Ty, and therefore, cannot be attributed
to the nematic-to-isotropic phase transition induced by the thermal effect of the pump

beam [N2].
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Figure 4.3: Temporal variation of the transmitted light intensity of the probe beam
measured in cell with 8CB at different temperatures, in the setup for detection of zenithal
photo-reorientation (pump beam polarization direction perpendicular to n, probe beam
polarization direction encloses 45° with n).

4.3 Discussion

Cyanobiphenyl LC 8CB in nematic phase is expected to have similar photoalignment
characteristics to other cyanobiphenyl NLC compounds (5CB, E63 and E7). The results
have verified these expectations. Namely, in the high temperature range of the nematic
phase (0 < Tn; — T < 5.3 °C), no considerable azimuthal photoalignment has been
detected (see Figure 4.1), while oscillation in the amplitude of the transmitted light
intensity indicates considerable zenithal photoalignment (see Figure 4.3 at Ty; — T =
1.9 °C). With the decrease of the temperature, in the narrow range of 5.3 °C < Ty, —T <
7.1 °C an incomplete azimuthal photoalignment (Figure 4.1), and no considerable zenithal
photoalignment (see Figure 4.3 at Tyy; — T = 7.1 °C) has been found.

These results are in complete agreement with the results obtained on 5CB, E7 and
E63 nematics [90, N1]. With further decrease of the temperature, in the nematic phase,
but close to the nematic-to-smectic A phase transition (7.1 °C < Ty; — T < 8.5 °C), as

well as in the smectic A phase (Tn; — T > 8.5 °C), both the azimuthal and the zenithal
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photoalignment vanish. In the nematic phase it is presumably due to the smectic pre-
transitional fluctuations, which substantially increase the bend and twist elastic constants
(K33 and Ky) [113, 114, 115], that are the most important parameters for the azimuthal
and zenithal photoalignment, respectively. In the smectic A phase, neither azimuthal,
nor zenithal photoalignment is expected because the bend and twist deformations within
this phase require changes in layer spacing with high energy cost [116].

Finally, one should note that 5CB and 8CB are compounds of the same homologous
series, with 8CB having a longer alkyl chain, and that the temperature range of the ne-
matic phase (from room temperature) is roughly the same for both compounds. For 5CB,
no significant azimuthal photoalignment has been found down to Ty; — 7 ~ 10 °C (room
temperature). In contrast, for 8CB, a relatively significant (but incomplete) azimuthal
reorientation was detected already at Ty; — T =~ 5.3 °C, as shown in Figure 4.1. There-
fore, the issue of whether the length of the alkyl chain plays a role in photoalignment, as
mentioned earlier, and discussed for the PCH series, is once again raised. However, the
absolute value of Tl is higher for 8CB than for 5CB, similarly to the case for PCH com-
pounds, where Ty increases with the increase of the length of the alkyl chain. Therefore,

the clarification of this question remains for future studies.
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CHAPTER 5

ROLE OF THE POLYMER
COMPOSITION IN PHOTOALIGNMENT

Results presented in Chapters 3 and 4 have shown that the mechanism and the efficiency
of photalignment /photocontrol do not depend on the composition of the photosensitive
polymer layer (often called as command surface) exclusively, but also on the liquid crystal
material (and its phase) in contact with the command surface [90, N1, N2]. This Chapter
highlights the role of the composition of the polymeric command layer in photoalignment.
Namely, when the command surface is made of a polymer layer, two preparation methods
are known in the literature: physical mixing of the polymer host with photochromic units,

and chemical attachment of photochromic units to the polymer chain.

As for the polymer host, in the case of physical mixing with azobenzene derivatives,
polyimide [65, 67, 117, 118, 119] and polyvinyl alcohol [120] was used. On the other
hand, various azo-monomers were chemically attached to the modified main-chain of
polyacrylates [121, 122], polymethacrylates [87, 88, 123, 124, 125, 126], polyamides [127],
polyvinyl alcohols [63, 72, 128, 129], or polysiloxanes [130, 131].

The composition variety of the command surfaces in the above-mentioned photoalign-
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ing systems largely prevents direct comparison of the benefits and disadvantages of the
two fabrication methods (physical mixing/doping, and chemical binding). Therefore, for
comparative investigations on these two systems, the use of the same polymer, same
photochromic unit, and same liquid crystal compound is desirable. To the best of our
knowledge, such a comparative investigation has not been reported yet, and one of the
aims of our work presented in this Chapter is to fill this gap.

The second aim of our work presented in this Chapter regards the investigations on
the photoinduced mass transfer at the polymer-air interface [102, 132]. Namely, when
the layer of a polymer grafted with azobenzene derivative is illuminated with a sinusoidal
intensity pattern (obtained from the interference of two coherent laser beams), a large
scale modulation of the free surface is obtained [133, 134, 135], which is referred to as
surface relief gratings (SRG). The amplitude of the surface modulations has been found
of the order of 100 nm, and the periodicity of the grooves was matching the periodicity
of the illuminating interference pattern. Similarly, when the surface of the azobenzene-
containing polymer film is irradiated with a single Gaussian laser beam with a radius
focused down to few pm, a crater is formed, due to the photoinduced mass transfer
[136, 137]. Although, the mechanism with which the molecular trans-cis-trans cyclic
photoisomerization converts to a macroscopic mass transfer is still under debate, the
dependence of the created surface reliefs on the spatial modulation of the light intensity
and on the light polarization is known [102].

In our work, we do not produce interference pattern resulting in SRG, nor we focus
the Gaussian laser beam to create a crater with radius of the order of ym, but rather we
expand the laser beam to obtain photoalignment over a considerably large area. However,
the question, how the photoaligning illumination modifies the free surface of the polymer,
and whether a photoinduced mass transfer is detectable under these conditions, is still

relevant.
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5.1 Photoalignment at different polymer layers

We compare photoaligning properties of polymer layers fabricated from the same con-
stituents: polymethyl-methacrylate (PMMA) and azo-dye Disperse Red 1 (DR1), either
chemically attached to the PMMA main-chain, or physically mixed with it—see Figure
2.3.

The choice of the LC mixture E7 for further measurements on photoalignment is
based on our previous studies (Chapters 3 and 4). Namely, besides of the conveniently
wide temperature range of the nematic liquid crystal phase (up to Ty; = 60°C), at the
interface with the pDR1 polymer layer E7 showed the richest variety of photo-induced
mechanisms (compared to other nematic LC compounds, [N1, N2J).

The pump-probe optical setup (described in Section 2.4) has been used here too. The
only difference between the measurement method presented here and those reported in
Chapters 3 and 4 is that for the determination of the azimuthal photoalignment angle,
here, the polarization of the pump beam enclosed 45° with the initial director orientation
n (instead of being parallel with it). The reason for this change was to avoid accidental
creation of a supertwist deformation in the LC cell [138]. Consequently, when switched
on, the pump beam is expected to induce twist deformation in the LC cell with ¢ = 45°
at the photosensitive plate for the complete azimuthal photoalignment.

In Figure 5.1 results on the azimuthal photoalignment /photoreorientation are shown,
measured on LC cells with a photosensitive polymer layer from pDR1, as well as from
PMMA1+DR1 mixture (with 30 wt% DRI content) at a temperature Ty — T = 32 °C,
i.e., close to the room temperature. As we mentioned above, the polarization of the pump
beam encloses 45° with the initial director orientation n at the reference plate.

Results on the azimuthal photoalignment in the LC cell with pDR1 are in agreement
with the previous results [90, N1]: at low temperatures, upon light excitation, the az-
imuthal photoreorientation angle at the surface of pDR1 reaches a saturated value of
Ysat = 40° relatively fast, i.e., almost a complete azimuthal photoalignment occurs via

photo-induced twist deformation in the LC layer. When the photo-excitation is switched
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Figure 5.1: Azimuthal photo-reorientation angle ¢ in time, measured at temperature
Tnr—T = 32°C in cells filled with E7 and having pDR1, or PMMA1+DR1 mixture (with
30 wt% DRI content) layer as a photosensitive plate. The pump-beam was switched on
at t = 100 s, and switched off at ¢ = 300 s. The power of the pump beam was P = 10 mW
in case of the cell with pDR1, and P = 70 mW for the cell with PMMA1+DR1. Inset:
long time illumination measurement on another location of the cell with PMMA1+DR1
(pump-beam switched on at t = 100 s, and switched off at ¢ = 4200 s).

off, a relatively fast back-relaxation is observed — the system returns to the initial, planar

orientation.

In contrast, in the LC cell with the polymer layer from the PMMA14+DR1 mixture,
upon the light excitation (despite of the much higher light power), a much smaller change
in the azimuthal photoalignment angle has been observed (typically up to ¢ ~ 3°), and
the small photo-induced change does not seem to saturate even for long illumination
times — see the inset of Figure 5.1. When the pump beam is switched off, the small

photo-induced change in ¢ relaxes back slowly.

For the investigations on the zenithal photoalignment, the polarization of the probe
beam has enclosed 45° with n (to maximise the sensitivity), while the polarization of the

pump beam has been set perpendicular to n, which ensures the absence of the azimuthal
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photoalignment and its influence on the results. The results on zenithal photoalignment

are shown in Figure 5.2 for two (low and high) temperatures, and for both cells with

pDR1 and PMMA1+DRI.
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Figure 5.2: Temporal variation of the transmitted light intensity of the probe beam mea-
sured in E7 cells at two different temperatures in the setup for detection of zenithal
photo-reorientation (pump beam polarization perpendicular to n, probe beam polariza-
tion encloses 45° with n. The pump-beam of power P switched on at ¢ = 100 s, and
switched off at ¢ = 300 s. (a) pDR1, P = 10 mW; (b) PMMA1+DR1 mixture (with
30 wt% DRI content), P = 70 mW.
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Again, results on the zenithal photoalignment in the LC cell with pDR1 [Figure 5.2(a)]
are in agreement with the previous results [90]: at low temperatures, upon irradiation,
only a slight change in the transmitted light intensity has been observed, indicating
the absence of zenithal photoalignment; at high temperatures, however, oscillations in
the transmitted light intensity, both when pump beam is switched on and off, clearly
indicate a significant zenithal photoalignment.

In contrast, in the LC cell with the polymer layer from the PMMA1+DR1 mixture,
upon the light excitation (despite of the much higher light power), only a slight change
in the transmitted light intensity of the probe beam has been observed in the whole
temperature range (from room temperature, up to 7n;) — see Figure 5.2(b). This slight
change at all temperatures, may originate either from a small misalignment of the director
at the two bounding surfaces, or from a small misalignment of the polarization direction
of the pump beam and n, or eventually, from a slight zenithal photoalignment as it was
discussed in Reference [90].

We note here, that in the photoalignment measurements presented above, only the
results on the mixture of PMMAT1 [with the smallest (n) — see Figure 2.3(b)] with 30 wt%
DRI1 are shown. Other polymer layers have also been prepared from the mixtures of
PMMA1, PMMA2, or PMMAS3 with DR1 in different concentrations (with DR1 content
ranging from 6.2 wt% to 42 wt%). Photoalignment measurements on LC cells with these
substrates has led to essentially same results as those presented in Figures 5.1 and 5.2(b).
Therefore, it seems that the photoaligning properties of polymer layers composed of the
PMMA and DR1 mixture do not depend substantially on the degree of polymerisation,

nor on the concentration of the photochromic material.

5.2 Photoinduced mass transfer

Experimental results, discussed in Chapter 3 have shown that at the pDR1 surface, the
relatively fast back-relaxation of the azimuthal photoalignment angle ¢ when the exciting

illumination is switched off (as shown in Figure 5.1), happens only when the pDR1 surface
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interfaces LC material having biphenyl in its rigid core [N1, N2]. When pDR1 is in contact
with LCs not having biphenyl in the molecular structure, there is no back-relaxation, or it
is extremely slow. Therefore, it is reasonable to expect, that the pDR1 surface in contact
with the air will not relax back on the time scales of hours after the exciting illumination.
This assumption is a prerequisite for the AFM measurements presented in this Section
considering the time scales (~ hour) of those measurements.

Glass substrates with pDR1 and with PMMA1+DR1 mixture (having 35 wt% DRI1
content) have been prepared identically as those for photoalignment measurements. AFM
scans were performed at certain location prior and after the illumination with polarised
light having intensity of the order of 100 mW /cm? (at A = 405 nm).

AFM scans on the pDR1 substrate are shown in Figure 5.3 prior (a), and after (b)
the illumination. Obviously, the polarized light illumination has induced changes in the
surface relief of pDR1 polymer. The "grooves” (presumably originating from the spin-
coating procedure) visible on the surface prior the illumination [Figure 5.3(a)] have faded
out upon the illumination [Figure 5.3(b)], indicating a significant photoinduced mass

transfer.

(b)

Figure 5.3: Atomic force microscope images on pDR1 polymer layer prior (a), and after
(b) the illumination with polarized light.

For a more quantitative determination of the influence of the illumination it is critical
to compare the same area of the substrate before and after the irradiation of known

polarization direction. For that purpose, the polarization direction of the illumination
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was set vertical (along the y direction) in Figure 5.4, and reference locations have been
selected which can be undoubtedly identify both prior and after the irradiation. Those
locations are marked with black circles in Figures 5.4(a) and (b). One can see some
photoinduced changes immediately from the AFM scans. First, changes in the surface
relief: horizontal grooves (along x-axis) present prior the illumination (again, presumably
caused by the spin-coating) [Figures 5.4(a) and (c)], disappear after the illumination
[Figures 5.4(b) and (d)]. The relative positions of the reference locations have slightly
changed [cf. the positions of the locations marked with black circles in Figures 5.4(a)

and (b)].

- (b) -':-: - e

2.0nm

1:5

0.5

0.0
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Figure 5.4: AFM images taken on the pDR1 surface prior [(a) and (c)], and after [(b)
and (d)] the laser illumination. Encircled spots in (a) and (b) serve as reference locations
to identify the same area for AFM scanning prior and after the illumination, while the
squares denote the area that are presented in (c) and (d) in three dimensions. The
vertical lines in (a) and (c) denote the locations from which the one dimensional profiles
shown in Fig. 5.7(a) are taken.

A closer look at the enlarged images shown in Figure 5.5 proves that even within

the original reference location (black circle) the two white spots change their relative

76



5.2. PHOTOINDUCED MASS TRANSFER

Figure 5.5: Enlarged images of the neighborhood of squares shown in Figures 5.4(a) and
(b) with the new reference locations encircled with yellow; (a) prior the laser illumination;
(b) after the illumination.

positions upon the irradiation. These are strong indications of the photoinduced mass
transfer, and therefore, the selection of the area for the three-dimensional representation,
shown in Figures 5.4(c) and (d), was based on new reference locations that do not change
their relative positions upon illumination [indicated by yellow circles in Figures 5.5(a)
and (b)].

AFM scans on the PMMA1+4DR1 substrate are shown in Figure 5.6 before [(a) and
(c)], and after [(b) and (d)] the illumination. Again, the polarization direction of the
illumination was set vertical (along the y direction). Here, no obvious photoinduced
change is detectable. A more detailed information about the photoinduced changes can
be obtained from one dimensional profiles presented in Figure 5.7, taken along the lines
shown in Figures 5.4 and 5.6, before and after the laser illumination. One dimensional
profiles taken on the pDR1 substrate along the line indicated in Figures 5.4(a) and (b)
are shown in Figure 5.7(a). As a starting point (y = 0) for the profiles, one of the
reference points — the high peak encircled in Figures 5.4(a) and (b) has been used.
Obviously, the illumination smoothens the z(y) profile: the roughness of z(y) ~ £0.5 nm
evidently becomes smaller after the illumination. In the same time, the smoothing causes

a significant lateral photoinduced mass transfer too: for example, the high peak at y =
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Figure 5.6: AFM images taken on the surface of PMMA1+DR1 mixture (with 35 wt%
DR1 content) prior [(a) and (c)], and after [(b) and (d)] the laser illumination. The
squares in (a) and (b) denote the area that are presented in (c) and (d) in three di-
mensions, while the horizontal lines in squares denote the locations from which the one
dimensional profiles shown in Fig. 5.7(b) are taken.

3.2 pm prior the illumination has moved to the position y = 3.7 um after the illumination.
One dimensional profiles taken on the PMMA1+DR1 substrate along the line indicated
in Figures. 5.6(a) and (b) are shown in Figure 5.7(b). Here, the changes in the profile
after the illumination are minimal, and are very close to the resolution of the AFM.
The peaks and valleys undergo only slight changes upon illumination, and can be well
identified individually before and after the illumination. Note that the last double peak
at x ~ 2.4 pm shifts laterally by about 40 nm upon illumination, which is more than
an order of magnitude smaller shift than that observed on pDRI1 substrate, indicating a

very small light induced mass transfer compared to that in pDR1.
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Figure 5.7: One dimensional profiles along the lines shown in Figures 5.4 and 5.6, taken
before and after the laser illumination; (a) pDR1; (b) PMMA1+DRI.
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5.3 Discussion

Photoalignment measurements on LC cells with a pDR1 substrate and with E7 nematic
LC mixture have confirmed our previous results [90, N1] concerning both the azimuthal
and the zenithal photoalignment. In contrast to that, measurements on LC cells with
various PMMA+DRI1 substrates, filled with E7 have resulted in a very small, but mea-
surable azimuthal photoalignment angles, while the zenithal photoalignment has been
found negligible, if exists at all.

It is worth to compare the results of azimuthal photoalignment obtained here on
PMMA+DR1 substrates, with previous studies on a different system [130, 139] . In Refs.
[130, 139], the command surface was prepared from the mixture of polyimide (PI) and azo
dye Disperse Orange 3 (DO3). More precisely, the substrates were coated with a saturated
solution of DO3 in polyamic acid solution, and the imidization was completed thermally.
Under similar illumination conditions, a much larger azimuthal photoalignment angle
was found in cells with PI+DO3 substrate (¢ > 15°) than with PMMA+DR1 command
surface (¢ < 3°). We have also prepared substrates from PMMA+DO3 mixtures and we
have detected very similar photoalignment performance as with PMMA+DRI1 (typically,
v < 3°). Therefore, one can assume that the poor photoalignment efficiency originates

from the PMMA matrix.

For the very weak photo-response measured in the LC cells with PMMA+DRI1 sub-

strates one can anticipate two possible reasons: (i.) the orientation of the DR1 molecules,

and (ii.) the rigidity of the PMMA matrix.

Reason (i.) comes from both theoretical considerations and experimental data, evi-
dencing that rod-like molecules often have a tendency to orient perpendicular to the free
(air contacting) surface of the film [140]. Such an orientation of the azo-benzene deriva-
tives is unfavorable for photoalignment when the light irradiation is performed (as in our
case) with normal incidence to the film (substrate) plane, because this orientation results
in poor light absorption. Assumption (i.) can be, however, tested by a slantwise illumi-

nation [123]. Namely, when illuminated with non-polarized light, the trans azo-benzene
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5.3. DISCUSSION

derivatives tend to reorient with their long axis in the direction parallel with the light
propagation direction. Following the work of Ref. [123] we have tried to influence the
initial orientation of DR1 molecules in the substrate made of PMMA1+DR1 mixture.
In order to do that, after the preparation of the substrate from PMMA1+DR1 mixture,
the polymer layer has been illuminated slantwise from a non-polarised A = (457 £ 7) nm

2 and with light propagation direction

light source with illumination dose of 7.5 J/cm
which encloses 30° with the polymer film plane. The LC cell was than assembled, and
prior as well as during filling the cell with E7, it was again illuminated with the same
non-polarised light source in the same geometry with a dose of 7.5 J/cm?. Such proce-
dure is supposed to reorient long axis of DR1 molecules so that they enclose 30° with
the polymer film plane, making the photoalignment experiments much more efficient.
Photoalignment measurements on this LC cell, however, have led to results very similar
to those shown in Figures 5.1 and 5.2(b).

Therefore, we assume that reason (ii.), i.e., the rigidity of the PMMA matrix in
the glassy state stays behind the poor photoalignment performance of the polymer layers
made from PMMA+DR1 mixtures. Presumably, the rigid matrix hinders the cooperative
motion (induced by the trans-cis isomerization of the DR1 molecules) necessary for an
efficient photoalignment. In contrast to that, we have shown previously for a polymer
segment of pDR1 that the trans-isomer of the azo-benzene moiety can take any direction
at an energy expense of few RT', more likely due to the flexibility of the main chain than
to the flexibility of the short spacer that connects the azo-dye with the polymer chain
[N2].

Results obtained from AFM scans on polymer reliefs in contact with the air are in line
with the photoalignment measurements. The pDR1 surface evidently becomes smoother
after the illumination, and the photoinduced changes in surface relief are accompanied
with a significant photoinduced mass transfer. In contrast, the relief of PMMA1+DR1
surface does not change noticeably upon the illumination, and the photoinduced mass

transfer has been found very close to the resolution of the AFM.
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CHAPTER 6

SUMMARY

We have performed series of experimental studies on the photoalignment at NLC-pDR1
polymer interface. While employing the same preparation procedure of the photosen-
sitive pDR1 polymer layer, we have systematically varied the rigid core of NLCs from
biphenyl, through phenylcyclohexane to bicyclohexane. Substantial differences in the
photoalignment process have been found depending on the molecular structure of NLCs.
In NLCs with biphenyl rigid core azimuthal photoalignment was detected only in the
lower temperature range of the nematic phase. In the higher temperature range of the
nematic phase zenithal photoalignment has occurred, and additionally, at temperatures
close to Ty a temperature induced orientational transition (from planar towards the
homeotropic) has been also found.

In contrast, in NLCs with phenylcyclohexane or bicyclohexane rigid core, no zenithal
photoalignment has been detected, and the azimuthal photoalignment has been main-
tained over almost the whole temperature range of the nematic phase. In these NLCs
¢ decreases only at temperatures close to T, where temperature induced orientational

transition is anticipated.
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CHAPTER 6. SUMMARY

We interpreted the experimental results with offset stacked aromatic m — 7 interac-
tions between the biphenyl rigid core of the NLCs and the trans isomer of the azoben-
zene moiety in the pDR1 polymer. Such interactions are absent in the case of NLCs
with bicyclohexane, or phenylcyclohexane rigid core, and therefore, do not influence the

photoalignment process.

To test the validity of this interpretation, a NLC has been employed that contains a
biphenyl rigid core, but one of the phenyl rings is modified with three fluorine atoms at
positions (3, 4, 5), which effectively invert the MESP of the ring [111]. We have shown
that replacement of the polar cyano group with fluorine atoms in NLC having biphenyl in
the rigid core modifies the MESP of the phenyl rings to an extent that prevents the offset
stacked m—7 aromatic interaction between the biphenyl part of NLC and the trans isomer
of the azobenzene moiety in the interfacing polymer. The absence of this interaction
changes the characteristics of the photoalignment: instead of having both azimuthal
and zenithal photoalignments in different temperature ranges (like in cyano-biphenyl
NLCs), only the azimuthal photoalignment has occurred (like in phenylcyclohexane and

bicyclohexane NLC compounds).

Analysis of the possible conformations on the simplest segment of pDR1 have shown
that the trans-isomer of the azobenzene moiety can take almost any direction (from hori-
zontal to vertical) at an energy expense of few RT', and therefore, rather the flexibility of
the PMMA polymer main chain is responsible for the different temperature dependencies
of the zenithal and azimuthal anchoring strengths at the pDR1-NLC interface, than the

flexibility of the two methylene units spacer (as it has been proposed earlier [N1]).

Cyano-biphenyl compound 8CB has been chosen to determine the influence of the LC
phase on photoalignment. Namely, this compound, besides the nematic phase, possess
smectic A (SmA) phase too—see Table 2.1. In the nematic phase, the compound exhib-
ited similar photoalignment characteristics as other cyano-biphenyl nematics, i.e., zenithal
photoalignment occured in the high temperature range of the N phase, and azimuthal
photoalignment in the lower temperature range. With further decrease of the temper-

ature, just above the nematic-to-smectic A phase transition temperature (still in the N
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phase), however, both the azimuthal and the zenithal photoalignment vanished. This is
attributed to the smectic pretransitional fluctuations, which suppress the photoalignment
(both azimuthal and zenithal) in the nematic phase, due to the large increase of the bend
and twist elastic constants, that are the most important parameters for the azimuthal
and zenithal photoalignment, respectively. In the smectic A phase no azimuthal, nor
zenithal photoalignment has observed, since the bend and twist deformations would in-

volve changes in the layer spacing that request very high energies [N2].

Photoaligning properties of polymer layers fabricated from the same constituents have
been compared: the azo-dye Disperse Red 1 (DR1) was either chemically attached to the
PMMA main-chain (pDR1), or physically mixed with it (PMMA+DR1). Photoalign-
ment has been found to be far more efficient when PMMA is functionalized with DR1
compared to the case of physical mixing the constituents. This finding is supported by
atomic force microscope (AFM) scans, monitoring the light-induced changes at the poly-
mer—air interface, and revealing a photoinduced mass transfer, especially in the case of

functionalized PMMA [N3].
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APPENDIX A

PHOTOALIGNMENT IN
FERROELECTRIC NEMATIC PHASE

In Chapter 1, I have shown that the nematic phase has inversion symmetry (n = -n),
therefore, nematic is known as an apolar phase. When the inversion symmetry is broken,

the phase becomes polar (ferroelectric).

A century ago [141], Born predicted that the ferroelectric phase should exist when
the dipole-dipole interaction between NLC molecules is large enough to overcome the

thermal fluctuations.

Recently, two research groups [142, 143] independently reported two substances,
RM734 and DIO, which are known now to have a new polar phase besides the con-
ventional apolar nematic phase. The new phase is the so-called ferroelectric nematic
(Ng). Ferroelectric nematic is a three-dimensional liquid with macroscopic electric po-
larization. Every molecule dipole is restricted to be almost parallel to its molecular long
axis, resulting in a strong orientational coupling which makes the polarization (P) lo-
cally parallel to the director n. This feature allows for responding to small electric fields

(thousand times smaller than the field required to reorient conventional nematics), which
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makes the ferroelectric nematic phase promising in electro-optics technology [144], while

the polarization direction can be efficiently controlled by photo-aligned [145].

F
o F F
o
F
F
[-174°C—-N-84°C— SmZy —70°C—-N—-35°C—-Cr

Figure A.1: Molecular structure and phase transition temperatures of DIO liquid crystal
compound. Cr, Ng, SmZ,, N and I stand for crystal, ferroelectric nematic, smectic Zj,
nematic and isotropic phase, respectively [146].

DIO LC has two nematic phases: at low temperatures exhibits a ferroelectric nematic
phase, and at high temperatures exhibits a nematic phase; while an intermediate phase
has been identified very recently [147] to be antiferroelectric smectic Zy (SmZy) and lies
between the nematic and ferroelectric nematic phase—see Figure A.1 for the molecular
structure and the phase transition temperatures.

LC cells filled with DIO have been prepared as described in Section 2.2. Figure A.2
illustrates the temporal evolution of the photoinduced twist angle, ¢, measured at T' =
96 °C in the nematic phase. According the graph, DIO, far above the nematic to smectic
Za phase transition temperature, has azimuthal photoalignment characteristics similar to
those observed in cyanobiphenyl nematic LCs (nearly complete azimuthal photoalignment
angle, and relatively fast back-relaxation after switching off the pump beam).

However, in the ferroelectric nematic phase the photoalignment became far more
complicated and quite unpredictable. Figure A.3 illustrates the temporal evolution of
the photoinduced twist angle ¢, measured at 7" = 55 °C in the ferroelectric nematic
phase at two different spots of the same cell. At one spot (indicated with red), the pump
beam was switched on at ¢ = 100 s and switched off at ¢ = 300 s, while at the other spot
(indicated with blue), the pump beam was switched on at ¢ = 100 s and switched off at t =

400 s. As one can see, during the photoexcitation, the azimuthal photoalignment angle
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Figure A.2: Azimuthal photo-reorientation angle ¢ in time, measured at 7" = 96 °C in
cell filled with DIO. The polarization of the pump beam encloses 45° with the director
n. The pump-beam was switched on at t = 100 s, and switched off at ¢ = 300 s.

changes non-monotonously, in a quite unpredictable way, in some cases significantly going

beyond the expected value of ¢ = 45°. Moreover, after switching off the pump beam, the

system does not seem to relax at all.
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Figure A.3: Azimuthal photo-reorientation angle ¢ in time, measured in the ferroelectric
nematic phase. The polarization of the pump beam encloses 45° with the director n. The
pump-beam was switched on at ¢ = 100 s, and switched off at ¢ = 300 s (red), and at t =

400 s (blue).

Results of another experiment are plotted in Figure A.4. The experiment has started
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Figure A.4: Azimuthal photo-reorientation angle ¢ in time, measured in the ferroelectric
nematic phase. The polarization of the pump beam encloses 45° with the director n.
The pump-beam was switched on at ¢ = 100 s, and switched off at ¢ = 400 s. Then,
the polarization of the pump beam set to be perpendicular with n, the pump-beam was
switched on at ¢t = 1000 s, and switched off at ¢ = 2000 s.

with switching on the pump beam with polarization direction enclosing 45° with n at
t = 100 s. Again, the azimuthal photoalignment angle has increased in a non-monotonous
way well above the expected value of ¢ = 45° till the pump beam has been switched off
at t = 400 s. Since after switching off the pump beam, ¢ did not relax back towards the
initial value of ¢ = 0, in an attempt to make the back-relaxation faster, the polarization
of the pump beam has been changed to be perpendicular to the initial n and has been
switched on at t = 1000 s. Surprisingly, instead of a fast back relaxation towards ¢ = 0,
@ started to unpredictably fluctuate around the value of 35°, and after switching off the

restoring pump beam at ¢t = 2000 s, a smooth, very slow back-relaxation took place.

Figure A.5 summarizes the temperature dependence of the azimuthal photoalignment
angle, ¢, measured for DIO LC, relative to the isotropic-nematic phase transition temper-
ature, Ty In the figure, the temperature ranges of the nematic (N), smectic Zx (Sm Zy),
and ferroelectric nematic (Ng) phases are also indicated together with the ferroelectric
nematic-to-smectic Z,, and smectic Za-to-nematic phase transitions at Ty; — T = 104

°C and 90 °C, respectively.
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Figure A.5: Temperature dependence of the saturated azimuthal photoalignment angle
wsat measured for DIO liquid crystal. (N, SmZ, and N indicate the temperature range
of nematic, smectic Z, and ferroelectric nematic phase, respectively).

In the higher temperature range of the nematic phase, an almost complete azimuthal
photoalignment angle (¢ = 42°) has been measured. In the lower temperature range
of the nematic phase, close to N — SmZ, phase transition temperature, a decrease of
the azimuthal photoalignment angle has occurred (¢ =~ 25°). This decrease may be
related to the pretransitional smectic fluctuations (similarly to that above the nematic-
to-smectic A phase transition temperature discussed in Chapter 4 for 8CB liquid crystal),
but additional measurements are needed to confirm that. In the temperature range of
the SmZ, (90 °C < Ty — T < 104 °C) ¢ became negligibly small, presumably due to
the layered structure of the SmZ, phase and for the same reasons as discussed for the
smectic A phase of 8CB in Chapter 4. In the temperature range of the ferroelectric Ng
phase, the values of ¢ scatter in an unpredictable way as explained for Figures A.3 and

A.4. Therefore, this part of the Figure A.5 should be considered as informative only.

Finally, one should mention that after finishing the measurement series shown in
Figure A.5, the phase transition temperatures of the sample has been checked again.
Both the N-to-SmZ, and the SmZA-to-Np phase transition temperatures have been found
lower by few °C than initially. The decrease of the phase transition temperatures is a

clear sign of temporal degradation of DIO, presumably caused by keeping it at elevated
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temperatures for a long time (more than a week). This observation has two consequences.
First, temperatures plotted in Figure A.5 should be considered by taking into account the
temporal decrease of the phase transition temperatures. Second, the eventual degradation
of DIO may influence the efficiency of the photoalignment, as we have discussed it in the

last paragraph of Section 3.4.

To understand the unexpected and unpredictable fluctuations of ¢ in time detected
in the Np phase and illustrated in Figures A.3 and A.4, the optical setup introduced in
Chapter 2, Figure 2.7 has been employed. The setup allows for direct optical observation

via POM while the sample is excited by the pump beam.

While the textures of the N and SmZ, phase have been found uniform, this is not
true for the Np phase—see Figure A.6(a). Two different domains have been detected

separated by domain walls. The texture has been described in details very recently [148].

(©) ' (d)

Figure A.6: POM images taken for a cell filled with DIO LC prior the illumination
(a), 2 seconds of illumination (b), 10 minutes of illumination (c) and 2 minutes after
illumination with laser (d).
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In the two domains the electric polarization directions are parallel with the rubbing
direction on the reference plate, but they point to the opposite direction. The two domains
are separated by m-walls (disclination lines), which represent defects in the director field.
When the sample is irradiated by the pump beam [Figures A.6(b) and (c)], during the
photoalignment, the m-walls move in a quite unpredictable way and cause the observed
fluctuations in the measured value of ¢. The motion of the m-walls eventually may not
stop after switching off the pump beam either [Figure A.6(d)] during the back-relaxation
process.

Obviously, m-walls make the azimuthal photoalignment angle measurements meaning-
less in the Ny phase, and for precise photoalignment measurements one needs a large area
of Nr monodomain, in which the electric polarization, P, points in the same direction.
This is in principle achievable by fabrication of extremely thin (d < 3um) LC cells [148].
To make so thin LC cells with uniform thickness and with lateral sizes of ~ cm in default
of a clean room is a technological challenge, but we will make significant efforts to attain

it in the forthcoming months.
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THESES

1. In order to clarify the role of the molecular structure of the nematic liquid crystal
(NLC) in photoalignment, I have systematically varied the rigid core of the NLC
from biphenyl, through phenylcyclohexane, to bicyclohexane. I found substantial
differences in the photoalignment process depending on the molecular structure of
NLCs. In NLCs with biphenyl rigid core, I have confirmed the previous results
regarding the existence of both azimuthal and zenithal photoalignment, their tem-
perature dependence, as well as the relatively fast back-relaxation of the system to

the initial orientation when the photo-excitation is switched off.

In contrast, in NLCs with phenylcyclohexane, or bicyclohexane rigid core only
azimuthal photoalignment has occured, and the back-relaxation of the director was
extremely slow upon switching off the irradiation. No zenithal photoalignment has

been detected at any temperature in these systems.

The different temperature dependence of the azimuthal and zenithal anchoring
strengths can not solely explain the observed differences in photoalignment phe-
nomena. Therefore, in addition to it, the possibility of the offset stacked aromatic
77 interaction has been proposed between the NLC biphenyl rigid core, and the

azobenzene moiety in the polymer layer. [N1]
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2. To validate the role of the aromatic 7—m interaction between the NLC biphenyl rigid
core, and the interfacing azobenzene moiety in the polymer layer, I have chosen for
further studies a NLC compound containing biphenyl in the rigid core, with one of
the phenyl rings being modified with three fluorine atoms, which invert the molecu-
lar electrostatic surface potential (MESP) of the ring. This modification, in princi-
ple, prevents the offset stacked m—m aromatic interaction between the biphenyl part
of NLC and the azobenzene moiety of the interfacing polymer. Therefore, instead
of both azimuthal and zenithal photoalignment, only an azimuthal photoalignment
was expected for this particular NLC compound. The experimental results have
confirmed this expectation, thus, indirectly veryfying the role of the aromatic 7=

interaction in photoalignment. [N2]

3. To clarify how the type of the LC phase influences photoalignment, I have chosen
a LC compound with biphenyl rigid core, having both nematic (N) and smectic
A (SmA) phase. In the N phase, the compound possessed similar photoalignment
characteristics as the other nematics with biphenyl rigid core, i.e., zenithal pho-
toalignment occured in the high temperature range of the N phase, and azimuthal
photoalignment in the lower temperature range. With further decrease of the tem-
perature, just above the nematic-to-smectic A phase transition temperature (still
in the N phase), however, both the azimuthal and the zenithal photoalignment van-
ish. This is attributed to the smectic pretransitional fluctuations, which suppress
the photoalignment (both the azimuthal and the zenithal) in the nematic phase,
due to the large increase of the bend and twist elastic constants, that are the most
important parameters for the azimuthal and zenithal photoalignment, respectively.
In the smectic A phase no azimuthal, nor zenithal photoalignment has observed,
since the bend and twist deformations would involve changes in the layer spacing

that request very high energies. [N2]
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4. T have compared photoaligning properties of polymer layers fabricated from the
same constituents: polymethyl-methacrylate (PMMA) and azo-dye Disperse Red 1
(DR1), either chemically attached to the PMMA main-chain, or physically mixed
with it. The efficiency of the photoalignment decreases drastically in case of the
physical mixture compared to that detected in case of polymer functionalized with
DRI1. Only a slight azimuthal photoalignment and no zenithal photoalignment has
been obtained for the polymer layer prepared by physical mixing. The poor pho-
toalignment performance of the polymer layers prepared from mixtures has been

attributed to the rigidity of the PMMA matrix. [N3]

5. T have revealed photoinduced changes on the free polymer surface in contact with
the air by atomic force microscopy (AFM). The polymer functionalized with DR1
became smoother after the illumination, and the photoinduced changes in surface
relief were accompanied with a significant photoinduced mass transfer. In contrast,
the polymer layer surface obtained by physical mixing did not change noticeably

upon the illumination. [N3]
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