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ABSTRACT

This work describes and discusses the design, synthesis and characterization of novel
photoactive liquid crystalline silsesquioxanes. The investigations carried out include the
initial design, chemical synthesis and characterization, photochemical properties, liquid
crystalline behaviour and optical properties.

The new materials were carefully designed in order to target the specific requirements
of incorporating azobenzene moieties as photoactive groups and exhibiting liquid
crystalline properties, specifically nematic mesophases and glassy states at room
temperature. In order to achieve these properties four series of monodisperse
inorganic/organic hybrids were synthesised. The liquid crystalline properties were tuned
using a multiple-mesogen approach similar to the one used in polymeric systems. Tools
used were variation of mesogen groups and the use of a combination of lateral and
terminally connected mesogens. Chemical characterization of the materials was carried
out and mesogen composition determined.

Photochromic behaviour was investigated followed by a study of the liquid crystalline
properties using several techniques including OPM, DSC and XRD studies. The phase
structure was determined by means of detailed temperature dependent XRD studies
using both mechanically and magnetically aligned samples. New assembly modes such
as lamellar nematic phases were proposed.

The optical properties were investigated by means of photoorientation and SRG studies
in thin film samples which were carried out by me in collaboration with Jaroslaw
Tomczyk and Professor Joachim Stumpe in the Fraunhofer Institute in Potsdam,

Germany, during my visit as part of the MC-ITN-“Dendreamers” project.



ABBREVIATIONS

DNA Deoxyribonucleic acid

LCD Liquid crystal display

LC Liquid crystals

LCP Liquid crystal polymers

Ng Biaxial nematic

SmC Smectic C

N Nematic

LamN Lamellar nematic

SmA Smectic A

Sml Smectic |

Coly Columnar hexagonal

Col, Columnar rectangular

Col, Columnar oblique

Cols Columnar square

OPM Optical polarizing microscopy
DSC Differential scanning calorimetry
XRD X-ray diffraction

Nc Calamitic nematic

Np Discotic nematic

POSS Polyhedral octa(dimethylsiloxy)octasilsesquioxane
NMR Nuclear magnetic resonance
EA Elemental analysis

g Glass

Tg Glass transition

Cr Crystal

N* Chiral nematic

Iso Isotropic

SmX Smectic X

BC Bent core

5CB 4-Cyano-4'-pentylbiphenyl
uv Ultra violet

CPL Circularly polarized light

EPL Eliptically polarized light



Vis
IR
LCE
NLO
SRG
HDS
CD
LbL
BS

Visible

Infrared

Liquid crystal elastomer
Non linear optics
Surface relief grating
Holographic data storage
Compact disc

Langmuir Blodgett layer

Beam splitter
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CHAPTER 1: INTRODUCTION TO LIQUID CRYSTALS

1.1 - Brief History of Liquid Crystals

The discovery of liquid crystals is attributed to an Austrian botanist named Friedrich
Reinitzer. In 1888, whilst trying to determine the exact molecular formula and weight of
cholesterol he isolated cholesterol benzoate and noticed that this compound exhibited
what seemed to be two melting points. At 145.5°C this (crystalline solid) melted into a
cloudy fluid and after that, at 178.5°C a completely clear transparent liquid was
obtained. Reinitzer wrote to the German physicist Otto Lehmann who believed that the
material was a crystal with “weak mechanical strength”, and in 1890 he published the
first scientific paper about liquid crystals.

Liquid crystals were mostly an object of scientific curiosity until the liquid crystal
displays era started with the discovery of the twisted nematic effect in 1971.

Liquid crystals are usually based on anisotropic building blocks, which can be
molecules, polymers, micelles, aggregates, etc. They combine the fluidity of liquids and
anisotropy of crystals, which confer them with particular characteristics that make them
suitable for a range of applications. Liquid crystal materials are extremely diverse, and
can be found in nature like DNA and a growing number of liquid crystals are now found

in everyday life: from Kevlar to LCDs.?

1.2 — Definition of liquid crystals

In a mesomorphic state the degree of molecular ordering in matter is intermediate
between that found in a perfect solid and an isotropic liquid. The LC state is a
mesomorphic state having a long-range orientational order and either OD, 1D or 2D
positional order. This state of matter occurs between the crystalline solid and the
isotropic liquid state on varying, for instance, the temperature at a constant pressure.
Liquid crystals combine properties of a liquid (e.g., flow) and of a crystalline solid (e.g.,
anisotropy of some physical properties) and are usually based on anisotropic building
blocks.®*



1.3 - Classification of Liquid crystals

In thermotropic liquid crystals (LC), mesophases arise from varying temperature at a
constant pressure. Lyotropic LC, on the other hand, are obtained by dissolving an
amphiphilic mesogen in a suitable solvent under appropriate conditions of

concentration, pressure and temperature.4

According to molecular shape, low-molar-mass LC can be classified as, for example:

— calamitic, if the mesogens are composed of rod- or lath-like molecules (see Figure 1);

(1) Tg-72.0 Cr 22.4 N 48.0 Iso (2) Cr24N35.31s0

Ci1 H23)J\O

(3) Cr 92.4 (SmA 80.2 N* 88.9) Iso (4) Cr 31.0N 55.0 Iso

Figure 1: Molecules (1),° (2),° (3)" and (4)® are examples of calamitic molecules.

— discotic, if the mesogens are composed of relatively flat, disc- or sheet- shaped

molecules (see Figure 2);

CsHuq Q

CsH O o
Vg :<O o CoHig™ CeHia

o}
© >\;C5H“ CeH13
O O o
CaH—( o O 0
0 Q O‘/< CeH13

O Gty Q
CsHy4 Coftia
(5) Cr 68.3 D,4 86.0 Iso (6) Cr 68.0 Dy, 97.0 Iso

Figure 2: Molecules (5)° and (6)'° are examples of discotic liquid crystals.



— pyramidics, if the mesogens are composed of molecules containing a semi-rigid

RR
R K R R

R = CgH;CO0—

conical core (see Figure 3).

(7) Cr 23.9 Columnar 152.6 Iso

Figure 3: Example of a pyramidic liquid crystalline molecule.*

-bent core, when two mesogens are linked in a non collinear way via a semi-rigid group,
an example is depicted in Figure 4. These molecules were initially reported by
Vorlander in 1929."* *2 Later in the 1990s, the interest in these molecules arose from the
possibility of forming polar mesophases from these achiral molecules.* Lately this
class of molecules has been actively investigated due to the theoretical prediction of the

formation of biaxial nematic phases that will be shortly discussed in the next section.™
19

or L
CgHy7 CgHy7

(8) Cr 97.7 Sm 156.4 SmC, 161.4 Iso

Figure 4: Example of bent core liquid crystalline molecules.*!

Liquid crystalline polymers, elastomers and dendrimers can be considered high-molar-
mass LC.

Liquid-crystalline polymers (LCP) can be formed from the same rigid calamitic or
discotic mesogenic groups. Depending on the way these molecules are attached they can
form main chain or side chain polymers.”> Many other arrangements can be found as

exemplified in Figure 5.
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Figure 5: Organization of liquid crystals.?*

Elastomers are three dimensionally cross-linked polymer networks with elastic
properties. These polymer networks can also present LC phases.?

Dendrimers are highly branched oligomers or polymers of dendritic structure containing
mesogenic groups that can display mesophase behaviour; LC Dendrimers are the main
focus of Chapter II.

According to the degree of ordering, a series of mesophases can be identified in liquid

crystals.

« Nematic phase
The nematic state has the simplest structure of all mesophases, and is characterised by

one-dimensional orientational order of the molecules. Although the molecules do not
possess any positional order, they tend to align towards a preferred direction as shown
in Figure 6. This direction can be denoted by a unit vector called director (#7).

The nematic phase is formed by a diversity of molecular and supramolecular
arrangements, yet the two fundamental molecular shapes are rod-like or disc-like
molecules (see Figure 6a) and b), respectively). In order to minimize the excluded
volume and maximize the attractive van der Waals interactions, these anisotropic
molecules tend to align parallel to each other.?®

This phase is characterised by D, symmetry and it is called uniaxial nematic since

there is only one direction in which plane polarized light travels without suffering a



change in its polarization state. This direction is called the optical axis and coincides
with the director (1).%
The nematic phase is extremely important because of its application in areas like liquid

crystal displays (LCDs).

? " @
—
0.

Figure 6: Schematic representation of a uniaxial nematic phase of a) calamitic and b) discotic mesogens.

-

In 1970, Freiser predicted the existence of a biaxial nematic phase for board-like
molecules which assumes the existence of a secondary director, perpendicular to 7 (see
Figure 7). Contrary to the uniaxial nematic phase where the molecules rotate freely in a
disordered manner around their long axis, in the biaxial nematic state, Ng, the rotation
of the molecules about their long axis is restricted leading to a time averaged board-like

molecular shape but keeping the liquid like distribution of the centres of gravity.?**

Figure 7: Representation of the biaxial nematic phase (Ng), formed by board-like molecules.

The biaxial nematic phase is also characterised by the presence of two optical axes due
to a Dop symmetry.

Theoretical considerations also suggest the existence of the biaxial nematic state in
samples of bent core or VV-shaped molecules as well as in mixtures of rods and discs,

which are discussed in detail in the literature.?



The Ng phase was first reported for lyotropic systems by Yu and Saupe in 1980.%°
Detailed studies on lyotropic micelles presenting uniaxial and biaxial nematic phases
were carried out by Gallerne and Neto.””#

More recently, the occurrence of the biaxial nematic phase in concentrated lyotropic
liquid crystalline systems of mineral particles was reported, in this case the biaxial
nematic phase is observed under external alignment forces such as a magnetic field.**2
The biaxial nematic phase was also identified in polymeric thermotropic systems.*** In
low molecular weight thermotropic liquid crystals it is proving much more difficult to
synthesize materials showing a biaxial nematic phase. Despite the enormous efforts and
investigations in this area only one example has been reported in tetrapode systems to

have a stable biaxial nematic phase (see Figure 8).% %
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Figure 8: Representation of tetrapode systems that show a biaxial nematic phase (Ng).*® *

Another situation that can occur in nematic phases is the existence of cybotactic
clusters. These are local fluctuations of smectic C-like layers (smectic C phase is
described below). This type of nematic phase was found in low molecular weight

40-42 4345 and supermolecular nematics.***® They can

nematic, oligomeric, polymeric
appear as pretransitional manifestations of the smectic-C phase near the transition
temperature between the SmC and the N phases or as a feature of the arrangement of
molecules in the nematic phase, where no SmC phases are observed and they persist
throughout the entire nematic range.*” “®

The last case of nematic phases that will be discussed is the lamellar nematic phase
(LamN) which was identified in bolaamphiphilic compounds.**** These T-shaped
molecules are formed by an aromatic core, polar lateral groups, such as hydroxyl or
amide, and long lateral chains including perfluorinated, siloxane and carbosilane chains,

as represented below (Figure 9).



HO

(9) R = -(CH,);4[SiMe,(CHy)31;SiMe;

(10) R =-(CH,);;SiMe(OSiMe;),

LamN

Figure 9: Representation of systems showing lamellar nematic phases.**%*

The laminated state is formed by layers of polar rod-like components separated by
disordered long lateral chains; this arrangement in layers is promoted by
microsegragation between these two distinct elements. A special characteristic of this
nematic state is that the rod-like cores that are n- conjugated orient parallel to the layer
plane, whilst in plane nematic order is adopted and orientational correlation between
adjoining layers is present. The LamN phase can be regarded as being formed by quasi-
2D nematic layers and exhibits Dy, symmetry.

Lamellar nematic phases were also reported for rod-like polymers with lateral chains
such as the one depicted in Figure 10. In these systems the formation of a layered
structure is driven by microsegragation of the rigid backbone, that is arranged in the

layer plane, and the lateral alkyl chains.*>*®
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Figure 10: Representation of polymeric system showing lamellar nematic phases.>*®



« Smectic phases

Smectic phases are characterised by equidistant molecular layers. Within layers,
molecules are orientated towards a preferred direction (that can be specified by the
director) but no in-plane long range positional order is observed.

There are several types of mesophases, characterised by a variety of molecular
arrangements within the layers. Examples are: SmA, SmC, Sml,...*>*

The simplest smectic phase is the smectic A phase (SmA), in which the long molecular
axis is oriented on average perpendicular to the layer normal (Figure 11 a)), but with
molecules loosely associated into layers. When the molecular director is tilted with

respect to the layer normal a smectic C phase is obtained (Figure 11 b)).

V0000 Ay
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Figure 11: Schematic representation of a) smectic A and b) smectic C phase.
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« Columnar Phase

The most common case of the columnar phase is obtained with discotic molecules. In
this phase molecules tend to pack with the planes of the molecules broadly parallel in a
two-dimensional lattice, but without long-range positional correlations along the
columns. They are characterised by the symmetry of this arrangement, and hexagonal
(Coly), rectangular (Col,), oblique (Col,) or square (Cols) columnar phases are formed
(Figure 12).



Figure 12: Schematic representation of a discotic columnar phase.

1.4 - Characterisation of liquid crystals

The mesomorphism of liquid crystals can be studied using three main techniques
specifically optical polarizing microscopy (OPM), differential scanning calorimetry
(DSC), and X-ray diffraction (XRD). Jointly these techniques provide information
required to identify the type of mesophase and its molecular structure.

This section will summarize the basic principles of these techniques and an attempt will
be made to illustrate how the information individually provided comes together to

present a detailed characterization of liquid crystalline materials.

1.4.1 - Optical polarizing microscopy (OPM)

Light is an electromagnetic wave that vibrates equally in all directions. When it
encounters a polarizer only the light vibrating in a plane parallel to the polarizer
polarization, goes through, becoming linearly or plane polarized light.*° If a second
polarizer is placed perpendicularly to the first, no light will pass it since light is

vibrating in a plane perpendicular to the second polarizer as represented in Figure 13.



Polarizers No light

Non-polarized

light T _ _
Polarized light

Figure 13: Plane polarized light.

In the same way, optical polarized microscopes such as the one shown in Figure 14 are
equipped with a polarizer between the light source and the sample and an analyser
before the ocular. The polarizer can rotate 360° however when observing a liquid

crystal these should be set perpendicularly to each other.®*

= Camera system

Eyepieces e’

—
- -
Analyser mm j’
Y

Birefringent
Specimen

Objectives

Circular rotating
stage

Figure 14: Optical polarizing microscope.”

The interest in using this technique arises from the fact that liquid crystals are optically
anisotropic materials this is, they present different optical properties depending on the
direction and polarization of the propagation of light. When light propagates in a
anisotropic material it will be refracted by different amounts and will be split into an

ordinary ray (n,) and extraordinary ray (ne) as represented in Figure 15.%

n
1 o

Unpolarised light l l l n
e

Figure 15: Interaction of unpolarized light with a birefringent medium.
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As a consequence light will propagate with different speeds and hence; the materials
show different refractive indices in different directions. As a result liquid crystals are
birefringent materials where the optical axis is defined by the director. Birefringence is
the measure of double refraction in terms of difference in the refractive index® and can
be calculated as shown in (1)
An = n, —n,

Where An is birefringence, n, is the refractive index of the extraordinary ray (parallel to
the director) and n, is the refractive index of the ordinary ray (perpendicular to the
director).

Considering a liquid crystal observed in a polarized optical microscope, plane polarized
light that comes through the first polarizer reaches the birefringent sample.
Consequently it will be split into the ordinary and the extraordinary rays that propagate
with different velocities associated with different refractive indices. The ordinary ray
follows Snell’s laws of refraction while the extraordinary ray is parallel to the optical
axis. Because they travel with different speeds they will emerge from the sample out of
phase, therefore elliptically polarized (see Figure 16). Two consequences from this
phenomenon are that light emerging from the sample is now able to pass through the
analyser (since it has now a component that is parallel to the analyser), and as a
consequence that not every wavelength passes through the analyser, liquid crystalline

samples will be coloured.®

Recombined light
rays after interference

Extraordinary P

| ra
ray ? y
f = Birefringent

Plane ‘d e Specimen

polarized m=m s |
light @— Polariser
Light from

source

Figure 16: Birefringent specimen between cross polarizers and its interaction with light.*

In practice, when a liquid crystal sample is observed with OPM a colourful pattern is
viewed, and depending both on the preparation of the sample and mesophase displayed
by the material, this pattern can vary significantly. If the sample is homeotropic, this is
with the director parallel to the direction of propagation of the plane polarized light

(Figure 17 a)), there will be no light emerging from the analyser because light

11



propagating in the direction of the optical axis is, by definition, not affected and will be

retained by the analyser.

Direction of
propagation of light

a) Homeotropic alignment b) Planar alignment

Figure 17: Representation of a) homeotropic alignment and b) planar alignment for calamitic liquid crystal

molecules

When the sample is planar (Figure 17 b)), the coloured pattern or texture is then
observed. However it was mentioned above that liquid crystals do not posses positional
order and depending on the mesophases considered, orientational order can be short or
long range. This means that in a microscopic preparation the director of the liquid
crystalline sample frequently changes direction (if an orientation is not imposed to the
sample), which will influence the birefringence presented by the sample. So considering
for example a nematic phase that has neither orientational nor positional order, and a
smectic C phase that is characterised by short range positional order, it is expected that
light will interact with the two materials in different ways and therefore different
textures are expected. In fact it is the different textures observed for each mesophase
that make OPM studies so useful in identifying the mesomorphic behaviour of the
sample. However the results collected by this technique are far from conclusive since it
demands considerable experience and there are literature reports where materials whose
mesophase was identified using OPM needed to be reinvestigated and re-classified
using a wider range of experimental techniques.®* ®°’

In summary, OPM is an extremely valuable tool for initial assessment of the mesophase

type however more detailed studies are needed to fully confirm the mesophase structure.

1.4.2 - Differential scanning calorimetry (DSC)

When materials are heated energy is transferred to the system. This energy input will
increase the kinetic energy of the molecules, and when this Kkinetic energy is high
enough intermolecular forces are broken and a phase transition occurs (for example

from solid to liquid). Phase transitions are spontaneous conversions, during which the

12



Gibbs energy is minimized thus these transformations are accompanied by a change in
both entropy (S) and enthalpy (H). The temperature at which Gibbs energy is minimal is
denominated transition temperature (Tys) and this temperature is pressure dependent.®®
The differential scanning calorimetry technique measures enthalpy changes associated
with phase transitions.
The Gibbs energy is given by

G=H-TS (2
At constant pressure, the first derivative of the Gibbs energy with respect to T gives the

entropy, equation (3).

@),

The second derivative is related with the heat capacity at constant pressure by equation

@.
a6\ _ & o,
(ﬁ)p“? @

A phase transition can occur with a discontinuity of the first derivative of the free Gibbs
energy therefore entropy and enthalpy, in which case is called first order transition, or
with a discontinuity in the second derivative of the free energy, this is the heat capacity,
and in this occasion the values of both entropy and enthalpy do not change during the
phase transition and it is named second order.

The principle applied in DSC instruments is as follows. Two pans are heated at the
same time using the same heating or cooling rate. One of these pans is a reference with
a well known heat capacity material (usually gold), the second holds the sample being
analysed. During heating this sample will change phase in an endothermic manner.
Considering that during phase transitions energy will be used, extra heat has to be
supplied to the material so that its temperature is maintained equal to the temperature of
reference sample. By contrast in an exothermic process less heat is required given that
loss of energy is associated with the phase transition. The temperature control between
sample and reference is achieved by altering the power input to the sample. The amount
of heat absorbed or released associated with phase transitions are measured by the
difference in the heat flow between both sample and reference.

The result is a thermogram in which the heat flow, dg (mW), versus T (°C) is plotted
allowing the determination of the enthalpy associated with phase transitions and the

transition temperature, since they are related by equation (5).
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A few considerations should be made when analysing the thermal behaviour of LCs.
The phase transitions associated with liquid crystals are mainly first order, meaning that
the transition is accompanied by a change in enthalpy or latent heat; LC transitions can
have very small enthalpy values. Second order transitions occur with any change in
enthalpy though a discontinuity in the heat capacity and are often found for SmA to
SmC transition. Usually it is difficult for transitions with small enthalpy values, such as
second order transitions, to be detected by DSC. In order to overcome this limitation
larger amounts of material can be used to increase the sensitivity of the experiment or
by changing heating rates. Glass transitions are another second order discontinuity
associated with changes in mobility in polymeric systems however they are not
considered formal phase transitions. The associated thermogram involves a change in
the base line. The temperature associated with the phase transitions is quoted as the
onset temperature since the peak can broaden with changes in heating rates, mass used,
viscosity and others, for these reasons the onset temperature is quoted. In the glass

transition the quoted temperature corresponds to the middle point of the curve.®® ™

Another important feature when analysing phase transitions is the distinction between
thermodynamic and kinetic processes. When a thermodynamically unstable phase
persists because the transitions are kinetically hindered, it is called a metastable phase.®®
When a liquid crystalline sample is supercooled, and it crystallizes in non-equilibrium
conditions (due to a kinetic effect), additional mesophases can be observed and are

called monotropic phases.®
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Figure 18: Example of a DSC curve for a liquid crystal with four mesophases.

In Figure 18 a typical DSC curve is shown for a liquid crystal with four mesophases.
The heating curve shows a first transition corresponding to the melting of the crystals
into a mesophase. This peak is large when compared with the others, since the energy
and consequently the enthalpy necessary to break the crystalline network is high. Next a
smaller peak related with a mesophase transition, the energy necessary to complete this
transition is smaller, and finally the clearing point that corresponds to the transition
from a liquid crystalline material to an isotropic liquid. On the cooling curve, it can be
initially seen that the transition peaks are at a lower temperature than in the heating
curve, corresponding to enantiotropic transitions. A third peak is apparent at lower
temperature than the melting temperature; this represents a monotropic liquid crystalline
phase, thermodynamically unstable. Finally there is a very small peak (both on heating
and cooling curves) corresponding to a second order phase transition, as mentioned
above, this transitions have a very small enthalpy value so the peaks are quite small as

represented, an example of such transitions are observed for SmA to SmC phases.
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1.4.3 - X-Ray diffraction (XRD)

1.4.3.1 - X-Ray diffraction, general concepts

X-ray diffraction is a technique used for characterising the structure of liquid crystals
that allows the determination of the molecular arrangements and therefore the full
characterisation of a mesophase.

X-rays are electromagnetic waves with wavelengths around 107°m. An X-ray
diffraction experiment typically involves wavelengths of 0.154 nm (CuKa) depending
on the X-ray source.

Diffraction occurs when radiation is elastically scattered. In the case of x-ray diffraction
the scattering arises from the interaction of the radiation with electrons. The scattered
wavelets can experience constructive or destructive interference depending on the wave
phase.

Bragg interpreted scattering by a crystal as reflection of a set of planes rather than
individual electrons. By doing so he established that for one set of planes constructive
interference occurs only between rays reflected by a set of planes so that

2d sinf =niA (6)

So Bragg’s law predicts in which direction rays will be diffracted and states that the
smaller the distance d between layers, the larger the diffraction angle 26 will be. This
reveals a reciprocal relation between the layers in the real space and the diffracted angle

in the reciprocal space (Figure 19).

Diffraction
peak n

kS
Incident beam
ki /

Figure 19: Diffraction from parallel planes.

Bragg’s law can also be described as a function of the scattering vector Q (Figure 20),

in this case Bragg’s law can be written as
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So for a set of different planes equally spaced I(Q) is always zero except when Bragg’s

law is fulfilled.

Figure 20: Definition of the scattering vector Q.

A powder sample will be comprised of several microdomains in each of which there
will be n number of planes that satisfy Bragg’s law originating n number of diffraction
peaks. Because there are several microdomains aligned in an angle with the incident
beam, instead of spots, the diffraction pattern will be a set of concentric rings or Bragg

reflections that arise from different reflection angles’* (Figure 21).
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Figure 21: Origin of powder patterns.

A diffraction pattern will then be obtained by plotting 1(Q) versus scalar Q since the
intensity measured by the detector does not depend on the direction of the scattering
vector but varies only with the magnitude of Q or alternatively versus 26, where 0 is the
diffraction angle. The ratio between the positions of the diffraction peaks in the low

angle region discloses the long range order of the phase. For example for a smectic

phase, the peak ratios will be 1, 2, 3... for a columnar hexagonal phase ratios of /3, 2,

V7, 3. 7

1.4.3.2 - X-ray diffraction of liquid crystals

X-ray diffraction patterns for liquid crystals are quite different from diffraction patterns
obtained for single crystals since they do not possess a 3-D lattice. In some ways they
are much more similar to those discussed for powder samples due to their lack of long

range positional order. However liquid crystals can be oriented by external forces and a
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monodomain might be formed. This means that in a well aligned liquid crystalline
sample, the diffraction pattern can go from being concentric rings to specific patterns
(that will be mentioned later) which are related to degree of order in the sample and
therefore the mesophase. The Bragg peaks will be broader because the arrangement of

molecules over large distances is lost.

The diffraction patterns are collected using a set up that is equipped with an X-ray
source that irradiates the sample enclosed in an electric furnace. A magnet is
incorporated in order to align the samples. The radiation emerging from the sample hits
a detector (in this work a 2D detector was used) and the 2D diffraction pattern is
recorded. The sample is introduced to the furnace in a thin capillary (0.8-1mm in
diameter) and should be carefully prepared to obtain a homogeneous sample.

A brief description of the 2D diffraction patterns obtained for the most common liquid
crystalline phases and the representative information obtained when analysing XRD
data will be made. However, these are generalized patterns and they will vary from
sample to sample.

The simplest liquid crystalline phase is the nematic phase, where molecules have

orientational order but no positional order.

IMolecular organization Typical XRD patterns
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Figure 22: a) Molecular organization of an aligned nematic sample. b) Representation of the diffraction
pattern of an aligned nematic sample

The figure represents, on the left, the molecular organization of a calamitic aligned
sample and on the right the typical XRD pattern. The intermolecular distances,
represented by a will correspond to the diffraction peaks in the wide angle region
(labeled a) in the XRD pattern. The molecular lengths are denominated b and will give

rise to two reflections above and below the equator.
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Figure 23: Representation of the radial plot of intensities of a nematic sample.

Cybotactic nematics show, as discussed in previous sections, local SmC arrangements,
which will result in a splitting of the reflection in the meridian, when compared with the
nematic case presented above. This splitting, (Figure 24) is due to the local SmC-like
arrangements as the molecules are locally tilted relative to the director, however the
representation of the radial plot of intensities will not suffer any alterations.

Molecular organization Typical XRD patterns
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Meybt phase aligned ina magnetic field

Figure 24: Molecular organization, on the left and representation of the diffraction pattern of an nematic

with cybotactic clusters of an aligned sample, on the right.

As mentioned in the previous section, there are few examples of thermotropic liquid
crystals showing biaxial nematic phases. It is predicted that the diffraction patterns of
aligned samples of board-like compounds would show a splitting in the wide angle
region reflection corresponding to two mean distances in | and m direction respectively
(see Figure 7).
In lyotropic systems there is more information relative to the diffraction pattern of this
nematic phase. In 1985%"%° studies of the phase structure of a ternary system of
potassium laurate and 1-decanol in D,O were reported. There are three known nematics
for lyotropic systems, two uniaxial nematics (denominated by N¢ and Np) and a biaxial
nematic phase Ng. The different nematics arise from fluctuations on the orientation of
the micellar aggregates. In the uniaxial cases, the micellar aggregates are allowed to
rotate freely around the director, while in the biaxial case, the micellar aggregates
19



merely oscillate with small angles. It was surprising that the diffraction patterns of
monodomains of the three nematic phases were extremely similar. The diffraction

pattern obtained is represented in the Figure 25 below.
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Figure 25: Diffraction pattern obtained for the Ng phase observed in lyotropic systems of potassium laurate
and 1-decanol in D,O, investigated by Gallerne et al.2"?

Band a is attributed to the height of the micelle and has an associated second order band
b which is related with a lamellar structure shown by this compound. Band ¢ was
deconvoluted into two diffractions corresponding to length and width of the micelles.

Another example of the diffraction pattern in biaxial nematic systems was reported by

72
l.

van den Pol et al.”* in lyotropic systems of goethite particles, schematically represented

-W
L

Figure 26: Representation of goethite particles shape studied by van den Pol et al.”

in Figure 26.

—

The advantage of these systems is that it is possible to control the dimensions of the
final particles during synthesis, which is extremely useful since it was theoretically
predicted that board-like molecules with dimensions L/W =~ W/T would show a biaxial
nematic phase. Consequently, particles with the dimensions L/W = 3.1 and W/T = 3.0

were synthesized and investigated. The XRD pattern is shown in Figure 27.

20



®B=3mT ®B =40 mT B=40m

(c)

Intensity &,

0.00 010 020 000 0710 020 0.00 004 008
q (nm) q (nm™) q (nm™)
Figure 27: Top- SAXS pattern with magnetic field parallel to x-ray beam and different intensities: a) 3 mT,
b) 40 mT and c¢) magnetic field perpendicular to x-ray beam. Bottom: intensity profiles of a), b) and c)
respectively. The horizontal integrations are represented by the solid line and the vertical direction is plotted

in dashed line.”

In Figure 27 a) and d) two peaks in the wide angle region and perpendicular to each
other (solid and dashed lines) were present associated with the width and thickness
correlations. The absence of a small angle diffraction (correlated with the length of the
particles) and the perpendicular peaks in the wide angle region suggest the molecular
organization represented in the Figure 28 below. Increasing the magnetic field without
changing its direction results in similar diffraction patterns with higher intensities
suggesting better alignment (Figure 27 b) and e) ).

N

Figure 28: Molecular organization of the biaxial nematic phase in a magnetic field perpendicular to the

paper, in the systems studied by van den Pol et al.”

By contrast, when the magnetic field was in the direction perpendicular to the X-ray
beam (this is parallel to the paper), a distinct diffraction pattern was obtained (Figure 27
¢)). In this case, in the horizontal direction a peak in the small angle region is observed

corresponding to the length of the molecules. In the vertical direction the width of the
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molecules is observed. By changing the direction of the magnetic field, the particles’s

alignment reoriented and the molecular arrangement is now as represented in Figure 29.

- -|:|

Figure 29: Molecular organization of the biaxial nematic phase in a magnetic field perpendicular to the

paper. In systems studied by van den Pol et al.”

As discussed previously, lamellar nematic phases were described in polymeric as well
as in bolaamphiphilic systems. In order to discuss the XRD patterns of this nematic
phase we will focus on the latter type of molecules see Figure 9. The lamellar nematic
phase arises mainly from microsegregation between three incompatible regions
(aromatic core, glycerol terminal chains and lateral alkyl chains) and formation of
hydrogen bonds between the glycerol groups.

The XRD pattern of the molecules studied by Kieffer et al.*® are represented below
(Figure 30).
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Figure 30: a) diffraction pattern of the LamN phase, b) radial distribution of intensities c) azimuthal
distribution of the wide angle scattering.*®

Considering the diffraction pattern represented in Figure 30 a), the wide angle reflection
(0.53 nm, Figure 30 b) associated with the lateral chains) appears as a closed ring,

characteristic of the lamellar phases, however the intensity is mainly situated in the
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meridian, once the diffraction related with the isotropic state is subtracted, supporting
the existence of a layer arrangement. Also in the small angle region three sharp peaks
are observed supporting the existence of a layered structure with a layer thickness of
4.52 nm. The lamellar nematic arrangement of the molecules is represented in Figure 31
and is explained by the segregation between the non polar lateral chains and the polar
rigid units (aromatic cores and terminal glycerol chains). The layers are formed parallel
to the molecules long axis in contrast to what is observed for smectic phases, meaning
that the molecules are aligned parallel with the layers. The lateral alkyl chains are
situated between the layers formed by the aromatic cores and terminal glycerol chains.
Since there is only orientation order in the layers between the polar rigid cores, this
phase can be considered as a nematic phase laminated parallel to the long axis of the

molecules.”

Figure 31: Molecular organization of bolaamphiphilic systems in the lamellar nematic phase.** ®

For a smectic A phase there is a layered structure, once the molecules orientation order
is not perfect, the periodicity of the layers will be slightly smaller than the length of the
molecules. In terms of diffraction pattern, the diffuse peaks observed in the small angle
region for the nematic phase will become sharp quasi-Bragg peaks (see Figure 22 and
Figure 32). Despite having a layered structure smectic phases do not have long-range
positional order resulting in a short range organization as a result only the first and
second pseudo-Bragg peaks are usually detected. In the wide angle region no significant
alterations occur since the lateral packing of the molecules is liquid-like. The expected
graphic of the 1(Q) versus Q is depicted in Figure 33.”*
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Figure 32: Molecular organization, on the left and representation of the diffraction pattern of aSmA phase.
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Figure 33: Representation of the radial plot of intensities of a smectic sample.

Several arrangements are possible for the SmC phase resulting in a variety of patterns
and sometimes distinguishing it from a SmA phase becomes difficult (see Figure 34).”*
The identification of SmA to SmC transition might be observed by plotting the layer
spacing with temperature, as the temperature increases, the layer spacing in the SmC
phase increases, stabilizing after the phase transition.®® In Figure 34 and Figure 35, are
shown some of the diffraction patterns commonly found for the SmC phase of aligned

samples.

In Figure 34 the layers are unchanged (comparing to the SmA phase) yet the molecules
tilt with no preferential direction of + o or - a angle. When the tilt occurs in different
directions over successive layers, the wide angle reflection might split into two peaks
above and below the equator however, because this are diffuse peaks, due to the liquid-
like structure characteristic of LC mesophases, they are difficult to distinguish and will

appear as a large diffuse intensity as shown.
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Figure 34: a) Molecular organization of an aligned SmC sample. b) Representation of the diffraction pattern
of an aligned SmC sample.
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Figure 35: Molecular organization of aligned SmC samples on the right and representation of the
corresponding diffraction patterns.

Other possible SmC arrangements are represented in Figure 35. The scenario outlined in
Figure 35 a), the layers normal are tilted in one direction + a or — a so the diffraction
intensities in the small angle region will be tilted o either to the right or left of the
meridian. In Figure 35 b) layers normal are tilted in both directions giving rise

simultaneously to pseudo-Bragg peaks both to the right and left of the meridian.
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CHAPTER 2: DENDRIMERS

2.1 - General concepts

The word dendrimer comes from the Greek “dendron” meaning tree and “meros”
meaning part. These are supermolecules possessing regular three-dimensional

hyperbranched architecture.”

Figure 36: Analogy between architecture and a branching tree, where the name dendrimers took inspiration.

The first reported use of a repetitive addition of monomeric units and activation of the
branched molecule for further addition was by Vogtle in 1978 and referred to as
“cascade molecules” however, these molecules had low molecular Weight75. Later in
1980 Tomalia’ and Newkome'’ reported in parallel investigations on synthesis of high
molecular weight branched molecules, which determine, in effect, the start of
dendrimers as a research area.”

Some of the applications foreseen for these materials include targeted drug-delivery,
macromolecular carriers, anticancer therapeutics, sensors, light harvesting, surface
engineering and others.”

The dendritic state can be divided into several groups as depicted in Figure 37 and
although this work will focus on dendrimers, a brief description of the sub families will
be made.

Dendrimers and dendrons are practically monodisperse and with foreseeable molecular
weight since they are perfectly branched.®

Hyperbranched polymers are very similar to dendrimers except that they have
imperfections in the branching points due to their traditional one-pot synthesis. Since
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some control over the structure is lost, this group of molecules is polydisperse.®® The
subject of hyperbranched polymers has been widely reviewed.”” ™
Dendrigraft polymers, like dendrimers, are synthesised in generations, however the

repeating unit is an oligomer or a polymer chain instead of a monomeric unit.®

Dendritic state

e Al

Dendrons
Dendrimers Hyperbranched

Dendronized
polymers Dendrigrafts polymers

Figure 37: Classification of Dendrimers.®°

Dendronized polymers are commonly formed by a linear polymer backbone with
pendent reactive groups from which dendronic units emerge.”” Depending on the
density of substitution and size of the dendrons, these macromolecules can have either

random-coil or fully stretched out conformation.®

2.2 - Dendrimers structure

The dendrimer framework is initiated by a multifunctional core or focal point where the
branching units (dendron) emanate from (see Figure 38).

The multiplicity of the inner core is represented by N¢. This core is capped with layers
of repeating branched cell units, each of this layers is called generation (G) and the
branching multiplicity is denominated by N,. An outer layer is formed by terminal

functional groups (Z) that can be determined by the following equation (8).2

Z=N.N,% (8)
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Figure 38: Dendrimers constitution.

Since the radius of the dendrimers increases linearly with (G), whereas the surface cells
amplify according toN.N,,¢, there will be a point at which the surface is too crowded
with exterior groups that despite having reactive sites, are now sterically constrained

preventing further growth of the dendrimer.®*

2.3 - Synthesis of dendrimers

Dendrimers are usually synthesized in a divergent or convergent way. In the divergent
way (Figure 39), a monomer with a protected or deactivated functional group
(represented by the purple dots in Figure 39), reacts with a core molecule that possess
reactive groups. By protecting the functional groups, it is possible to control the growth
of the dendrimer. After the first layer of monomers being reacted, the molecules are
activated or deprotected and are ready to react with a new set of molecules in the same

way. In this manner the dendrimer’s generation is increased.®

g Dendritic growth
a Activation of the peripheral groups

Figure 39: Representation of divergent synthesis of dendrimers.®

In the convergent way dendrons are synthesised individually via activation/deactivation

strategy until the appropriated generation is achieved. The core or focal point of the
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dendron is finally activated and attached to the central core. In this way dendrons with

different functionalities can be connected to the same core (see Figure 40).%
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Figure 40: Representation of convergent synthesis of dendrimers.®

2.4 — Liquid crystalline dendrimers

Investigations on LC dendrimers have been reported since the early 90°s.®® Generally,
the liquid crystalline behaviour is obtained by incorporation of mesogenic units in the
dendrimeric structure. In analogy to polymeric systems, LC dendrimers can be
denominated by main-chain or side-chain, depending on the location of the anisotropic
units. In main-chain LC dendrimers anisotropic molecules are included in the inner
dendrimer structure and linked by long alkyl chains (Figure 41 a), while in side-chain
LC dendrimers, the mesogenic moieties are linked to the periphery of the dendrimer as a
final shell and they can be linked terminally (end-on) or laterally (side-on) as shown in
Figure 41 b).%*
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Figure 41: a) Main chain LC dendrimers; b) Side chain LC dendrimers.®

Liquid crystal mesomorphism of these supermolecules arises from three main
contributions: balance between enthalpy and entropy, formation of domains due to

microsegragation and structure and location of the anisotropic units in the dendrimer.®
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In side-chain LC dendrimers, mesomorphism is promoted by microphase segregation
between the chemically different dendritic core and terminal units®, moreover the
flexible chains that emerge isotropically from the core due to entropic forces®’, will
adjust (as long as it is conformationally and sterically possible®* to accommodate the
strong anisotropic interactions of the mesogens that are accompanied by a gain in
enthalpy. As occurs in conventional LCs this gain in enthalpy promotes mesomorphic
behaviour.®

As for main-chain LC dendrimers, the mesogenic units are present throughout the
dendritic structure which will adopt a more restrained and regular structure due to the
gain in enthalpy that emerges from the anisotropic interactions.®

Besides side-chain and main-chain liquid crystalline dendrimers there are many other
families such as shape persistent LC dendrimers, LC metallodendrimers, LC
fullerodendrimers, polypedes and others. More information about the various families

of LC dendrimers can be found in the literature.®

2.4.1 - Silicon containing dendrimers

Although LC polymers and elastomers containing siloxanes are fairly common, the
number of reports on dendrimers built around siloxane cores is very limited. Examples
of dendrimeric systems based solely on siloxane cores go back to 1994 when Shibaev et
al.® published their studies on 1% generation LC dendrimers based on a
poly(organosiloxane) core and six cholesteryl groups attached via undecylene spacers
(Figure 42).%®
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Figure 42: System studied by Shibaev et al.®

This dendrimeric molecule containing six terminal cholesterol groups showed a very
broad SmA phase (Tg -1.5 SmA 120 1). X-ray diffraction results show that the
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molecules organize in a single-layer smectic phase where a layer of siloxane cores

separates the cholesteryl mesogens that overlap completely Figure 43258

Figure 43: Molecular assembly of the molecules represented in Figure 42 in the SmA phase. &

A zero generation LC dendrimer based on a tetrakis(dimethyloxy)siloxane core

containing four cyanobiphenyl groups was prepared by Mehl et al.*
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Figure 44: System studied by Mehl et al.*°

These materials exhibited smectic phases and variation of the aliphatic spacer from 4 to
11 methylene units increased the clearing temperature and mesophase stability. For the

longer spacer both SmA and SmC phases were found.

Other siloxane cores were investigated while keeping identical mesogenic units,
revealing that the structure of the siloxane core has minimal influence on the LC
properties of these dendrimers.®® The introduction of nematic phases in these systems
was achieved by adding side-on mesogens to the siloxane cores.®*

Despite siloxane cores being rarely used as scaffold for LC dendrimers, the use of
oligo(siloxane) units is frequently employed to form oligomers, to decrease transition
temperatures and stabilize mesophases such as reported in recent examples.*

The introduction of oligo(siloxanes) in LC mesogens has other effects than the ones
mentioned above. When these units are attached to bent-core mesogens they are able to
change ferroelectric to antiferroelectric material, as well as induce “dark conglomerate

phases”. Tschierske et al.® %

used oligo(siloxanes) attached to chiral bent-core
mesogens to study the effect of combining molecular chirality and superstructural

chirality in LC phases.
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Kieffer et al.*® used oligo(siloxanes) and oligo(carbosilanes), for their stabilizing effect
on mesophases, which allow them to carry structural studies on lamellar phases

presented by T-shaped bolaamphiphilic LC molecules as shown in Figure 45.
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Figure 45: System studied by Kieffer and co-workers.*

These examples reflect how oligo(siloxanes) are frequently used in the investigation of
LC systems. However, they are far from the dendrimeric structures previously
discussed. Siloxane units can exist in many different shapes: linear, as mentioned above,
cyclic, or cage-like structures. In fact, the last one of these seems to be the most
successful and widely used siloxane core for the synthesis of LC dendrimers, it is also
the building block chosen in the work we presented here to synthesize LC dendrimers,
hence, these systems, their applications and LC properties will be discussed in detail in

the next section.

2.5 - Polyhedral octa(dimethylsiloxy)octasilsesquioxanes (POSS)

Silsesquioxanes are compounds with the empirical formula RSiO3, and are described as
having “hybrid” properties between the chemical inert and thermally stable inorganic
Si-O-Si fragment and some from the potentially reactive and readily modified R-Si
fragment.*® They can have various structures (Figure 46) from random to ladder
polymers and even highly ordered discrete molecular species with the formula
(RSiO3)5.*
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Figura 46: Chemical structures of different types of silsesquioxanes.*

This report will focus on structures of the type (RSiOsp)s, polyhedral
oligosilsesquioxanes which are generally referred to as POSS (see Figure 47).
Previously dendrimers were described as molecules that posses branching units
emanating from a central core. In each layer added to the central core, the number of
functional groups increases. Structures of the type (RSiO3/2)s, Or silsesquioxanes, can be
regarded as an inorganic central core, from where eight functional groups emanate
radially, providing the possibility to be derivatized right at GO level. This means that a
first generation silsesquioxanes can already have 16 functional groups. The fact that a
large number of functional groups can be achieved at low generation numbers, contrary
to the dendrimers described in previous sections, anticipates that the number of
synthetic steps necessary to achieve a certain number of functional groups is much
smaller. At the same time due to their structure, the silsesquioxane core provides an
immediate globular shape. Another advantage of these compounds as scaffolds for the
synthesis of dendrimeric structures is the ease with which they are prepared, when
compared with previous cores, since they are mainly functionalized via hydrosilylation
reactions. In the following sections all these aspects regarding their structure, synthesis,

functionalization and liquid crystalline properties will be discussed in detail.

2.5.1 - Nomenclature and structure of POSS

In the literature, silicon polymer nomenclature is commonly adopted, for example a

silicon atom bearing three oxygen atoms also connected to silicon is denoted by T, so

the structure a) in Figure 47 can be denoted by TgRg. A different nomenclature is used

when the silicon atom is connected to four oxygen atoms (as seen in Figure 47 b) and in
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this case the molecule is denoted by Q8R897 the introduction of the spacer—OSiMe,-
detaches the substituent groups R from the core.

The POSS crystalline silica-like core posses a cage structure with 0.5 nanometres in
diameter and after being functionalized, they might have a diameter of 1.2-1.4
nanometres. Its eight Si atoms are placed at cube vertices providing eight radial primary
branches, which can be derivatized giving organic-inorganic hybrid structures at the GO

level® Figure 47, oxygen atoms interspersed along the edges.”
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Figure 47: Cubic silsesquioxanes. a) Tg Rg (T = carbon-SiO; ). b) Qg ( Q = SiO,). ¢) Typical sizes/volumes.®

Polyhedral silsesquioxanes have many diverse applications including modelling

100-102 103-105

catalytic surfaces, substrates for new catalysts and novel porous media,*®

107

they are used as NMR standards,® encapsulaters,”®® ' biomaterials,"° dental

fillings'*!

and building blocks for nanostuctured materials and alignment of liquid
crystals.” They are also largely used in composite materials or incorporated in polymers
to improve their macroscopic properties such as processability, toughness and thermal

and oxidative stability.*®

2.5.2 - Synthesis of POSS cages

A Dbrief overview on strategies employed to synthesise silsesquioxanes containing
materials will follow in an attempt to show how versatile the silsesquioxane building
block can be, however the topic of synthesis of silsesquioxane core is vast and out of the
scope of this thesis. Many reports and patents in the literature can be consulted for more
information on this subject.®® ¥’

Early work carried out on cubic silsesquioxanes relied on its spontaneous formation
from hydrolysis and condensation reactions of chloro and alkoxy-silanes over T10 or

T12 species due to the stability of the Si,O. ring structure.*®
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Although polyhedral silsesquioxanes were synthesized using a hydrolysis and
condensation method from monomers of XSiY3; where X is a chemically stable
substituent (CHs, vinyl, phenyl), Y is a highly reactive group (Cl, OH or OR), problems
existed related to long reaction times and low yields due to formation of other siloxane

species as linear, cyclic, polycyclic.”®
HXSIY3 + 15nH20 EE— (XSIOls)n + 3nHY... 9

Equation 9: Equation for the formation of polyhedral silsesquioxanes.

For example the synthesis of octahydrosilisesquioxane (TgH) by hydrolysis and
condensation of HSiCls originated the product in low yields (15-20 %).% Despite being
very useful precursors for the synthesis of POSS derivatives, the synthesis of molecules
such as TgHg and TgMeg occurs with very low yields and attempts to improve it are still
ongoing. To date the best yield achieved is 23%.%

In order to overcame the low yields and byproducts resulting from these reactions,
improvements related with reaction conditions were attempted by introducing changes
in solvent systems used, type of hydrolysis and addition of other substances to
reactions.”

Hoebbel et al.**? developed octameric silicate anion systems from hydrolysis and
polycondensation of tetraalkoxysilane in the presence of tetramethylammonium ions
that lead to the formation of a double four membered ring. Hasegawa et al. '**
followed this concept and identified a route to synthesise POSS cubes (of Qg type) by

silylation of a silicate anion solution (see Figure 48).

= o@
\S'/O\Si/
U
/Y 7N
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Si(OEt), + 8Me,;NOH ————> O

RMe,SiCl

Figure 48: Synthesis of POSS cubes (Q8 type) Hesegawa and co-workers. !> 114

35



Of significant importance was the realisation that this cubic silsesquioxane formation
depended of the existence of ammonium counter ions as well as water, but also that
when the concentrations of ammonium counter ion, for example MeyN, relatively to the
concentration of silicates was higher that 0.5M, the formation of Q8 species was almost
complete.”’

Synthesis of systems having Si-H or vinyl bonds is very important since they can be
easily functionalized via hydrosilylation in the presence of a Pt catalyst, as will be
discussed later, allowing the formation of very diverse building blocks such as the ones

represented in Figure 49.
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Figure 49: Examples of functionalization of POSS cores through hydrosilylation.*®

The functionalization of Tg systems is also possible for example, T8Ph8 that can be
prepared and further functionalized as shown in Figure 50. The functionalization of
materials like POSS with alkyl or phenyl chains, Expls Tg[(CH2)sNH]s and TgPhg, is
attractive because the yield of the reactions is higher and there are a variety of reactions

that they can tolerate such as the ones represented in Figure 50.
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Figure 50: Synthesis of POSS derivatives by nitration, iodination, bromination.%

A different approach is to start from partially condensed silsesquioxanes and add a new
functionality in one of its corners following the same general reaction (Figure 51). This
route was explored by many authors**>*?? but this will not be described any further

here.
R
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Figure 51: Synthesis of a POSS derivative starting with a partial condensed silsesquioxane.**®
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2.5.3 - Functionalization of POSS by hydrosilylation

Hydrosilylation is frequently used to prepare organosilicon compounds and involves the
addition of Si-H bonds, in this case from materials such as TgHg or Tg(OSiMe;H)sg,
across unsaturated bonds such as alkenes and alkynes. It can occur in one of two ways:
a) hydrosilylation of a mesogen containing a terminal alkene with hydrosilsesquioxane

core; or b) hydrosilylation of an alkenylsilesquioxane with a mesogen that possesses

. - . . . 123
terminal hydrosilicon functionality (see Figure 52).
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Figure 52: Hydrosilylation of silsesquioxanes.

In order to achieve the connection of the silsesquioxane core to the mesogenic unit, a Pt
catalyst is usually used.

Although the reaction yields are fairly high, there are two potential problems. The first
being the possibility of p-addition to the double bond (see Figure 53), however due to
the strong directing effect of the silicon, this is not usually a problem and the sole
product of the reaction is the a-product.

Secondly if alcohols, aldehydes or ketones are present, the reaction of the silicon atoms

with the oxygen may occur, forming silylethers.
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Figure 53: a- and B- addition in hydrosilylation reactions.'?

Syntheses of polyhedral silsesquioxane based LCs is mostly carried out via
hydrosilylation using an excess of the mesogenic unit in order to ensure complete
reaction of all the available sites on the silsesquioxane core. However, for other
applications several other synthetic procedures using the silicon atom are employed

4 5

such as chloride/alkoxide exchange,’** exchange of protons,'® introduction of di-

trimethylsilyl species'?®

etc. Besides using the silicon functionality, POSS derivatives
can be prepared by using common organic reactions in the organic substituents of the
silsesquioxane cores. This possibility expands extensively the number of materials that
can be synthesised. Within organic reactions used examples of nucleophilic
substitutions,’”” Heck reactions,’”® Suzuki reactions,’** *** Sonogashira reaction,'*!

nitrations, 2 3

and substitutions at an aromatic ring,"*® and many others have been
reported.’®** Despite the flexibility of these materials towards organic reactions the
integrity of the POSS core has to be assured and reactions that might jeopardize it
should be avoided such as the use of strong bases that can cleave Si-O bonds in the

POSS core.

2.6 - Liquid crystalline silsesquioxanes: Synthesis and applications

Polyhedral liquid crystal dendrimers are mainly synthesized in a convergent way; the
silsesquioxane core and LC chains are prepared separately and fused in the last step,
although a divergent synthesis is also possible, this strategy is employed to synthesize
the majority of LC POSS reported in the literature such as the ones discussed below.

Generally a liquid-crystalline silsesquioxane has four components (Figure 54).
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- Silsesquioxane core (A)

- Attachment linking the inorganic core to the spacer, usually -SiMe,O- unit (B)
- Ahydrocarbon spacer (C)

- Mesogenic unit (D)
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Figure 54: In this figure, the general components of a silsesquioxane core dendrimer.*?

Taking into account the variety of POSS cores, mesogens, and attachments (end- or
side-on) that might be used, is not surprising that a vast number of LC POSS can be
synthesised, in order to achieve specific properties that are suitable for desired
applications.

A series of papers were reported on the investigation of liquid crystalline POSS
possessing cyanobiphenyl derivatives (see Figure 55).*° These mesogenic units were
attached end-on to the silsesquioxane core, through an alkyl chain as shown in Figure
55. Different chain lengths were used and the liquid crystalline properties studied using
OPM, DSC and X-ray.
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Figure 55: System studied by Mehl et al.**®

A first attempt to synthesise compounds 10 to 12 was made using Spier’s catalysts
(H,PtClg) yet complete substitution of the cubic core was not achieved and Karstedt’s
catalyst, which is stronger and allows reactions to be carried at room temperature, was
employed.™® The result was complete a-addition of the terminal alkene to the silicon

groups on the core. Compounds 10 to 12 exhibit SmA phases and the increase of the
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number of alkyl units, increases the isotropization temperatures from 93.9 °C to 128.5
°C, which could be explained by the decoupling of the mesogenic units from the central
core, promoting intermolecular interactions among cyanobiphenyl groups, increasing
the order of the molecules and the transition temperatures. On the other end the glass
transition temperatures diminish from 11 °C in compound 10 to -7 °C in compound 12.
The X-ray studies suggest that the siloxane cores are in the middle of the layers and the

mesogenic groups interdigitate as represented in Figure 56.

moo 1, ¢

s

Figure 56: Representation of interdigitation of molecules represented in Figure 55.

Saez et al.**® took this work further by synthesising a LC dendrimer of the 1%
generation, containing 16 cyanobiphenyl mesogenic units attached to a
octasilsesquioxane core via undecylene aliphatic chains.*® In order to prepare this
compound, the core was derivatized with HSiMeCl, followed by reaction with vinyl
magnesium bromide, which increased the number of positions that could be further
functionalized. The mesogenic units were prepared separately and hydrosilylation with

Karstedt’s catalyst in toluene at room temperature, result in compound 16 see Figure 57.
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Figure 57: System studied by Saez and co-workers.**

The authors expected that increasing the numbers of mesogenic groups would force the
molecules to adopt a spherical shape able to compete with the deformation of the

system in order to fit in with its mesogenic environment and obtained columnar or cubic
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phases. However, compound 16 showed solely smectic phases and the transition
temperatures were found to be Tg -17.5 SmC 63.1°C SmA 91.7 °C 1. In order to explain
these results was suggested that this 1% generation dendrimer adopted a rod-like
conformation where the mesogenic arms stayed above and below the octasilsesquioxane
core (as exemplified in Figure 58), making it possible to pack in layers consisting of a

quasi-bilayer of the mesogens and a monolayer structure for core C.

a)

Figure 58: Represenation of possible organizagion of molecules in Sm phases.**

The synthesis of LC POSS derivatives showing nematic behaviour has been achieved
by one of two manners: lateral attachment of mesogens or incomplete substitution of the
cubic core. As shown in the work reported by Sellinger'®” (Figure 59) and Zhang'*®
(Figure 60), where the authors wished to polymerize LC POSS derivatives. With this in
mind they partially functionalized the octasilsesquioxane core having on average 4-5
pre-mesogenic molecules and leaving 3-4 “open” corners that could be substituted with
polimerizable groups to afford compounds with low transition temperatures required for
biological applications such as dental fillings.***
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Figure 59: System studied by Sellinger et al.**’
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Figure 60: System studied by Zang et al.**

The initial work by Sellinger reported that compound 17 showed a nematic phase
between 134 - 178 °C. Following this work, the LC-silsesquioxane synthesised by
Zhang are on average penta-substituted (results confirmed by EA and NMR). Very
narrow polydespersity values (1.03-1.06) were reported, which did not seem to agree
with the statistical distribution of the products (mono-, di-, tri-, etc.). The similarities in
the hydrodynamic radii of these species due to their rigid 3D structure might result in
narrow polydispersities. Thermal studies verified that the compounds are stable up to
280°C/N; (typical for organic compounds) and that ceramic yields are in agreement
with theoretical calculations considering average degree of substitution.

The LC behaviour was checked by POM, DSC and confirmed by XRD experiments and
mesophase behaviour is depicted in the Table 1. Despite the liquid-crystalline behaviour

of the monomers all POSS derivatives except 22 exhibited LC behaviour.
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Table 1: Phase transitions for compounds studied by Zhang et al.**

Mesogen Phase transitions (°C)  POSS derivative Phase transitions ( °C)
18 Cr 103 Iso 22 Cr 138 Iso
19 Cr67 N 205 Iso 23 Cr 148 SmA 177 N 189 Iso
20 Cr 63 Iso 24 Cr 90 SmA 113 Iso
21 Cr1211so 25 Cr 123 SmA 156 N 158 Iso

Following previous work,*¥" flexible ethylenoxy spacers were introduced to decrease
transition temperatures from 143 °C for mesogen in compound 17 to 63 °C (in the best
case, for compound 20. POSS derivatives were prepared by hydrosilylation using a Pt
catalyst with a-addition being favoured. The terminal alkene compounds 18, 20 and 21
(Figure 60 and Table 1) showed no liquid crystalline properties, explained by an
increase in the flexibility of the spacer. The introduction of polar methoxy groups
increases the thermal transition temperatures of the corresponding LC cubes as denoted
in Table 1 for compounds 22 and 23 and for compounds 24 and 25. The phases
observed by POM were confirmed by XRD studies.

As mentioned previously, nematic LC POSS can be obtained by lateral attachment of
mesogenic molecules as first reported by Kreuzer et al.** This methodology was also
used by ElsaBer et al.**® to induce nematic phases in silsesquioxanes. The systems
studied are shown in Figure 61. Another objective in this study was to understand
whether the dictating effect on phase behaviour was microphase segregation (between
organic mesogens and inorganic core) or the size of the bulky methyl groups of the
siloxane units. For this reason, molecules 26 and 27 were attached to cores F, G and H

through hydrosilylation using Karstedt’s catalyst.
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Figure 61: System studied by Elsier and co-workers,**

The liquid-crystalline behaviour described by the authors is depicted in Table 2. From
the observation of the transition temperatures, it is clear that the introduction of siloxane
units decreases substantially both melting and isotropization temperatures (compare
compounds 26 with 28 or 30, for example). However compounds 28 and 30 as well as
29 and 31, having different siloxane cores, show very similar transition temperatures
suggesting that the phase behaviour is not related with the mesogen groups, but with
microphase separation. The observation of an unidentified phase is mentioned by the
authors.

Table 2: Phase transitions for compounds studied by ElsaRer et al. *°

Compound Phase transitions ( °C)
26 Cr53.8N 72.7 Iso
27 Cr99.4N173.2 Iso
28 Cr18.0N 39.1 Iso
29 Cr67.1[SmC 51.3] N 123.8 Iso
30 Cr24.8 N 39.5 Iso
31 Cr 76.6 [SmC 58.2] N 122.0 Iso
32 G -19.3 SmX 37.6 N 50.5 Iso
33 Cr59.5 [SmX 33.1] SmC 111.3 N 145.8 Iso
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Following the findings of columnar phases in dendritic materials with similar mesogens
prompted the above systems to be revisited and the nature of the unidentified phase was
identified as a columnar hexagonal phase.*® The recent reports on these systems will be
discussed next.

The material studied by Karahaliou et al.*’ has a 4 aromatic ring mesogen as shown in
Figure 62 and it is attached to a silsesquioxane core by a longer spacer than compounds
25 and 26 in Figure 61.
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Figure 62: System studied by Karahaliou et al.*’

Compound 27 was investigated as well as a series of mixtures of compounds, 27 and 34,
the increase in the amount of 27 destabilizes higher order liquid-crystalline phases such
as columnar rectangular and columnar hexagonal phases, culminating in their
suppression when the amount of monomer 27 is 0.44 and 0.69 respectively. The XRD
experiments carried out revealed some interesting features such as the existence of
cybotactic clusters that were persistent throughout the entire mesophase range. Models
for both columnar hexagonal and rectangular phases were suggested.

In the Coly, phase, column formation arises from microsegragation between the cubic
inorganic cores and the organic mesogens. The interior of the columns is formed by the
core and spacers, while the calamitic mesogens surround them in a uniform manner
with the long axis positioned on average along the columns. Within each column, the
mesogens of adjacent cubes will interdigitate, since the distance between two siloxane
cores (14 A) is smaller than the length of the mesogen 27 approximately 23 A. In the
Col, phase mesogens are no longer evenly distributed around the column axis, however

the mesogens of adjacent columns will orientate in such a way that a more uniform
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mesogen density is achieved. Interdigitation of mesogens belonging to adjacent cubes
within a column is also present.
The reassessment of mesomorphic behaviour attributed to compound 32 (Figure 61,

I.%in 2006, where extensive XRD studies were

pag. 46) was carried by Karahaliou et a
reported. As described above they confirmed the presence of cybotatic clusters
throughout the entire range of temperatures. The existence of a Coly, phase in which the
inorganic cubes are stacked in the centre of the columns surrounded by mesogens with
their long axes parallel to the column axis, promotes the interdigitation of the end chains
of the mesogenic units (since the length of the extended mesogen (41 A) is bigger than
the silsesquioxane cores (= 14 A). This results in slices of tilted bilayers formed by the

mesogenic units.

The use of lateral attachment of mesogenic units to a silsesquioxane core to obtain
nematic phases, was extended to the chiral mesogens in an attempt to obtain chiral
nematic systems by Saez et al.'*

The strategy used was based on the functionalization of hexadecavinyl dendrimer with a

chiral mesogen (Figure 63).

Figure 63: System studied by Saez et al.**

The liquid crystalline properties of the monomer 35 and octapode system 36 were
studied by POM, DSC and X-ray diffraction. The monomer 35 showed only a chiral
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nematic phase (Cr 73.6 °C N* 88.2 °C Is0). Calorimetric studies for the POSS
derivative 35 showed, on cooling, only two peaks corresponding to a chiral nematic
(107.7 °C) and a columnar hexagonal mesophases. However, both polarizing optical
microscopy and XRD pointed to the existence of a further columnar rectangular phase
at approximately 30 °C. The data suggested that on cooling the hexagonal columnar
phase becomes distorted, culminating in the formation of rectangular columnar phase. A
model for the molecular organization of the mesophases was proposed for the columnar
hexagonal phase. The authors suggested that the dendrimer assumed a cylindrical shape,
with similar width and height, surrounded by mesogens with their major axis parallel to
the rotational axis of the cubes, stacked into columns, similar to that previously
discussed for the systems studied by Karahaliou et al.*” *® Relative to the chiral nematic
phase they foresee two possibilities: that the dendritic cylindrical entities self-organize
into a chiral nematic discotic phase, or that they assume an oval shape organizing

themselves in a calamitic chiral nematic phase.

LC hybrid polymers based on functionalised silsesquioxanes are expected to show
enhanced properties by combining properties between organic LC and inorganic

silsesquioxane materials. With this in mind in 2001, Chujo et al.'*

reported the
synthesis of a liquid-crystalline hybrid polymer with organic (methacrylate derivative)
and inorganic (functionalised POSS) side chain monomers Figure 64. Variation of the

amount of POSS modified the LC behaviour as well as thermal stability of the

copolymer.
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Figure 64: System studied by Chujo et al.**?

An interesting observation was that there appeared to be a maximum value of POSS that

could be incorporated in the polymer. Additionally, the POSS homopolymer showed
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lower molecular weight than the rest of this series of materials. This was explained by
the steric hindrance caused by the bulkiness of the POSS macromonomer.

Surprisingly the addition of more than 10% of POSS into the hybrid polymer
suppressed the existence of LC phases. One explanation is the fact that the rigidity and
bulkiness of POSS prevented the appearance of LC phases resulting from the
orientation of the methacrylate derivative mesogen, reducing the mobility of LC hybrid
polymers. TGA analyses showed an increase in the 10% decomposition temperature
from 316 °C to 385 °C which occurred when the amount of POSS in the polymer was
raised.

In the same year Chujo et al. reported the study of LC behaviour of some mesogens and
their POSS counterparts (Figure 65).*
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Figure 65: System studied by Chujo et al. **?

The reaction of the mesogens with the silsesquioxane shown in Figure 65 was made via
hydrosilylation using hexachloroplatinic acid as a catalyst, with yields around 50%.
NMR showed full substitution of the silsesquioxane core (this is eight mesogens per
cube) and their LC behaviour was studied by DSC and OPM.

Although compounds 38 to 43 were described as monotropic liquid crystals, the authors
refer the observation of liquid crystalline textures both on heating and cooling for the
POSS derivatives, 41 to 43. The authors present transition temperatures for the
compounds (see Table 3) obtained by OPM. At the same time transition temperatures
obtained by DSC and referred to by the authors as melting temperatures are quoted, for

compounds 38 to 40 these temperatures are higher than the temperature reported for the
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Iso to N transition, agreeing with monotropic behaviour. For compounds 41 to 43 the
temperatures quoted seem to correspond to the clearing temperatures, since they concur
with the temperatures reported for the N to Iso transition. Although this suggests that
the POSS derivatives might be enantiotropic liquid crystals, the authors mention that the
transition temperatures observed by OPM “are nearly consistent with that observed by
DSC” 2 but unfortunately this is not discussed further. The authors suggest that the
increase in the local concentration of mesogens caused by the fixed directionality of the
silsesquioxanes facilitates the orientation of the mesogenic units, stabilizing the LC

phase.

Table 3: Phase transitions for the systems studied by Chujo et al. **®

Mesogen Phase transition (°C) POSS derivative Phase transition (°C)

38 Iso 109 N 102 Cr 41 Cr 166 N 215 Iso
39 Iso 65 N 48 Cr 42 Cr 70N 139 Iso
40 Iso 113 N 101 Cr 43 Cr140N 173 1s0

So far, this report has focused on several examples of calamitic mesogens connected to
silsesquioxane cubes but the synthesis of POSS dendrimers is not limited to calamitic
mesogens. Some examples have been reported where discotic 99 or bent-core LCs were
used.

In 2008, Pan et al. *** studied how the number of bent core mesogenic LCs attached to a
silsesquioxane core as well as the size of the silsesquioxane core influenced the liquid
crystalline behaviour.

The octapodes were synthesized by hydrosylilation of the POSS cores | or J with the
mesogenic unit (44) depicted in Figure 66. The materials using core | were synthesized
to have an average of 3.5, 5, and 8 mesogenic units connected (compounds 46, 47 and
45 respectively), while core J was full substituted with mesogen 44 (see Figure 66).
DSC, XRD, and electrooptic studies were performed in order to characterise the liquid

crystalline behaviour which is summarized in Table 4.
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Table 4: Phase transitions for the systems studied by Pan et al. **

POSS Derivatives Phase Transitions (°C)

45 Cr 96 SmC 143 Iso
46 939 SmC 132 Iso
47 g 37 SmC 133 Iso
48 g 29 SmC 136 Iso
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Figure 66: System studied by Pan et al.**

DSC experiments for all compounds with the exception of 45 show two peaks
corresponding to a transition from a glass to a mesophase followed by isotropization.
Compound 45 however, shows three transitions that are dependent on the cooling and
heating rates, suggesting that they belong to highly ordered LC phases or even to
crystalline phases. The LC phase was assigned as SmC by XRD studies for compounds
45 to 48, however, for compound 45 in both mesophases the bent core mesogens are
arranged in a bilayer structure and with silsesquioxane cores having a two dimensional
order within the layer (for lower temperature mesophase), attributed to the high content

of BC mesogens.

In 2010 Soltysiak et al.'* studied the LC properties of two series of materials based on

two different siloxane cores, a cyclic oligosiloxane and a silsesquioxane, core K and L,
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see Figure 67. The pre-mesogenic units used varied in the number of methylenic units
and are also represented in Figure 67. Thermal stability studies showed that cyclic
oligosiloxanes are thermally not as stable as the silsesquioxane series although for both
systems, degradation began at 150 - 200 °C above isotropization temperatures hence not
affecting the mesophases.

With regards to the liquid crystalline behaviour, neither of the series showed LC
behaviour for the mesogens with the shorter spacer 49. For the K series all the
compounds showed LC behaviour (see Table 5) and increasing the chain length
decouples the organic moieties from the siloxane core increasing the range and thermal
stability of the mesophases. In the silsesquioxane series, the need for much longer
spacers seems to be requiered for the existence of LC phases, since only 62 and 63 show
LC behaviour. The variation of the melting temperatures does not follow a particular
trend, yet the clearing temperatures increase with the increase of the chain length, and as

a result a increase in the thermal stability of the LC phases is observed.

(49):n=3
o (50):n=4
OOOMe (51):n=5
R= (52):n=8
" (53):n=11
Me R\ / | R
__S$—0_ Me —Si_ o_it
MeS R \RSi/ 0 /O\ ¥ i~
iR \ Si Si
/ . AN
(¢} Ci R\\ (') (0] b o | R
Mefs/iR RSi—Me /S'TO—Si/,O*Si‘ Si
-0\ Sim_[—Sitin A | o’
\ RS L 9T TN OTsig
0 O / o) O (o) 'O
SiR RSi/ \Si'\ /éi\
M So— R__07 Me —si-0 © 0—Si—
Mo R | 'R
Core K Core L
(54): core K, R = (49) (59): core L, R = (49)
(55): core K, R =(50) (60): core L, R = (50)
(56): core K, R =(51) (61): core L, R = (51)
(57): core K, R =(52) (62): core L, R = (52)
(58): core K, R =(53) (63): core L, R = (53)

Figure 67: System studied by Soltysiak et al. 145
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Table 5: Phase transitions for the systems studied by Soltysiak et al.'*

Compound Phase transitions (°C)  POSS derivatives  Phase transitions (° C)

54 Cr421so 59 Cr,49Cr, 79 Iso

55 Cr55N 74 Iso 60 Cr, 50 Cr, 69 Iso

56 Cr 51 N 103 Iso 61 Cr, 50 Cr, 57 S, 111 Iso
57 Cr 45 N 94 SmA 107 Iso 62 Cr, 38 S, 58 SmA 123 Iso
58 Cr 38 SmA 118 Iso 63 Cr 59 SmA 133 Iso

A series of biphenyl derivatives with different number and length of terminal alkoxy
chains were synthesized (see Figure 68) by Wang et al. with the intent of studying their
influence in the formation of LC phases in POSS derivatives.**

The first main observation on this work was the fact that only compounds bearing one
terminal alkoxy chain in the mesogen (compounds 64 to 67) exhibited liquid crystalline
phases. The thermal behaviour for this series of compounds obtained by DSC

measurements is depicted in Table 6.
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Figure 68: System studied by Wang et al.»*

Derivatives with only one flexible chain 64 to 67 from Figure 68, show LC phase
behaviour while when more than one was present, regardless of their length no LC
phases were formed. To explain the results, the concept of FGD “flexible group

density” (defined as the number of the CH, groups per unit volume in the periphery of

54



the POSS molecule) was introduced. The high FGD exhibited by di- and tri-substituted
mesogens explains the absence of LC phases.

Table 6: Phase transitions for the systems studied by Wang et al. ¢

POSS derivative Phase transitions ( °C)

64 Cr 124 Sm 220 Iso
65 Cr 122 SmA 233 Iso
66 Cr 127 Sm 232 Iso
67 Cr 119 Sm 211 Iso
68 Cr-8.5 Iso
69 Cr-0.9 Iso
70 Cr39.7 Iso
71 Cr25 Iso
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CHAPTER 3: PHOTOCHROMIC AZOBENZENE CONTAINING MATERIALS

3.1 - Photochromism: general concepts

According to ITUPAC, photochromism is a reversible transformation of a chemical
species in one or both directions by absorption of electromagnetic radiation between

two forms A and B, having different absorption behaviour (Figure 69).

uv
A (colourless) —>‘ B (coloured)
A or Vis
I I
uv Visible UV Visible

Wavelenght / nm Wavelenght / nm

Figure 69: Representation of absorption spectra of a photochromic system.

Considering the figure above, irradiation (UV, vis or IR irradiation) of stable form A
gives product B. When the reverse process or back reaction occurs thermally it is
denominated photochromism of type T while when the back reaction occurs
photochemically it is said to be of type P.**’

Photochromic reactions are commonly unimolecular but they can also be bimolecular
and if Amax(A) > Amax(B), the photochromism is assigned of positive, if the reverse is

observed then it is negative photochromism.**’

3.2 — Azobenzenes

Azobenzenes are chemical compounds composed of two benzene rings which may or
may not be substituted, linked by a N=N double bond (Figure 70). They were first
described in 1856 and were initially used as dyes or organic pigments. Azobenzenes
colour can be adjusted by changes in ring substitution, varying the absorption maxima

anywhere from UV to the visible red region.*®
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Azobenzene

Figure70: Molecular structure of azobenzenes

The double bond of azobenzenes permits them to photoisomerise between a trans and a
cis form as shown in Figure 71 This isomerisation process between the thermally stable
trans and the metastable cis configuration is completely reversible and occurs without
side reactions. The first report of a photochromic effect in these compounds dates back
to 1937.'%

uv N=N
<O =2 =0y
& a7 by

trans (E) cis (Z)

Figure 71: Azobenzene trans isomer can be converted into its cis form by irradiation with UV light. Back
isomerisation to the trans form is accomplished thermally or by irradiation with a distinct wavelength of
light.

When the trans form is irradiated with the appropriate wavelength (this is in the trans
absorption band), it will isomerize to the cis form with high quantum yield. The reverse
transformation can be achieved by further irradiation within the absorption band of the
cis isomer (Figure 72). Thermodynamically, the trans isomer is usually more favored
than the cis isomer, being approximately 50 kJ/mol more stable. Due to the energy
barrier of the photo-excited state being around 200KJ/mol, azobenzenes will

predominantly exist as the trans isomer.

200kJ/mol

50kJ/mol

trans Cis

Figure 72: Simplified state model for azobenzene chromophres where & denotes the extinction coefficients, ¢

denotes the photoisomerisation quantum yields and k represents the rate of thermal relaxtion.'*

These isomerisation reactions are in the order of picoseconds. However, even without

illumination, the cis isomers will slowly reconvert in solution back to the more stable
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trans state, with a time-scale from seconds to hours, depending on the substitution
pattern.

The isomerisation mechanism for azobenzenes is not yet clear and it has been subject to
many investigations. The two possible pathways are inversion that takes place via a
semilinear and hybridized transition state, and rotation that demands rupture of the =
bond. Both hypotheses seem to be supported by experimental evidence, and it has been
suggested that the path followed depends mainly on the compound. Despite not being
understood yet, it seems that the inversion mechanism is generally more accepted and
that some rotational motion, in early stages of isomerisation, is involved. The thermal

147

back reaction is agreed to occur via rotation™" (see Figure 73).

/ Rotation mechanism \
N=N Q Q
trans @ Inversion mechanism / N=N
\ Q cis

NN )

Figure 73: Representation of isomerisation mechanisms.

3.3 - Changes induced by photoisomerism of azobenzenes, from molecular

level to macroscale

Isomerisation of azobenzenes and the associated molecular changes are very attractive
for numerous applications in fields such as: photonic applications, photoalignment,
displays and optical recording.

Several types of stimuli can be used to trigger actions in a material but light possesses a
particular feature: it approaches materials in a “non-contact” manner and with great
accuracy. Light can be modulated in terms of intensity, energy, polarisation coherency
etc, therefore, assemblies of photochromic molecules will be sensitive to any changes of

light properties mentioned above. ***
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The photochromic unit most commonly incorporated in molecular assemblies and

organized polymeric systems is the azobenzene moiety. ' Its advantages are:

- The materials and their derivatives are usually synthesised easily

- They are highly sensitive to photoisomerisation

- Generally photofatigue is negligible

- The molecule has a rod-like shape and is symmetrical which makes their
incorporation into molecular assemblies, especially liquid crystalline systems,

favourable. 1%

Azobenzenes have been incorporated into many different types of materials which can
be hierarchically organized in terms of feature size as shown in Figure 74 and motion
scales. However it is impossible to describe these phenomena in a compartmentalised
way as suggested by the figure since motions on all scale sizes are related and are
mutually affected. In the next section an attempt to describe how azobenzene
isomerization, a motion at the molecular level, is related with higher size motions will
be made. The discussion will follow on three levels of motion: 1) the chromophore; 2)
domain and 3) macroscopic motions, a concept which has been introduced by

|153 I 154

Natanshon et al™> and Stumpe et al.
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Figure 74: Scheme of hierarchical organization from molecule to materials of azobenzene containing
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materials and some representative research targets for each hierarchy. *®
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Photoisomerisation of azobenzene induces a conformational change on the molecular
level which manifests itself as a change in a material property on a macroscopic level.**®
Starting at the chromophore level, trans-cis isomerisation results in a change in shape
that will be discussed in detail below (molecular motion) however it is important to
mention that azobenzene in the trans form is a pro-mesogenic molecule, and when
adequately substituted may show liquid-crystalline properties. This feature was
discovered by Winogradow et al. in 1908 who recognized liquid-crystalline properties
in 4-4° substituted azobenzenes with short alkyl chains.'*® To this day, studies of liquid

crystalline properties of 4-4° substituted azobenzenes are still ongoing.157’158

Monolayers at interfaces can be thought of as a bridge between molecules and materials.
Although their thickness is approximately one molecular unit in size, their area can be
extended to a macroscopic size. Hence a photoinduced change of molecular shape
manifests itself macroscopically on the monolayer properties.

Relative to micrometer size materials, domains formed by molecular assemblies in LC
materials can be mentioned. On a practical level, to be able to orientate and align
molecules is extremely important.

In 1995, the discovery of the formation of relief structures by mass migration took
research in azobenzene containing materials to the micro level. Finally on a
macroscopic level, photo-driven materials can be found which are visible to the naked
eye.155

The subject of azobenzene polymers either in the main chain or side chain is vast, as are
their applications and the subject has been extensively reviewed; Barret in 20062,
reviewed photo-switching materials containing azobenzene, Seki reviewed in 2004 and

151, 155

again in 2007 photoresponsive azobenzene containing polymers , photoinduced

motions were reviewed by Rochon in 2002%°% Ichimura reviewed photoalignment**®
and lkeda photoorientation for photonic applications.'®® These are only the most
important examples, the literature is extensive and only the most relevant work for this

thesis will be referred to in more detail.
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3.3.1 - Molecular motion

At a molecular level, azobenzene isomerisation leads to large changes in the
conformation and size of the molecule. The trans isomer has a more linear shape while
the cis form possess a bent shape (Figure 71). The distance between the 4- and 4’-
carbons decreases from 9.0 A in the trans form to 5.5 A in the cis form.™®" Another
characteristic that changes with photoismoerization is the dipole moment which changes
from less than 0.5D in the trans form to 3.1D in the cis form.

When azobenzenes are irradiated with linearly polarised light of the correct wavelength,
the molecules aligned along the polarisation direction will absorb and subsequently
reorient. Specifically, trans azobenzenes with their long axis parallel to the direction of
polarisation of the incident light are promoted to their excited states and then isomerise
to the cis (Z) isomer. Upon relaxation back to the more stable trans isomer, the
molecules take on a new random orientation. The ones that lie perpendicular to the
polarisation direction cannot absorb and remain fixed in this orientation. The rest will
reabsorb and undergo a repeat cycle of trans-cis-trans isomerisation which, after several
cycles, will lead to a net population of azobenzene molecules aligned perpendicular to
the direction of polarisation, resulting in a photoinduced alignment and conferring
anisotropy on the material. This process is reversible and irradiation with circularly
polarised light will restore the isotropic state (Figure 75). Additionally, further
irradiation with light polarised in a different direction can initiate another
photoreorientation of the molecules.™™® ° This process gives rise to strong
birefringence (anisotropy in refractive index) and dichroism (anisotropy in absorption

spectra).

Figure 75: Schematic representation of statistical photoorientation. An isotropical distribution of
chromophers aligns when irradiated with polarised light. Isotropic state is recovered by irradiation with

circulary polarized light.**
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When considering the photoisomerism of solely one molecule, the process alone is not
of great importance; however when looking at a group of molecules such as monolayers
or domains, the process described above suddenly has a much bigger impact because the
consequences are on larger scale making it more interesting in terms of possible
applications. So the description of azobenzene behaviour, motions and materials is not
trivial, and the practical demonstration of the above phenomenon falls in the second

type of motion.

3.3.2 - Motions at Domain level

Liquid crystal copolymer systems containing both azobenzene and mesogen groups in
the side chains have been studied with regard to photoalignment.*®® *** When irradiated,
azobenzenes photoalign and this induces a concomitant alignment of the mesogens even
if they are non photoactive. Above Tg this has been explained by cooperative motion
and below Tg dipole-dipole interaction strongly affect this process.

It was mentioned previously that azobenzenes were pro-mesogenic molecules which
together with the ability to isomerise; it means they can be used to disturb or induce
order in LCs.

In LC systems, photoismerization of azobenzene groups allows control of LC phases
and furthermore the photoorientation can reorientate the liquid crystal director. A small
amount of azobenzene can orientate an entire sample Figure 76 For instance; the
addition of only 1% of azobenzene was shown to induce the nematic-isotropic transition
under irradiation at temperatures below the “normal” transition temperature.'® The
isomerization to the cis form destroys the normal packing of mesogens, permitting a
photo-activated phase change. This phenomenon has been shown to be applicable to

polymeric systems as well. 6268

62



USC‘.B 0 trans-azobenzene N cis-azobenzene

Figure 76: Representation of the effect of trans-cis isomerization in N-Iso transition in guest-host liquid

crystals. The liquid crystal used is 4-cyano-4’-pentylbiphenyl (5CB).**°

If a photochromic molecule (azobenzene) is added to a LC, a guest/host mixture is
obtained. The irradiation of this mixture with UV light instigates photochemical
reactions which lead to a thermally isotropic phase transition. The result arises from the
photoisomerism induced by the azobenzene group. As discussed above, in the trans
state azobenzene is a rod-like shape that stabilizes LC phases. When irradiated, the
shape changes to the bent form that will introduce some disorder in the LC phase
inducing a decrease in temperature of the LC isotropic phase transition of the
mixture.*®

Ikeda reported a reversible photochemical induced isothermal phase transition of a
series of polyacrylates containing azo and ester containing mesogens. Under irradiation
with 366 nm, a N-Iso phase transition was observed (trans-cis photoismerization) whilst
with subsequent irradiation at 525 nm, an Iso-N transition occurred (cis-trans
photoisomerisation).'®

When an LC homopolymer (as well as copolymers) was irradiated with a pulsed laser
and time-resolved analyses response to it were used, a fast response to the 10 ns laser
pulse was obtained and the change was completed in about 200 ms. These results lead
to a possible application in optical switching and image storage for this photoinduced
phase transition. "

An even lower response time (200 us) was obtained when the concentration of
azobenzenes was increased to one per unit. Although the recovering of the nematic
phase was problematic, it was improved with the introduction of donor-acceptor
substituted azobenzenes. The stabilization of the LC phase due to the polar mesogen
permitted the transition Iso-N in 300 ps while the recovery (I1so-N) was accomplished in

milliseconds at high temperatures.*"
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One possible application for these materials using the photoinduced phase transition is

13178 which will be discussed in the section

formation of surface relief gratings
dedicated to macroscopic size motions and discussed in more detail in Chapter 4.

The pitch of cholesteric liquid crystalline systems can be changed by incorporation of
photochromic units such as azobenzenes whether these units are part of the helical
structure or mixed into the LC systems. When photochromic units isomerise, the pitch
changes are accompanied by a color variation. The induction of chiral domains in
optically inactive LC or pre-oriented amorphous polymers is accomplished by
irradiation with circular polarized light. This effect arises from the interaction of CPL
(circularly polarized light) with the material. After interacting with the first layer CPL
becomes EPL (elliptically polarized light) which will orient photoactive units that are
deeper in the sample and the ellipticity of light is changed resulting in domains
becoming chirally distributed.

Molecular or polymeric thin films, with a surface modified with photochromic groups
such as azobenzenes can be used to photoalign liquid crystals, and this alignment can be
reversed by changing radiation. These surfaces are usually called command surfaces
since each photochromic unit can align around 10* LC molecules and they were first

described by Ichimura et al.'”’

using a cell in which the surface was treated with a
monolayer of azobenzenes and homeotropic alignment of nematic LC was favored.
When the cell was irradiated, trans-cis isomerisation occured and the liquid crystal
adopted a planar alignment in a reversible way.

In liquid crystalline systems, when azobenzenes isomerise and align perpendicular to
light polarization, they will force non photochromic molecules to align in the same
direction, this is called cooperative motion and it is a consequence of the restriction
imposed by isomerisation of azobenzenes when irradiated. Because they change shape
and liquid crystals have a thermodynamic tendency to align along a preferred director,
adjacent mesogens will be forced to follow the direction induced by polarized light. The
orientation forced upon the azobenzene due to irradiation with light is extended to the
entire material and is said to be an amplification phenomenon. This phenomenon was
observed above Tg and also below Tg in amorphous samples where dipole interactions

are very important.
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3.3.3 - Macroscopic motions

Monolayers of polymeric azobenzenes, as mentioned before, are very useful to bridge
the molecular changes occurring during trans- cis isomerisation to macroscopic motions
that occur in materials. Since they (molecular changes) can be directly related with
changes in film properties such as area and surface pressure.

The first observation of a contraction in a main-chain azo monolayer was reported by
Blair.'® 1° When the monolayer was irradiated with UV light, a decrease in stress in
the air/water surface was observed. When left in the dark, the stress in the interface
increased and this process could be repeated. The contraction phenomenon could be
explained because the azobenzene molecules laid flat on the water surface and when
isomerized, the cis form occupied a smaller area, resulting in a contraction of the
materials.

Menzel and Seki'® observed the reverse result in monolayers with azobenzene
molecules as side-chains. In this case, the expansion of the monolayers, when irradiated
with UV light and contraction when exposed to visible light was related with changes in
the dipole moment. As already mentioned, the cis form has a higher dipole moment than
the trans isomer and consequently more affinity to the water surface. The monolayer
was therefore forced to expand when irradiated with UV light. In the system explored
by Seki up to three fold expansion was observed and changes in the monolayer
thickness in the order of 0.2-0.3 nm were observed.

Contraction of several polymer networks cross linked with azobenzenes were reported
although these contractions were very small (aprox 5%). More interesting results were
found for LCEs (liquid crystalline elastomers) where contractions of 20% were
observed.

Liquid crystalline elastomers (LCEs) combine the anisotropic character of liquid
crystalline phases with the elasticity of polymer networks. The application of external
stimuli such as temperature, light or electric fields can modify mesogenic alignment
causing LCE deformations.

The introduction of a photochromic compound like azobenzene molecules in such
materials may amplify the “motion” existent in these molecules. Upon irradiation the
photoisomerization of the azobenzene moiety causes a cooperative change in alignment
of the mesogens, as mentioned previously. The advantage of this phenomenon is that

only a small amount of energy is needed to change the alignment of all LC molecules.
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In 2001, Finkelmann et al.'® reported a contraction in the order of 20% of an
azobenzene containing LCE, after its exposure to UV light. The system used is in the
Figure 77. The system used, together with small amounts of photochromic units as side
chain, and non liquid crystal molecules in order to influence the glass temperature. Two
linking agents were then used to form the network. An important aspect is that a subtle
change in the nematic order due to photoisomerism, causes a significant uniaxial
deformation of the LCs along the director axis when the LC molecules are strongly

associated by covalent cross-linking to form a 3D polymer network.*®*
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Figure 77: System studied by Finkelmann et al.1®

Terentjev et al. studied the deformation behaviour of LCEs with a range of azobenzene

derivatives when exposed to UV light.'®?

In 2003, Li et al.’® reported a fast contraction of about 18% size of a thin liquid-
crystalline elastomeric film containing azobenzene molecules (Figure 78) when
irradiated by UV light. These films where produced from nematic azobenzene side-on
elastomers by photopolymerization which was induced in aligned nematic azobenzene

monomers in a conventional liquid crystal cell. The contraction process was reversible

by thermal back reaction, in the absence of light.*®®
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Figure78: System used by Li et al.'®
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An important step forward was achieved when 3D movements were attained. This effect
was apparent in both, LC gels and LC elastomers containing azobenzenes.**" 184 18
Ikeda et al.'® *® studied the bending of a monodomain LCE film. The film bending
occurred along the rubbing direction and towards the UV light. Additionally, when
irradiated with visible light, the bending was reversed and the initial flat film was
obtained. This reversible process could be controlled by simply varying the irradiation
wavelength. The fact that the observed bending was always along the rubbing direction,
even when the film was rotated by 90°, clarified that this result was anisotropically
induced.

The irradiation only induced photoisomerization of azobenzene molecules at the surface
of the 20pum film. In the bulk, the photochromic molecules were not affected meaning
that the volume contraction was only felt in the surface, forcing the film to bend in the
direction of the incident light.*® 18

Studies about the influence of the amount of crosslinking agent on the bending
processes were also carried out by Ikeda et al.*®* By increasing cross-link concentration,
the order of the film was also increased, consequently, when irradiated with UV light,
the decrease in the alignment order of azobenzenes, gave rise to a larger contraction
along the rubbing direction and towards the incident radiation.

The direction of bending could be controlled by selective absorption of linearly
polarized light in polydomain LCE films. The film bent towards the irradiation source
parallel to the polarization light.*%

A larger deformation was induced in an LCE sample doped with azobenzene, by a non
uniform illumination by visible light, in a system studied by Palffy-Muhory.*®’

Tabryan et al.'®® developed a strong LCE film that showed a fast response to laser beam
illumination. The direction of bending or twisting of the film could be reversed by
changing the direction of polarization of the laser beam.

In 2009 Jiang et al.’® reported the synthesis of an LCE containing azobenzene moieties.
Anisotropic networks were prepared through cross-linking polymerization of

monoacrylate and diacrylate (Figure 79).
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Figure 79: LCE studied by Jiang et al.**°

The LCE synthesised showed a reversible photoinduced bending that was
anisotropically induced. With a simpler synthetic method, the authors produced an LCE
film that could be used as a optical high-pass/low-pass switch under UV or natural light

irradiation for a laser beam.**

Typical for azobenzenes is that the oriented samples have strong non-linear optical
(NLO) properties as long as the azobenzene posseses a high electron distribution
asymmetry. A NLO material requires anisotropy and non-centrosymmetry that can be
produced optically by using polarized light and its harmonics.™ Todorov and Wendorf
demonstrated that photoalignment could be used for holographic storage in polymeric
films by using an azobenzene doped polymeric system.**

Surface mass transport is a micron scale photophysical motion that appears as a
consequence of exposure to an incident light field. The first observations of this process
were reported in 1995. The topological surface modifications or surface relief gratings
(SRG) observed are a consequence of surface mass migration and reproduce the
sinusoidal interference pattern of incident light. The grating depth (therefore the
diffraction efficiency) depends on the polarization of the incident beam and can be as
high as 1um.**® This change in the material from nano to micro length scales occurs at
temperatures below Tg. The process requires the presence of azo groups and the
occurrence of trans-cis isomerisation.”® The phenomenon is reversible, and a flat
surface and original thickness can be recovered by irradiating the sample with circular
polarized light or heating it above glass transition temperatures. Further discussion of
this subject will appear in Chapter 4.
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3.4 - Dendrimers containing azobenzene groups

Functional liquid-crystalline polymers have several applications. Main-chain polymers
are being used as the active component in electroluminescent display devices, and as
non-linear optical materials. Side-chain LCPs find commercial use as passive optical
films with carefully tailored optical properties.

The advantage of such electro-active polymeric LC is that the functionality of small
molecules is achieved without the existence of liquid phases in the cell. Side-chain
materials keep their low viscosity due to the polymer backbone while having some
liquid phase mobility due to the side-chain mesogens. Thus LCPs optical properties can
be tailored to enhance the performance of a small molecule.

As discussed earlier, irradiation of an azobenzene group induces its photoisomerization
to the surrounding matrix which leads to a change of its geometry, dimensions and
dipolar moment. This molecular motion promotes large-scale motion and even
macroscopic switches of material properties. A common research theme has involved
the photoalignment of azobenzene containing materials and hence, the photochromic
azobenzene moiety has been incorporated into a variety of systems in order to
photoinduce new properties.

Systems studied include mixtures of azobenzene with small molecules, doped and
covalently linked polymeric systems, supramolecular assemblies and liquid crystals.™
153 Even in amorphous samples, below Tg, the process occurs and is facilitated by
mesogen-like cooperative motion of azobenzenes.*#* 1%

Synthesis of dendrimeric materials containing azobenzenes has attracted considerable
interest as several possible applications were anticipated for these materials. The
addition of photochromic units to a dendrimer, means that the small molecular changes
that occur in azobenzenes during isomerisation can be enlarged to the three-dimensional
architecture. The low viscosity of dendrimers suggests that a fast optical response and
reorientation of the branched structure under the presence of external fields such as light
can be achieved. As a consequence they can be applied as fast-acting phtoresponsive

194

materials as well as in holography,™ and other applications to trap/release guest

molecules or drug delivery materials by cleavage of the N=N bond.**® Presently the area
of photochromic dendrimers is very large and has been reviewed extensively. %%

In order to synthesise dendrimers containing azobenzenes, these molecules have to be
carefully designed. Whether they have one functionality, two different functionalities or

the same functionality in different ends of the azo molecule, dictates if they are attached
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to the periphery of the dendrimer, incorporated in the layers or used as the central core
respectively. Generally, when positioned on the periphery, the generation of the
dendrimer does not affect the trans-cis or the cis-trans isomerisation. For dendrimers
with one azobenzene in the core a relation between generation number and trans-cis
isomerisation has been observed. In the case of azobenzenes being part of the layers an
increase in steric hindrance with the generation number has an effect on the
isomerisation process. The detailed discussion of this effect is beyond the scope of this
work and more can be found in the literature.'®® The first dendrimer reported using

azobenzenes was by Vogtle and co-workers'® and is shown in Figure 80.
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Figure 80: First photochromic dendrimer reported.’*

The possibility of using dendrimers with terminal azobenzene groups for holographic

data recording was demonstrated by Balzani et al. in 1998.%°

The synthesis of liquid crystalline photoactive dendrimer was reported for the first time

by Shibaev et al.?®

in 2001. The LC carbosilane dendrimer of the first generation
having cinnamoyl groups as photosensitive units showed a SmA mesophase from -28 to
58 °C. The photochromic mesogen used besides undergoing E-Z photoisomerization

could also participate in [2+2] photocycloadditions.
In 2002 Shibaev'® studied the photochemical and photooptical properties of a first

generation LC dendrimer (Figure 81) which forms SmA phases over a wide temperature

range.
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Figure 81: Structural formula of the dendrimer used by Shibaev.'*

The LC carbosilane dendrimer possessed terminal propyloxyazobenzene mesogenic
units which like all azobenzene groups can undergo E-Z photoisomerism. In this
system, the azobenzene units have two distinct functions: due to their rod-like shape, it
was expected that LC behaviour would be induced and due to its photochromic
properties the materials would be sensitive to light. Studies on the photooptical
behaviour of the photochromic LC dendrimer in solution and in an amorphous or LC

film were carried out.***

3.5 - POSS in azobenzene moieties

Despite star shaped dendrimers and dendrons being extensively studied, the literature
related to silsesquioxanes is far less extensive.

The incorporation of POSS in azobenzenes LC polymers combines their individual
features. On one hand the photoresponse behaviour from azobenzene groups is
preserved and the introduction of POSS results in enhanced thermal, mechanical,
dielectric properties of the polymer but also stabilizes LC phases.

Considering these factors, Xie et al.?%? synthesised a side-chain azobenzene copolymer

containing pendant polyhedral oligomeric silsesquioxanes, Figure 82.
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Figure 82: System studied by Xie et al.2%

When compared to the homopolymer of an acrylate monomer, LCP-POSS exhibits
higher glass-transition temperature and thermal stability. Transition temperatures
showed by the LCP are raised on the LCP-POSS, and the nematic phase range is
increased by 10 °C.

The development of laser technology resulted in a growing need for optical limiting
materials for protection of optical sensors and human eyes, from laser damage.

Su et al.?® studied optical limiting properties of POSS-based functional hybrid
nanocomposites with different architectures achieved by changing the feed ratio of the

monomers and POSS molecules (Figure 83 and Table 7).
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Figure 83: System studied by Su et al.2®

When compared to the monomer, POSS derivatives showed an increase in the thermal
decomposition temperatures (thermal decomposition with 5wt % loss) between 65 - 85

°C. This showed that incorporation of POSS into NLO chromophres increased their
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thermal stability. The nitro-substituted hybrid showed the lowest thermal decomposition
and, from all the different structural hybrids, the bead-type showed higher thermal
stability. NLO properties and OL properties were retained with the incorporation of
POSS and the solubility of the systems increased, improving their film-forming ability
which is very often a limiting factor for the application of fast response materials in

devices as limiters.

Table 7: Composition of the POSS derivatives studied by Su et al.?*®

Feed ratio Mesogen : POSS (1:2)

Mesogen POSS derivative
72 75
73 76
74 77

Feed ratio Mesogen : POSS (1:1)

72 78
73 79
74 80

Feed ratio Mesogen : POSS (2:1)

72 81
73 82
74 83

Continuing this line of work a new set of materials was prepared. This new series of
hybrids also displayed good optical limiting properties, large non-linear optic response
and high thermal stability, initiating a new route for designing new optical limiting

materials with high thermal stability and good processability.*®®

1% and co-workers studied a series of

In 2011 Bialecka-Florjanczyk et a
silsesquioxanes having two different mesogens attached, in which one of them was a
photochromic azo molecule and the other was blind to light (it did not absorb or
isomerize in the presence of light), see Figure 84. The silsesquioxane derivatives were

synthesized via hydrosililation using a Karstedt’s catalyst.
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Figure 84: System studied by Bialecka-Florjanczyk et al.**

The liquid crystalline properties were studied by DSC and OPM and are summarized in
the table below (Table 8). It was observed that all the silsesquioxane derivatives
synthesized were liquid crystalline and only exhibited a nematic phase. As the content
of co-mesogen 85 increased, the clearing temperature diminished from 112 °C (100%
azobenzene) to 79 °C (12 % of azobenzene) in compound 89. The thermal stability of
the compounds was studied by thermogravimetric analysis and it showed that the
decomposition temperature increased for materials with lower content of azobenzene
mesogen, from 268 °C in 86 to 310 °C for 89.

Table 8: Transition temperatures and ratio of compounds 84 to 85 in the systems studied by Bialecka-
Florjanczyk et al.?*

POSS Transition Calculated
derivatives Temperatures (°C) ratio 84/85
86 Cr93 N 112 Iso 0/100
87 Cr72 N 102 Iso 12.5/87.5
88 Cr51 N 84 Iso 50/50
89 Cr44 N 79 Iso 87.5/12.5

The photochromic properties of the materials were investigated; UV-Vis spectra were
recorded in solutions of CHClI3. The spectra recorded show a maximum intensity at 355
nm attributed to r-r_ electron transition for the trans isomer and a low intensity band at
400 nm related with n — r electron transition of the cis form. The samples were

irradiated at A = 365 nm for 20 min which resulted in an increase of the band at 440 nm

and a decrease of the band at 355 nm, corresponding to the cis rich state. The back
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isomerization process was slower and the initial state was reformed after the samples

being kept in the dark for periods varying between 36 — 48 h.
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CHAPTER 4: PHOTOORIENTATION OF AZOBENZENE CONTAINING

MATERIALS

4.1 — Photoorientation: general concepts

In a sample containing azobenzene molecules, irradiation with linearly polarized light
will induce trans-cis isomerisation of the molecules with their transition dipole axis
(long axis of the azo molecule) parallel to the polarisation of incident light. After back
isomerisation to the cis form, some molecules will orient perpendicularly to this
direction so they will no longer absorb and hence, isomerise, while molecules with any
other orientation will continue this process. A preferential orientation of the azo groups
perpendicular to light polarisation will be eventually achieved and this process is known
as the “Weigert effect”.*® A consequence of the induced photoorientation is the
generation of optical anisotropy and hence dichroism and birefringence arising from a
difference in absorption and refractive indices in the directions parallel and
perpendicular to the light polarization.?®®

This photoorientation process occurs also in amorphous polymers in the glassy state,
where the cooperative motion between the azo mesogen-like molecules makes this
process especially effective below Tg.'®®

When irradiation is interrupted the molecules will isomerise back and the initial state
will be recovered. However, if materials exhibit a glassy state, the photo induced
orientation will be retained, and the initial state will only be re-established if the
materials are irradiated with circularly polarized light or heated above the glass

transition temperature. As a result induced optical anisotropy is reversible.®’

Some of the applications arising from the photoorientation process were already
described in the previous chapter including the use as alignment layers, command
surfaces, being the origin of the macroscopic motions such as expansion and contraction
as well as bending in polymeric and elastomeric films. Additionaly, interesting
applications are suggested based on the induced birefringence including: formation of

2% and polarization filters,?®® 210, 211

wave-plates channel waveguides, all optical-
switches,”*? optical data storage and holography.?** The latter is a method of recording
information based on optical changes in a material, such as birefringence, that are

induced by irradiation of an interference pattern and will be described in detail later in
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this chapter. Optically induced anisotropy in azobenzene containing materials will be
discussed followed by a brief discussion focused on holography and surface relief

gratings.

4.2 — Optically induced anisotropy in azobenzene containing materials.

Photoorientation of azobenzenes occurs in solutions, LCs and glassy polymers yet the
stability of the induced anisotropy depends on the dynamics of the matrix.***

Todorov and co-workers™" 2

reported induced optical dichroism derived from an
anisotropic realignment of azobenzene molecules when irradiated with linearly
polarised light. Their system contained methyl red and methyl orange (azo dyes)

dispersed in a poly(vinyl alcohol) matrix as shown in Figure 85.

Poly(vinyl alchol) Methyl orange
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Figure 85: System studied by Todorov et al. %

Irradiation of the polymer matrix with a linearly polarized laser beam (488 nm) caused
the optical transmittance of light polarized parallel to the polarization direction of the
laser to increase. Transmittance of light polarised perpendicular to this direction was
decreased and hence dichroism was induced in the system. The drawback of this guest-
host system was that the stability of the induced anisotropy would decrease after a short
period of time, even when the sample was kept in the dark. Despite the induced
anisotropy not being stable it proved in principle the potential for azo containing
polymers to be used as an optical recording medium.*#* 2!

Natansohn and others®>?' developed an amorphous azobenzene polymer where the
stability of the birefringence induced at room temperature below Tg was accomplished

by covalently bonding the azobenzene molecules to the polymer. The induced alignment
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could be erased thermally and photochemically, and re-induced by irradiation with
linearly polarized light.

Tredgold et al.?®

studied induced birefringence in copolymeric systems of styrene and
maleic acid functionalized with azobenzene molecules. Depending on the content of
azobenzene in the polymers, they were either amorphous (when the amount of
azobenzene was 30% and 50%) or crystalline (for systems with 90% azo units) and the
authors observed that the birefringence value was higher in the ordered systems. They
were also the first to note an amplification phenomenon, an increase in the value of
birefringence after heating the samples following irradiation.??

A visual representation of the orientation process was introduced by Anderle et al.??! %
and an example of it is shown in Figure 86. In the graphic absorbance is plotted as a
function of the angle between the light plane of polarization and the director of the

nematic sample.??!

A B Planeof "
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Recording wave length : A =360 nm Recording wave length : A =360 nm

Figure 86: Example of the polar graphics introduced by Anderle et al.?

The concept of molecular addressing was introduced by Anderle et al .

to explain the
interaction between azo groups and non photochromic groups in LC copolymers, both
above or above and below the glass transition temperature'® ??®. In contrast to the

observations made by other authors,'®" 22

they suggested that only azobenzene goups
were addressed below the Tg. More recent explanations for the results obtained involve
the concept of cooperative motion in studies published concerning amorphous polymers
and liquid crystalline materials above the Tg.*® This means that isomerisation of
azobenzenes imposes an alignment of non-photochromic groups as discussed in Chapter
I11. Recently it has been shown that the cooperative motion is affected by dipole-dipole
interactions and that these are, in fact, vital in the reorientation process.”** #*

Several aspects regarding the induced photoorientation of azobenzene containing

materials have been widely studied, such as the amount and nature of the azo
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chromophore,™®* morphology of the sample before irradiation,?® intensity of incident

actinic light,?°

spacer length of the side chains in liquid crystalline polymers and
others.??”?® Changing these parameters can improve the photo-induced alignment
behaviour.

While the photo-induced anisotropy by irradiation with linearly polarized light in guest-
host systems was not stable, in amorphous polymers, where the azobenzene molecules
were covalently attached, the induced birefringence was stable in the glassy state and
could be erased as mentioned above.”" %2 Due to the amorphous character of the
materials, the value of the induced birefringence was fairly small and did not meet the
necessary requirements for photonic applications.?*

The addition of a co-mesogen showed an improvement of birefringence values due to
the cooperative motion.?*

The situation encountered in azobenzene containing LCP is different since it is possible
to manipulate the alignment of liquid crystalline moieties to achieve higher
birefringence values. Wendorff et al. reported on photoinduced dichroism in liquid
crystalline polymers containing azobenzene groups in 1987, where the mesogenic

groups were also time photochromic.?®> % Birefringence values of about 0.7 were

obtained for the azotolane polymer shown in Figure 87.23"24
T
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Figure 87: Azotolane polymers studied by Okano et al.*’

Cooperative motion below the glass transition temperature was also observed in systems
studied by Stumpe et al.®*, but most surprisingly, amplification of the birefringence as
a consequence of annealing the liquid crystalline polymer was observed and was
superior to the results obtained for the amorphous equivalent.

The thermal treatment of liquid crystalline polymeric films with pendant azo molecules
enhanced the order parameter even though exposures times were shorter than those
necessary to obtain maximum values of optical anisotropy were used.’** #* This
property is attributed to a seeding effect where the aggregation of liquid crystalline

groups allows the formation of liquid crystalline domains.?*® It should be noted that
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these systems are usually prepared by a spin coating technique, where the fast removal
of the solvent is part of the process. Consequently, the prepared films have a random
orientation of molecules and are amorphous. When irradiated below Tg with polarized
light, birefringence is induced, suggesting photoorientation of nonphotochromic groups
instigated by the photo alignment of the azobenzene molecules. For materials with a

low content of azo groups (around 10 %), photo induced anisotropy was observed®® **®

and amplification of optical anisotropy verified.?*% 24424/

For liquid crystalline polymeric systems, induced birefringence was observed in films
with homeotropic alignment, and a homogeneous orientation occurred even below
Tg.%* Temperature effects in the photoinduced birefringence were not very noticeable
below the Tg, in contrast to what has been shown above Tg, where increasing
temperature can increase the value of the induced birefringence by as much as one order
of magnitude, though near the clearing temperature the photoinduced birefringence

disappeared.’®

The possibility of photoorientation of azobenzene containing materials and
consequently the inducement of optical anisotropy is very important, as it shows that
these materials can be used for holographic data storage. Despite being outside the
scope of this thesis, this subject will be briefly discussed as the holographic recording
method is used in the formation of surface relief gratings, a phenomenon associated
with holographic recording of azobenzene containing materials.

4.3. - Holographic data storage (HDS): history and general concepts.

For a material to be suitable for HDS an optical property has to change when interacting
with an interference pattern, for instance the birefringence. Since the photoorientation of
azobenzenes is a reversible process, these materials are suitable for rewritable
holography.

The use of azobenzene materials as HDS is based on photo-induced orientation of the
chromophores, which is usually achieved by several cycles of trans-cis-trans
isomerisations. This is a time consuming process and the problem is overcome by
overlapping, as much as possible, the absorption bands for the trans and cis form,
making the photoorientation process quicker.?*
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Holography was first discovered by Dennis Gabor in 1948 when investigating electron
microscopes. The term holography comes from the greek “holos” that means whole
and “gramma” meaning message, implying the whole message alluding to the
possibility of capture the entire information of an image. Garbor received the Nobel
Prize in 1971 for “invention and development of the holographic method”. In a
hologram, both phase and amplitude of the light reflected from an object are retained.
This means that not only the intensity but also the phase length of the light deriving
from all the points of the object are perceived. Since the phase measures the distance
between all the points to the viewer, a three dimensional image can be captured. This
information is recorded as the interference pattern between the waves emitted from the
object and the coherent beam waves (the reference beam). The recording of the
interference field occurs preferentially as modulation of the refractive index in the
medium.

Volume holograms, where the data is stored throughout the volume of the material, may
be used for holographic data storage; but this is only possible when the material
responds to the interference pattern that is being recorded by changing some properties.
In photoanisotropic materials the variations in phase and amplitude of light waves are
recorded in the material by periodic variations of the optical properties of the materials.
A change in the absorption coefficient gives an amplitude hologram, whereas a change
in the refractive index gives a phase hologram.*®

Since azobenzene containing liquid crystalline materials are sensitive to intensity,
polarization, phase interference etc of the incident light, holograms can be recorded in
these materials by photoinducing an orientation change in LC materials in a periodic
pattern, obtained as described above from interference of two coherent beams.

Currently there is a high demand for storing great amounts of information with fast rates
of recording and reading of the data. Optical data storage emerged in early 1980s with
the commercialization of CDs wherein reading and recording of the digital data is made
in a non contact manner, and durability of the data prolonged.?® New optical data
storage methods that use the full volume of the recording media are pursued as the
upper limit of planar recording and have already been achieved with the Blue-ray disc
format. Three-dimensional based storage methods such as optical holography are being
developed.®*

Materials suitable for optical data storage must possess high optical sensitivity, high
storage densities, short switching and access time, reversibility and high signal-to-noise-

ratio after many write-erase cycles. Materials studied for HDS include photorefractive
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polymers, photoadressable polymers; polymer dispersed liquid crystals and
photopolymers.

The work on optically induced orientation in doped systems by Todorov et al., " 2
was extremely important, despite the low stability of the induced anisotropy, since it
suggested the possibility of using azobenzene containing materials as optical recording
media.”®* Wendorff and co-workers, reported in 1987 the first use of a liquid crystalline
polymer with azobenzene groups as side-chains for optical data storage.”®® Liquid
crystals were at the time being investigated for optical data storage using a
thermorecording processes. Wendorff’s group proposed a different approach in which
the materials were pre-aligned by an electric field to form monodomains and after
irradiating using linearly polarized green light (514 nm, 100 mW/cm?), stable gratings
with diffraction efficiencies of 4% were obtained. Despite the inscription being related
with trans-cis isomerisations the gratings were stable without illumination suggesting
that the photochromic molecules were not sensitive to the thermal back reaction of the
azobenzene.”> ?*® This phenomenon was explained by a photoselection process as
found in LC systems, isomerisation of the azobenzene forcing an orientation upon the
mesogenic groups (as discussed in previous chapter) and consequently the recovery of
the trans isomer was held up by the orientation of the liquid crystalline molecules. By
heating above isotropization temperature, the gratings were erased.* It is important to
mention that these were the first reversible holographic gratings inscribed in liquid

crystalline polymeric materials.”* **°

4.4- Surface relief gratings

Surface mass transport can be described as a micron scale photophysical motion on the
surface of a film that appears as a consequence of exposure to spatially modulated light.
The topological surface modifications or surface relief gratings (SRG) observed are a
consequence of surface mass migration and reproduce the sinusoidal interference

pattern of incident light (see Figure 88).
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Figure 88: Representation of a Surface relief grating in azobenzene containing materials.

The grating depth (therefore the diffraction efficiency) depends on the polarization of
the incident beam®? and can be as high as 1um. This change in the material from nano
to micro length scales occurs at temperatures below Tg. The process requires the
presence of azobenzene moieties and the occurrence of trans-cis isomerisation.?* The
phenomenon is reversible, and a flat surface and original thickness can be recovered by
irradiating the sample with circularly polarized light or heating it above the glass
transition temperature.
Contrary to photoorientation, SRGs are only induced below the glass transition
temperature and are thermally reversible. Although the driving force of this feature is
not yet understood, it involves a mass migration in the direction of the modulation of
the electric field vector.
It seems that trans-cis isomerisation is essential for the inscription of SRGs, and that the
surrounding environment is important in determining the stability of the recorded
gratings.™
Usually experiments for SRG inscriptions are performed in spin-cast films between 10
to 1000 nm but they can also be carried out in films produced by a doctor blade, layer-
by-layer (LbL) technique and in Langmuir-Blodget films."** Typical experiments for
recording SRGs use the same set up as the one used to holographic recording. The
experimental set up involves an Ar” laser beam and the typical recording wavelength is
488 or 515 nm. The laser is spatially filtered before being collimated and split by a
beam splitter (BS), producing two beams of equal intensity that are reflected from the
mirrors and finally recombined in the recording medium, forming an interference
pattern. The angle between the interference beams can be adjusted to form gratings with
a desired periodicity.™* 2°® %% The formation of SRGs is followed in real time and the
diffraction efficiency measured by monitoring the diffraction of a He-Ne laser (1 mW,
633nm) from the spot in the material where the two beams interfere. Changes in the
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grating spacing and the intensity profile spacing are achieved by varying the incidence
angle of the writing beam.*®

255

Surface relief grating applications envisage diffractive optical elements,” wave guide

coupler,”® %" Jasing®® and optical storage.™*

4 4.1- Surface relief gratings inscription in azobenzene containing materials.

1.9 and Tripathy and co-workers*® reported

In 1995, for the first time, Natansohn et a
at the same time and independently, the inscription of surface relief gratings (SRGS) in

azo containing polymeric films as well as the inscription of volume gratings.

4.4.1 1- Guest-host systems

Azo doped systems are in principle good materials for the recording of SRGs, as they
are easy to prepare and chromophore concentration is easily controlled. After mixing
azobenzene molecules into the polymeric matrix, the solvent is evaporated in a vacuum
oven, and the film prepared over a glass substrate by casting or spin coating.?®® Despite
the advantages of guest-host systems, there are restrictions on the solubility of
azobenzene units, phase separation and molecular aggregation induced by m-m stacking
of the aromatic groups.™*

Surprisingly, the recorded SRGs have very weak diffraction efficiencies, even though
isomerisation of azobenzenes occurs freely (since they are not hindered by polymeric
chains). It seems that the molecular motion is not transferred to the matrix, and therefore

migration of polymer chains does not occur.?®

Azo doped systems include the work
reported by Todorov discussed previously.®" ?* In attempts to increase birefringence,
addition of liquid crystalline molecules was carried out. Efforts to pursue these doped
systems involved the fabrication of low molecular weight glasses where stable
amorphous or homogeneous films with no light scattering were accomplished.?®! 2%2
Increased diffraction efficiency gratings in systems with nematic LCs were achieved by
annealing the films after recording of SRGs. One of the most important results from
investigations in guest-host systems was that it seemed to be essential that azobenzenes

were covalently bound to the polymeric systems for SRGs formation to be possible.
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4.4.1.2 - Azobenzene functionalized systems

Though low molecular weight azo materials are superior in terms of their mobility, this
becomes a problem because it brings difficulties in recording holographic gratings with
high resolution and it affects their stability. In contrast to observations made in
azobenzene functionalized polymers.

In 1995 Nathanshon et al.?*® and Tripathy et al.?**° reported as mentioned previously, at
the same time and independently the inscription of surface relief gratings in amorphous
azo functionalized polymeric films. These gratings appeared when a sample was
irradiated (in a typical holographic inscription setup) for longer than the time necessary
to induce photoorientation. This modification of the film surface was associated with a
motion of the material at room temperature well below Tg. The gratings could be erased

with a polarised beam.

Experimental work developed over the years showed the following conclusions:

Inscription of SRGs is only possible in azo containing systems. Studies compared the
inscription of SRGs between systems containing azobenzenes, stilbene and imine
groups (see Figure 89). The inscription of SRGs was only successful for azo containing
polymers while the gratings produced in stilbene as well as imines polymers were not
evident, despite the fact that they can also undergo trans-cis isomerisation. The
advanced explanation for these observations was related with the free volume required
by stilbene and imine (aprox 224 A) for the photoisomerization when compared to the

smaller volume required by azobenzenes (127 A).%3
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Figure 89: Systems studied by Victor et al 2%

Not only a trans-cis isomerisation of azobenzenes is required but also trans-cis-trans
cycles need to occur as shown in systems where the absorption for both forms does not

overlap and are in the blue and red region of the spectra. In this case recording of
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gratings only occurs if both irradiations corresponding to both wavelengths takes
place.264' 265
When azo groups are not covalently attached to polymeric chains (this is in guest-host
systems) the surface relief structures produced are very small. It seems that in these
systems polymer chain migration is hindered reducing the occurrence of mass
migration.?®*

It appears that SRGs inscription is strongly dependent on polarization and intensity of
the recording beams.?®® By varying the polarizitation of the recording beams, Azo
containing polymers presented SRGs with different diffraction efficiencies as well as
modulation depths. Variation of light intensities and resultant electric field gradient in
the direction of the grating vector®® seems to be fundamental for the appearance of
surface relief gratings and are a consequence of alteration of the polarization recording

conditions.?*

Yet some SRGs were recorded in experiments in which the light intensity
was uniform through the film surface.?’

For the majority of azo containing polymers, the result is a phase relation between the
incident light field and the resulting SRGs. The light intensity maxima will correspond
to a valley in the surface relief pattern, while the light intensity minima correspond to
the peaks, data suggests that mass moves away from light.?**"® However for liquid
crystalline polymeric systems, it seems that this phase is inverted, the recording
interference pattern minima will correspond to the valleys while the maxima
corresponds to the surface relief peaks, that is, mass moves towards the light.

When high power (> 300 mW/ cm2) is used in the recording experiments, amorphous
azo containing polymers, showed an inversion of the phase relation or in-phase
grating.”® These were found to be stable against erasure suggesting a destructive
process, contrary to gratings inscribed with moderate intensities (minor 100mW/cmz2)
where a flat film with the original thickness is recovered after erasing (by heating to Tg
or specific polarization conditions for both the writing and the erasing beam ).2"
Grating efficiencies and thus the amplitude of SRGs, depend on the inscription angle,
revealing a maximum when 0 = 15°.

Grating height increases with the irradiation time until the saturation point is achieved, a
non-linear relation between the recording intensity, which can be as low as 1 mW/cm?,

and the SRGs height was also observed.?’?

It was reported that the efficiency of SRGs recording depends on the molecular weight

of the materials, the optimal value being of approximately 10%g/mol. When the
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molecular weight of the polymers is too large, it is possible that some entanglement
between the polymeric chains occurs, working as a cross-linking, and preventing the
migration of the polymer backbone. However some counter-examples in materials such

as azo-cellulose of MW around 10’ g/mol were also reported.?”® 2"

When an azobenzene containing material is irradiated with two coherent beams, there
are several phenomena occurring at the same time and as a consequence of cis-trans-cis
isomerisation (see Figure 90), a chemical grating is created, since the material will have
areas where it is cis rich and others where it will be trans rich. A photo induced
orientation of the photochromic groups occurs and consequently a stable birefringence
grating that contributes to the overall diffraction efficiency is recorded. If a spatial
variation of the polarization or intensity is present, a stable and large surface relief
granting (that can overpower the other gratings) is formed due to a mass migration
process. A density grating is formed (under appropriate conditions) underneath and this
also leads to a periodic change of the refractive index. When a material is heated, the
SRGs are erased, and density gratings start to emerge, where the SRGs were previously
formed. Analytical evaluations of the contributions into the diffraction efficiency have

been carried out.
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Figure 90: Different processes that occur during SRG inscription. a) SRGS gratings, b)density grating, c)

photoorientation of the molecules irradiated and c) trans-cis isomerization.?”

For example in some liquid crystalline materials the contribution of the birefringence
gratings to the diffraction efficiency is larger than the contribution of the inscribed
SRGs, however SRGs have been successfully recorded in LC materials and some of the

most relevant work will be discussed in detail later.
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Finally it is important to note that experimental evidence indicates that the mass
migration phenomenon occurs on the surface and then expands to the bulk of the sample
contrary to the birefringence gratings that are a bulk phenomenon. If the surface of a
sample is restricted, the surface initiated movement will not occur and the formation of
SRGs is almost inhibited and birefringence gratings will be the predominant
phenomenon.?*®

Complex topological surfaces can be recorded by superimposition of SRG achieved by
rotation of the material after recording followed by new SRG inscription (see Figure

91).2%27¢ Kulikovska recorded 2D grattings consisting of up to 13 linear gratings.?”’

Figure 91: Multiple SRGs recorded by rotation of the azobenzene containing film. "

In addition to guest-host polymeric systems, side chain azo polymers, main chain azo
polymers, polymers with © conjugated backbone, ionic complex materials and many
others have been investigated and detailed description can be found in the literature. **°
The next paragraphs will focus on liquid crystalline materials.

It was discussed before that LC azobenzene containing materials are prone to large
induced birefringence when irradiated with linearly polarized light, a consequence of
the “Weigert effect”.® If the material is subject to irradiation with two coherent beams
(that result in an interference pattern) a large modulation of the refractive index can be
achieved. This is particularly important since it is related with the diffraction efficiency,
one of the most important parameters in holographic recording.*®

Eich et al.”®> %*® reported the first optically induced birefringence in a LC azopolymer
film represented in Figure 92. In this case the mesogens are also the photochromic units
and the polymeric material showed SmA and N mesophases. Cells of 7-10 um were
filled with the polymer and they were subject to preorientation by an electric field to
form a monodomain. This treatment was carried out above the glass transition
temperature. After this, the sample was irradiated with linearly polarized light and the
formation of very stable gratings with diffraction efficiencies of 4% were obtained. By
heating the sample above the clearing point, the inscribed gratings were erased.

88



(0] O
ouo
(?Hz)s

O

s

N
N’

CN

Tg34S,84 N 104 Iso

Figure 92: System studied by Eich et al. First liquid crystalline polymer where birefringence and dichroism

were induced.??’

Among liquid crystalline materials, polyester and polymetacrylates polymers were used
very successfully for SRGs recording. The addition of LCs in polymeric materials for
the inscription of SRGs can increase the change in birefringence. The alignment of these
materials can produce a high modulation of birefringence that results in high diffraction
efficiency in relief gratings. Diffraction efficiencies of around 40% were achieved in

azobenzene containing LC polyesters.

Wendorf et al.??® studied the inscription of surface relief gratings in thin films (0.4- 2
pum) of low molecular liquid crystals (Iso 239 N 221 Sm 32 Tg) quenched into the
amorphous state. They observed that besides the photoorientation in the LC phase there
was a strong tendency for the formation of surface relief gratings as well as their
enhancement during thermal annealing. This process occurred above the glass transition
temperature and it is reported as a consequence of the tendency of the mesogens to self-

organize as well as the suppression of the mesophase in the glassy state.

In 2003, Zettsu et al.”® studied the formation of photoinduced relief gratings in liquid
crystalline azobenzene polymer films. The recording process was carried out after
irradiation of the film with UV light creating a cis-rich sample. In the systems studied,
the trans-cis and cis-trans isomerization bands overlapped. The pre exposure of the
system to UV light proved fundamental to the recording of SRGs using low intensity
exposure. It seems that the recording of surface reliefs was related to the phase
transition (from isotropic state to mesophase) induced by cis-trans isomerization. " In
this work different polarization states were used to induce SRGs. After irradiation at
low intensities (5 mWi/cm?) for 10 s the relief gratings recorded show a diffraction

efficiency of 3% and a modulation depth of = 200 nm. However when orthogonally
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polarized beams were used, no considerable diffraction exposure was observed even
when light of higher intensity was used (100 mJ/cm?). To understand this phenomenon
better, an experiment using nonpolarized incoherent light (A = 436 nm) was carried out,
with the use of a grid type photo mask. As a result SRGs were recorded and mass
migration occurred from the bright areas to the dark regions within the plane. This set of
experiments suggests that SRGS are induced by intensity modulations independently of
the polarization used, contrary to observations on amorphous polymers. The authors
suggest that due to the soft nature of the film, secondary effects resulting from
dewetting of the polymeric films, isomerization of the azobenzenes and self organized
motion of the LC polymer are responsible for the rapid formation of SRG. This process

is stopped once the film becomes liquid crystalline.

In 2006 Morikawa et al.?®! reported the use of SRG inscription to promote alignment of
a diblock copolymer formed by a photochormic azobenzene and a poly(ethylene oxide)

chain in-plane and out-of-plane. Based on previous work,2%?

the authors expected that
the mass migration (due to inscription of SRGs) would modulate the orientation of the
PEO cylinders. The addition of pentyl cyanobiphenyl (5CB) to the polymer allowed the
inscription of SRG, explained by the fact that this softens the material and mass
migration becomes possible. After pre-irradiation with UV light (365 nm), the films
were subject to holographic irradiation and subsequent annealing and films with
thickness between 30 and 70 nm were obtained. It was possible to see that when the
thickness of the valleys and crests was higher or lower than 70 nm, alignment out of
plane and in plane, respectively, was achieved and the latter is ruled by selecting the
polarization of the beam used for the holographic recording procedure.

Yu et al.?®® studied the enhancement of surface relief gratings in liquid crystalline

copolymers shown in the figure below.
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Figure 93: System studied by Yu et al.Z2

Prior to irradiation in holographic set up, the materials were irradiated with UV light to
create a cis-rich material, and therefore an isotropic material, as in this state the
molecular mobility is increased. The irradiation using a holography set up promotes cis-
trans isomerization in the bright area of the interference pattern and as a result a phase
transition from isotropic to nematic is achieved in these regions. By contrast this is not
observed in the dark regions of the interference pattern, still cis-rich. As a result of this
phase modulation, a refractive index grating is formed. A preferential alignment of the
trans azobenzene isomer perpendicularly to the polarization of the writing beams is
induced. After annealing, the refractive index gratings are still present, yet their
amplitude decreased significantly as a consequence of the partial disorganization
induced by this procedure. A nanoscale phase separation phenomenon induces a mass
transfer and disturbs the LC alignment in the gratings. The SRGs formed showed a
surface modulation almost one order of magnitude higher that the ones observed prior to
the occurrence of the nanoscale phase separation, and an increase of the diffraction
efficiency accompanied this process. The driving force for these results was attributed

to the pressure gradient induced by the interference writing beams.

Recently photoorientation and SRG inscriptions in dendrimeric systems have been
studied. When compared to polymers, dendrimers have lower viscosity that envisages
fast response to optical modulation.

The liquid crystalline dendrimer studied is shown in Figure 93 and shows the following
thermal behaviour: Tg -15 SmX 9 SmA 51 Iso. The SmX phase was described as a
smectic phase with unknown structure. Photoorientation studies were undertaken in thin

films of less than 1um. When the samples were irradiated with an Ar” laser (488nm)
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linear dichroism was induced and maximum values of D = 0.16 were obtained.
However this induced anisotropy disappeared after the irradiation process finished.
Thermal annealing, which was seen to increase the dichroism values in PLCP, erased
the induced optical anisotropy. When a film of the dendrimer in the SmA phase was
irradiated with linearly polarized light at room temperature, no linear dichroism was
reported, suggesting that the SmA phase hinders the photoorientation process of the

azobenzene. %% 27

Recently, Tomczyk et al.?®* studied photoorientation in dendritic structures such as the

ones shown in Figure 94 by means of induced dichroism and SRG inscription.
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Figure 94: Systems studied by Tomczyk et al.?®

Solutions of compounds 90, 91 and 92 in chloroform were prepared and it was observed
that scattering in solutions of 91 and 92 was decreased by irradiation with UV light, due
to the inhibition of crystallization. Photoinduced anisotropy (irradiation with A =
633nm) in spin-cast films was studied and photoinduced dichroism of compound 90
was observed with no prior UV exposure. In contrast, anisotropy in compound 91 was
not induced while this procedure was successful for compound 92 (dichroism of 0.77
was measured) after UV exposure. The induced anisotropy was achieved due to the
preferential orientation of the azobenzene molecules perpendicularly to the electric field

of the incident light. The pre-treatment with UV light promotes a decrease in the
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number of molecules parallel to the electric field vector and an increase of the number
of molecules perpendicular to the field vector (as a consequence of the Weigert effect),
contributing to high dichroic value found. After the photoinduced anisotropy (by
different exposure times) the samples were annealed for periods ranging from 10 min to
24 h, in the mesophase. Samples 90 and 91 did not show an increase in dichroism and in
fact for compound 90 this value decreased. A dewetting process occurred for 91 and 92
and for the latter one a clear difference between non-irradiated areas and irradiated areas
was observed, suggesting that the irradiation process influences the self-organization of
the molecules in the film.

Another experiment was preformed where the absorption spectrum was recorded at
different temperatures. For compounds 91 and 92 the dewetting process prevented the
realization of these experiments. Compound 90 showed an increased absorption at 316
nm therefore the dichroism values for these experiments were measured using A = 410
nm. For this wavelength, an increase in dichroic value from 0.05 to 0.43 was achieved
after annealing at 75 °C, corresponding to maximum dichroic value. After these
observations, the authors attempted to measure the photo induced anisotropy at 366 nm
by preparing a thinner sample. In this case, no change was observed. The number of
chromophores oriented parallel to the direction of the electric field vector increased,
while no variation was observed in the perpendicular direction. Indicating that the
orientation process at room temperature leads to out of plane orientation while at 75 °C
the orientation is in-plane. An increase in dichrosim from 0.13 to 0.3 was observed.

Gratings were recorded for compounds 91 and 92 and this process showed that the
diffraction efficiency increased quickly at the begining of the recording and diminished
as the recording process continued. Gratings with diffraction efficiencies of 14% were
obtained. The gratings are characterised by contributions from changes of the absorption
coefficient, changes in the refractive index and variations on the thickness of the
sample, these are amplitude gratings, phase gratings and surface relief gratings
respectively. After annealing the sample the gratings were erased, indicating a low long

term stability.

93



CHAPTER 5 - MOTIVATION AND AIMS

This work was driven by the current interest in photochromic liquid crystalline
materials with a focus on optical applications, being part of a wider collaboration in a
multidisciplinary and highly interactive European Marie-Curie Research Project.

The overall aim was to synthesise and characterize novel photoactive liquid crystalline
organic/inorganic hybrids showing nematic phase behaviour and a glassy state at room
temperature, having in view materials which are sophisticated in design, simple in
structure and with the ability to achieve high photodichroic ratios.

In practical terms the aim was to design and synthesize a laterally connected
azobenzene containing mesogen, characterize it chemically, investigate its
photochromic as well as its liquid crystal properties and connect it to a silsesquioxane
core resulting in a photochromic liquid crystalline organic-inorganic hybrid system.

The target was to optimize the liquid crystal properties of the materials in systematic
iterative steps by introducing co-mesogens based on a cyanobiphenyl core, where the
size of the core and the length of spacer connecting the mesogens and silsesquioxane
core was varied systematically.

The optimization steps were to be achieved by gaining a clear understanding of the
structure of the liquid phase behaviour of the materials, based on detailed optical
polarizing microscopy, differential scanning calorimetry and extensive and detailed X-
ray diffraction studies of magnetically and mechanically aligned samples over the whole
liquid crystal temperature.
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CHAPTER 6 - EXPERIMENTAL

All starting materials were purchased from Lancaster Synthesis, Acros Chemicals or
Sigma Aldrich.

NMR spectra were obtained from a Jeol JINM-ECP 400 MHZ FT-NMR spectrometer,
with chemical shifts reported in ppm relative to a tetramethylsilane standard.

Analytical TLC was carried out using aluminium backed silica gel 60 F254 and
visualised using UV light (254 / 365 nm). Column chromatography was performed
using ICN silica 32-63, 60A.

Phase transition temperatures were determined using a Perkin-Elmer DSC7 under
nitrogen atmosphere against an indium standard. Transition temperatures quoted
correspond to the onset of the endotherm except for glass transition temperatures, where
the mid-point is quoted. Different heating and cooling rates were used as necessary.

The mesophases were studied using an Olympus BX51 equipped with a Mettler FP52
heating stage controller. The microscope was equipped with an Inifinity light camera
and the micrographs were collected using the Mettler Studio capture software.

XRD experiments were perfomed to study the phase structure of the liquid crystalline
materials synthesised. The XRD equipment used consisted of a Mar345 diffractometer
and a 2D image-plate detector (CuKa radiation, graphite monochromater, A = 1.54 A).
The samples were heated in the presence of a magnetic field using a home-built
capillary furnace. The data was analysed using “Datasqueeze” software and OriginPro
8.6 software package from OriginLab.

UV/Vis studies were made using an Agilant 8453 diode array spectrometer and a Varian
Cary 50 spectrophotometer. Irradiation was carried out using a Thermo Oriel

monochromator connected to an Oriel arc lamp supply.
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6.1 - Synthesis of 1-nitro-4-(octyloxy)benzene (93)%*

/@/O\/\/\/\/
OoN

Potassium carbonate (10 g, 0.18 mol) was added to a solution of 4-nitrophenol (10.0 g,
0.07 mol) in Dimethylformamide (245 mL) at 80 °C. This mixture was left to stir for 2 h
40 min at 80 °C and 1-bromoctane (14.0 g, 0.072mol) was added dropwise. After 17 h
the reaction mixture was filtered and washed with dichloromethane. The filtrate was
evaporated under reduced pressure and the product recrystallised from MeOH.

The product was obtained as a white solid, (13.17 g, 75 %)

'H NMR (400 MHz, CDCl,): & 8.19 (d, 2H, *J = 9.4 Hz); 6.94 (d, 2H, 3J=9.4 Hz); 4.05
(t, 2H, J=6.6 Hz); 1.78/1.86 (m, 2H); 1.41/1.51 (m, 2H); 1.24/1.40 (m, 8H); 0.89 (t, 3H,
31=7.2Hz).

6.2 - Synthesis of 4-(octyloxy)aniline (94)%°

/@/OV\/\/\/
H,N

To a solution of 93 (2.5 g, 0.01 mol) in tetrahydrofuran (50 mL) was added Pd/C (0.1 g,
5 % wt/wt) and hydrogen bubbled through the stirred mixture. After 3h, the reaction
was complete as shown by TLC (DCM). The reaction mixture was filtered through
Celite and the solvent removed under reduced pressure. The title compound was
isolated by column chromatography on silica gel (hexane/dichloromethane; gradient O
% to 20 % hexane).

Compound 94 was obtained as an off white solid (1.81 g, 80 %).
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'H NMR (400 MHz, CDCls): & 6.74 (d, 2H, %) = 8.8 Hz); 6.64 (d, 2H, %J=8.8 Hz); 3.87
(t, 2H, %)= 6.6 Hz); 1.69/1.78 (m, 2H); 1.38/1.47 (m, 2H); 1.24/1.37 (m, 8H); 0.88 (t,
3H, % = 7.0 Hz).

6.3 - Synthesis of 4-((4-(octyloxy)phenyl)diazenyl)phenol (95)%*’

O\/\/\/\/

N\ /©/

o™
HO

To a stirred solution of compound 94 (5.35 g, 24.2 mmol) in water (4.84 mL) and
acetone, concentrated HCI (5.6 mL) was added slowly. Ice was added to the reaction
mixture in order to maintain temperature under 5 °C and an ice salt bath was used. After
lhour, a mixture of NaNO; (1.7 g, 24.2 mmol) and water (2.6 mL) was added to the
reaction mixture. Finally phenol (2.54 g, 26.62 mmol) was added and the reaction was
left to stir at room temperature until finished. The reaction was followed by TLC
(dicholoromethane).

The product was isolated by column chromatography on silica gel
(Hexane/Dichloromethane; gradient 90 % to 100 % hexane).

Compound 95 was obtained (6.43 g, 81 %).

'H NMR (400 MHz, CDCl,): & 7.86 (d, 2H, *J = 9.0 Hz); 7.83 (d, 2H, 3J=9.0 Hz); 6.99

(d, 2H, 31=9.0 Hz); 6.93 (d, 2H, 3 = 9.0 Hz); 5.13 (br s, 1H); 4.03 (t, 2H, *J = 6.6 Hz);
1.78/1.85 (m, 2H); 1.42/1.52 (m, 2H); 1.24/1.40 (m, 8H); 0.89 (t, 3H, *J = 7.2 Hz).
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6.4 - Synthesis of 4-((4-(octyloxy)phenyl)diazenyl)phenyl 4-(octyloxy)-2-(pent-4-

enyloxy)benzoate (96)*%®

To a solution of 4-(octyloxy)-2-(pent-4-enyloxy)benzoyl chloride (1 g, 3 mmol) in
anhydrous dichloromethane (3 mL) was added compound 95 (2.97 g, 9.1 mmol) and
dimethylaminopyridine (0.31 g, 2.5 mmol). The mixture was stirred and the flask
cooled to 0 °C in an ice bath. DCC (0.68 g, 3.3 mmol) was then added and the cooled
solution stirred for another 10min. Finally the ice bath was removed and the mixture
was left stirring at room temperature overnight. The mixture was filtered and washed
with DCM. The filtrate was extracted with HCI (ag) (0.5 N, 25 mL) followed by a
saturated solution of sodium bicarbonate (25 mL).

After removal of the solvent, compound 96 was purified by column chromatography
(dichloromethane).

Compound obtained in yield 78 % (4.54 g)

'H NMR (400 MHz, CDCls): 6 8.05 (d, 1H, *J = 8.8 Hz); 7.94 (d, 2H, 3J=9.0 Hz); 7.91
(d, 2H, 2J=9.0 Hz); 7.33 (d, 2H, *J = 9.0 Hz); 7.00 (d, 2H, %] = 9.0 Hz); 6.49/6.56 (m,
2H); 5.77/5.88 (m, 1H); 4.99/5.06 (m, 1H); 4.94/4.99 (m, 1H); 4.00/4.09 (m, 6H);
2.25/2.33 (m, 2H); 1.92/1.99 (m, 2H); 1.77/1.87 (m, 2H); 1.53/1.24 (m, 20H); 0.83/0.93
(m, 6H)

BC NMR (100 MHz, CDCls): & 164.56, 163.73, 161.66, 161.61, 152.77, 150.18,
146.79, 137.69, 134.52, 124.70, 123.66, 122.48, 115.27, 114.68, 110.96, 105.36,
100.21, 68.36, 87.99, 31.79, 30.00, 29.34, 229.32, 29.21, 29.17 29.11, 28.25, 26.01,
25.98, 22.65, 14.09
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6.5 - Synthesis of Cyanobiphenil derivatives (97 — 99)%*°

]CN
AN nOO

©97):n=9
98):n=3
99):n=1

General procedure:

A solution of 4'-hydroxy-[1,1'-biphenyl]-4-carbonitrile (1 equivalent) and K,CO3; (1.5
equivalents) in butanone was heated at 50 °C for 30 min. R-Br (1lequivalent) was added

dropwise and the reaction left under reflux for 8 hours.

Compound R-Br Yield
97 11-bromoundec-1-ene 66%
98 5-bromopent-1-ene 72%
929 3-bromoprop-1-ene 68%

Compound 97

'H NMR (400 MHz, CDCl5): & 7.69 (d, 2H, *J = 8.6 Hz); 7.64 (d, 2H, 3J=8.4 Hz); 7.53
(d, 2H, %)= 8.8 Hz); 6.99 (d, 2H, %) = 9.0 Hz); 5.76-5.78 (m, 1H); 4.91-5.03 (m, 2H);
4.00 (t, 2H, *J= 6.6 Hz); 2.1-2.08 (m, 2H); 1.77-1.85 (m, 2H); 1.27-1.50 (m, 12H).

Compound 98

'H NMR (400 MHz, CDCl5): § 7.70 (d, 2H, %) = 8.1 Hz); 7.64 (d, 2H, 3]=8.8 Hz); 7.53
(d, 2H, 3J= 9.0 Hz); 7.00 (d, 2H, %) = 8.8 Hz); 5.81-5.92 (m, 1H); 4.99-5.11 (m, 2H);
4.02 (t, 2H, *J= 6.4 Hz); 2.23-2.30 (m, 2H); 1.88-1.96 (M, 2H).

MS(CI) m/z 2841.1 (M+H)"
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Compound 99

'H NMR (400 MHz, CDCls): 6 7.70 (d, 2H, %) = 8.6Hz); 7.64 (d, 2H, %]=8.6 Hz); 7.53
(d, 2H, %)= 8.8 Hz); 7.02 (d, 2H, %) = 9.0 Hz); 6.03-6.13 (m, 1H); 5.30-5.48 (m, 2H);
4.58-4.62 (m, 2H).

MS(CI) m/z 253.1 (M+NH,)*

6.6 - Synthesis of allyl 4-hydroxybenzoate (100)*®°

o

/@)J\O/\/
HO

To a solution of 4-hydroxybenzoic acid (2.16 g, 15.6 mmol) and 40% aq

tetrabutylphosphonium hydroxide (9 ml, 32.2 mmol) in THF (31 mL), was added allyl
bromide (1.35 mL, 15.6 mmol) at 0 °C. The resulting reaction mixture was allowed to
warm to ambient temperature. The reaction was stirred at this temperature until it was
determined to be complete by TLC. The solvent (THF) was removed and product
obtained by column chromatography with silica gel, solvent used was hexane/ethyl

acetate, gradient.

'H NMR: (400 MHz, CDCls): & 7.97 (d, 2H, %) = 8.8 Hz); 7.76 (bs, 1H); 6.92 (d, 2H,
%)= 8.8 Hz); 5.97-6.08 (m, 2H); 5.40 (dd, 1H, %Jtrans= 17.2 Hz, 1H, %) = 1.3Hz); 5.29
(dd, 1H, 3Jcis = 10.5 Hz, 1H, 2 = 1.1Hz); 4.80-4.83 (m, 2H).

MS(EI) m/z 19601 (M+NH,)"

HRMS: Calculated for C1gH14NO3: 196.0968, found 196.0968.
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6.7 - Synthesis of methyl 4-(allyloxy)benzoate (101)

d°‘
\/\O

A solution of methyl 4-hydroxybenzoate (5.26 g, 34.5 mmol), potassium carbonate

(7.74 g , 55.9 mmol) and allyl bromide (3.25 ml, 37.6 mmol) in butanone was heated
under reflux over night and a drying tube was added. The reaction was followed by
TLC. After removal of solvent under reduced pressure, a yellow oil was obtained and a
white powder (6.11g, 92 % yield) was obtained after precipitation from hexane.

'H NMR: (400 MHz, CDCl5):  8.06 (d, 2H, *J = 9.1 Hz); 6.96 (d, 2H, %) = 8.8Hz);
6.01-6.12 (m, 1H); 5.41-5.47 (m, 1H); 5.31-5.35 (m, 1H); 4.60-4.63 (m, 2H).

6.8 - Synthesis of 4-(allyloxy)benzoic acid (102)**®

O

o
\/\O

A solution of potassium hydroxide (22.65 g, 0.4 mol) in water was added to a solution
of methyl 4-(allyloxy)benzoate (5.85 g, 30.4 mmol) in THF (35 ml) and MeOH (195

ml). The reaction was left stirring over night and completed by refluxing for 2 h. After

removal of solvents under reduced pressure, a mixture of ice and water were added. The
solution was acidified with conc. HCI and extracted with ethyl acetate and finally
recrystallised from methanol. A white powder was obtained in 3.66 g, 68 % vyield (first

recrystallisation)

'HNMR (400 MHz, CDCls): & 8.06 (d, 2 H, *J = 9.07 Hz,); 6.96 (d, 2 H, *J = 8.76 Hz);
6.01-6.11 (m, 1H); 5.47-5.40 ( m, 1H); 5.36-5.31 (m, 1H), 4.64-4.60 (m, 2H).
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6.9 - Synthesis of 4'-cyano-[1,1'-biphenyl]-4-yl 4-(allyloxy)benzoate (103)**®

CN
o0
\/\o

A solution of compound 102 (3.66 g, 20.54 mmol), dimethylaminopyridine (2.48 g, 20
mmol), 4'-hydroxy-[1,1'-biphenyl]-4-carbonitrile (12.03 g, 61.6 mmol) in THF was

stirred in a water and ice bath. Dicyclohexylcarbodiimide (7.68 g, 37 mmol) was added
over a period of 5 min. After the addition was complete the reaction mixture was left to
stir for another 10 min and the water and bath was removed. The mixture was stirred at
room temperature over night and followed by TLC (hexane: ethyl acetate; 7:3). The
reaction mixture was evaporated under reduced pressure and the crude reaction mixture
was separated by chromatographic column (hexane: dichloromethane: 97:3). Compound
103 was obtained as a white solid (1.46 g, 20 %; yield results from first column).

'H NMR (400 MHz, CDCls): & 8.06 (d, 2H, %) = 8.8 Hz); 7.74 (d, 2H, %)= 8.4 Hz); 7.69
(d, 2H, %)= 8.1 Hz); 7.64 (d, 2H, %)= 8.4 Hz); 7.33 (d, 2H, %)= 8.4 Hz); 7.02 (d, 2H, *J=
9 Hz); 6.03-6.13 (m, 1H); 5.43-5.50 (m, 1H); 5.33-5.38 (m, 1H); 4.63-4.67 (m, 2H).
MS(EI) m/z 356.1 (M+H)"

HRMS: Calculated for C3H;gNO3: 356.1281, found 356.1276

6.10 - Synthesis of POSS derivatives'?

POSS derivatives were synthesised according to the procedure described in the
literature.'?®

Example procedure for the synthesis of compound 104.

A solution of toluene (40 mL), compound 96 (1.3 g, 2.03 mmol) and 25 pL of a 3.0 -3.5
% solution of Karstedt’s catalyst dissolved in xylene was gently aerated for 20 s. A
solution of octakis (hydrodimethylsiloxy)octasilsesquioxane (0.12 g, 0.12 mmol)
dissolved in dry toluene (20 ml) was added dropwise at room temperature over a period
of 1 h. The reactions were left stirring in the dark and at room temperature over night.

The silsesquioxane core used is shown in Figure 95.
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Figure 95: Silsesquioxane core used in the synthesis of compounds 104 — 116.

The tables below summarize, for the four series synthesized, the amounts of the
different mesogens used, yields and final proportion of mesogens in the silsesquioxane
derivatives, determined by *H NMR.

Series |

N+ CN
do P

96 97
Mesogens used and Proportion of
Compound F,)A(;nsgu?ngg:; amount (mol) Yield (%) mesogens (%0)*
96 97 96 97
104 1.19E* 2.03E?3 - 8 100 -
105 9.85E® 2.03E? 8.26 E* 55 39 61
106 3.87E® 7.32E* 3.21E* 63 52 48
107 1.02 E* 1.01 E* 5.62 E* 63 51 49
108 0.10E=3 - 1.58 E-3 70 - 100

* Proportion of mesogens determined by H NMR
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Series 11

S8

\300

96 98
Mesogens used and Proportion of
Compound I;A(;nsguaag;‘) amount (mol) Yield (%) mesogens (%0)*
96 98 96 98
109 6.06 E® 6.49 E* 3.22E* 50 64 36
110 9.79E* 5.26 E* 1.05E3 60 25 75
111 9.29E® - 142 E3 64 - 100

* Proportion of mesogens determined by H NMR

Series 111
o}
e
N CN
WO 9
o C
/67\0 o NNF X0
96 99
Mesogens used and Proportion of
Amount of amount (mol) . o mesogens (%0)*
Compound POSS (mol) Yield (%)

96 99 96 99

112 8.14E> 6.71E* 6.66 E* 67 43 56
113 6.36 E® 8.25E* 430E* 61 45 55
114 9.27E® - 1.58 E-3 52 - 100

* Proportion of mesogens determined by H NMR
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Series 1V

oy CN
N Q/ ’ O
gg’toﬁ “ o O
/ﬁ\o o >NNF X0

96 100
Mesogens used and Proportion of
Compound I;A(;nsgu(nr;g;‘) amount (mol) Yield (%) mesogens (%0)*
96 100 96 100
115 7.68 E® 6.53 E* 6.24 E* 66 50 50
116 774 E> - 1.25E3 58 - 100

* Proportion of mesogens determined by H NMR
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CHAPTER 7 — DISCUSSION

This discussion will be divided in three parts. Part | will discuss the synthesis, thermal
and photochromic behaviour of liquid crystal materials synthesized, starting with low
molecular weight materials followed by silsesquioxane derivatives. A discussion of the
phase structure for the novel liquid crystalline materials will form Part Il. The last part
(Part 111) will be dedicated to the discussion of photoinduced alignment and SRGS
inscription of compound 115.

DISCUSSION PART I-

7.1 Synthesis and characterization of low molar mass mesogens

The general synthetic scheme used for the synthesis of compound 96 is given below.

OH Br’ﬁ\ , KOH o%é\ o(’%
/@/ 7 7 H,, Pd/C 7
D
0N DMF O,N THF HoN 94
93

1) NaNOy, HClag,
2) PhOH
3) CH3COONa/HCl(aq)

S

95

o)
S
+
/6\)70 0 NNF HO

CsH11N=C=NCgsH11

J @i
Me2N Z

DCM
(o]
SO
N ~
AT
re
/ﬁ;o 0 NNF
96

Figure 96: Synthesis of mesogen 96.
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The first step of this (Figure 96) synthesis, the Wiliamson etherification, occurred as
expected and a yield of 75% was obtained. Although compound 93 is easily
recrystallised from methanol, its melting point is very close to room temperature
therefore the filtration process was carried out using a cold suspension (= 4 °C) and as
quickly as possible. When these conditions were followed the product was obtained
without problems and in good yields.

Compound 94 was obtained by reduction of the nitro group by hydrogenation, using Pd
on carbon (5% wt/wt). Initially two methods were used that diverged mainly on the
pressure used. The first method used a hydrogenator apparatus where pressure
conditions were close to atmospheric pressure. The reaction was followed by TLC and
after 8 hours, a small amount of product was formed, however after another 24 hour
period no further progress had occurred. The second method was based on a high
pressure equipment where precise control of pressure used is possible. The reaction was
carried using 2.5 bar. After a reaction time of 8 hours, the reaction was monitored by
TLC, yet no product was formed.

Since none of the above methods were successful, the reaction was repeated by simply
bubbling hydrogen through the reaction mixture for a 9 hour period and then monitored
by TLC. In this case the reaction was almost complete by TLC and product 93 was
obtained in 80% yield. The purification process of this compound proved to be
challenging and will be discussed next.

A classical work up for amines involves protonation and extraction with an organic
solvent. Yet when the reaction crude was washed with (HCI (ag) (0.5 N)) there was not
a clear phase separation between organic and aqueous layers. It seemed that when
protonated, compound 94 acted as a surfactant making it very difficult to extract. To
ensure that the material was recovered, a ‘HNMR was collected and is depicted below
(see Figure 97). The spectrum showed the peaks corresponding to the aromatic group
with the expected chemical shifts but with poorly resolved peaks. To recover 94, the
crude material was washed with a saturated solution of Na,COs, a 'H NMR was
collected showing a very well resolved signals as expected. This compound was than
isolated by column chromatography. However because this compound is an important
intermediate for the synthesis of the liquid crystalline materials, an effort to simplify the
purification process was tried. The crude material was usually filtered through Celite,
for the removal of the (Pd/C) catalyst and a *H NMR of the material after this process
was made and the difference between the spectra before and after the chromatographic

separation was minimal, allowing this material to be used with no further purification.
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Figure 97 shows the *H NMR of 94 when filtered through Celite (spectrum A) and after
being purified by chromatography, Spectrum B.
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Figure 97: *H NMR spectra of compound 94; before (Spectrum A) and after (Spectrum B) being purified by
chromatography.

In spectra A the characteristic peaks of 94 are observed as well as solvent peaks, apart
from that no other relevant peaks can be observed. After purification of 94 by
chromatography, a pure compound (by *H NMR) was obtained. Some peaks present in
Spectrum A (Figure 97) disappeared although their amounts were already very small.
Since there was not a major improvement by carrying this extra purification step
(compare with Spectrum B Figure 97), compound 94 was used in the next reaction
without being purified by column chromatography.

Because 94 was an important intermediate for the synthesis of the first mesogen,

attempts of scaling up this reaction were carried out. When the reaction was carried out
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on a 6 g scale, the reaction time increased and the reaction was not completed after a
week. Initially it was thought was this could be a consequence of an old catalyst; to
make sure this was not the case, a new catalyst was used, and the same result was
obtained, this dismissing the possibility of scaling up this reaction without alterations to
the procedure used.

One problem found in the synthesis of 95 was the process of extracting the compound
from the aqueous reaction media. Initially a large amount (more than 2.5 L) of
dichloromethane was required to extract the product, so efforts were made to extract the
product using other solvents such as ethyl acetate, ether and chloroform. None of these
solvents proved to be an improvement over dichloromethane. Using a mixture of
dichloromethane/methanol (96 : 4 %) was extremely efficient, there was a significant
decrease of the amount of solvent required, but despite this improvement, a yellow
coloration in the water layer was still present. Considering that the reaction media was
pH 11 there was the possibility of the existence of phenoxide ion which would explain
the persistence of the yellow colour in the water layer. By acidifying the water layer to
pH 5 and extracting it with dichloromethane/methanol the yellow colour disappeared.
These changes lead to a very efficient way of extracting compound 95. The amounts of
solvent used were reduced to 400 mL (2 x 200 mL). Observation of the water layer
under UV light showed that no product was left and the overall process was much
faster. The product was further purified by column chromatography as described in the
experimental section. It is possible that the same effect mentioned for the extraction of
94 occurred where due to the long alkyl chain, 95 also acts as a surfactant being soluble
in water. By converting the water layer to an alkaline pH the compound should now be
neutral and the mixture of dichloromethane and methanol, which is a very polar solvent,
allows the extraction of the compound from the water layer fairly easily.

Purification of 96 was initially achieved by column chromatography and two fractions
were obtained. The *H NMR spectrum showed peaks corresponding to product 95 and
two extra peaks in the aromatic region with chemical shifts of approximately 7.6 and

7.5 ppm. In the literature? 2

there are references of protonation of azobenzenes. To
verify if this was the case, the first fraction (showing two extra signals) was washed
initially with potassium carbonate and afterwards with NaOH (0.1 M), *H NMR of both
attempts showed no change in these two signals.

Both 'H NMR and TLC suggested that this compound was not pure. Yet after further
purification by column chromatography and recrystallization, it seemed that the

compound was still impure. Thus the question arose whether the compound was
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degrading or if the spot seen in the TLC was just due to isomerisation of the azobenzene
group. A simple experiment was made to try to clarify this aspect. A *H NMR sample
was prepared and a spectrum was recorded. This NMR tube was left on a windowsill for
approximately 1 hour, and another *H NMR spectrum was recorded. Finally, this
sample was left in the dark over night and after this period one more *H NMR spectrum
was recorded. The results obtained are shown in Figure 98. This set of spectra shows
that in spectrum A peaks in the aromatic region, consistent with impure compound, are
present. In spectrum B, after exposure to light for one hour, the peaks that initially seem
a small impurity were now much sharper and much more intense and are pointed out in
the spectra of Figure 98 by the red dashed circles. The evident change in these peaks
makes their attribution to a simple impurity unlikely yet degradation of 96 in the
presence of light was still a possibility. In order to clarify whether the changes in the 'H
NMR spectrum were a consequence of degradation or isomerization, the sample was
stored in the dark over night. It was expected that the isomerization process would
restore the original spectrum and degradation process would result in a spectra identical
to spectrum B. The data is presented in Figure 98, spectrum C and the absence of the
peaks in question is clear, more when compared with the initial state, this spectrum
reflects a pure sample by *H NMR, suggesting that a small amount of the cis isomer was
present in the initial sample which is in agreement to the existence of two spots in the
TLC. The possibility of quantifying the proportions of each of the isomers is
demonstrated and will be explored in Part Il of this discussion.
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Figure 98: 'H NMR spectra of compound 96. Spectrum A, first spectrum carried; Spectrum B was carried
after 1 hour in light and Spectrum C was performed after the sample has been kept in the dark.

The synthesis of the cyanobyphenyl derivatives 97-99 (Figure 99) was carried out in

line with literature reports.

s

(L,

KOH
Butanone

Figure 99: Scheme of synthesis of compounds 97 —99.
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The synthesis of mesogen 103 was surprisingly difficult. A selective alkylation of
alcohols described by Liu et al.*® indicated the synthesis of molecule 102 in 91% yield
was possible (Figure 100).

(0]

n-| Bu4P OH" (2.0 eq. z /©)‘\OH
\/\o

1 0eq.)
(102)

Figure 100: Reaction scheme for the synthesis of compound 102.2%

When this procedure was repeated the result obtained did not correspond to the one
described in the literature. Although proton and carbon NMR appeared to justify the
expected structure 100 (Figure 101), when the resulting product was used in the next
step (esterification), none of the synthetic routes used (acyl chloride or DCC coupling)
was successful. The lack of reactivity of this compound lead to the view that the

molecule obtained was in fact 100 (Figure 101).

(@]
/O)‘\O/\/
HO (100)
Figure 101: Compound 100.

That would explain the similarity of the proton and carbon NMR. In order to clarify this
point some literature research for the NMR of these two molecules was carried out. The
results in the literature seem to suggest a slight difference in the chemical shift of the
CH, adjacent to the oxygen of the ether and the ester.

Comparing the '"H NMR data obtained Figure 102 we can see this difference in the
chemical shift of these CH, protons. For molecule 100, spectrum B, the chemical shift
of the protons next to the oxygen of the ether is 4.85 ppm while for the expected

molecule 102 the chemical shift is 4.62 ppm.
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Figure 102: 'H NMR spectra of compound 102 (Spectrum A) and compound 100 (Spectrum B).

Considering that the molecule obtained was not the molecule desired, a

protection/deprotection synthetic strategy (Figure 103) was used to obtain compound

103.

O
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e 2
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Figure 103: Scheme of the strategy used to synthesise compound 103.
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7.2 Synthesis and characterization of POSS derivatives

One of the main aims of this work was to synthesise a denditric material containing
azobenzene groups which exhibit a nematic phase and a glass transition at room
temperature.

The dendritic core chosen was a polyhedral silsesquioxane (POSS) represented in
Figure 95. This cubic core can be used to prepare robust materials and it can be handled
easily.

POSS derivatives were synthesised via the hydrosilylation reaction of core | and
mesogens 96 to 99 and 103 (Figure 104) using Karstedt’s catalyst at room temperature.
The reaction times reported in the literature when this method was followed are on the
scale of a few minutes. When the synthesis of the first POSS derivative 104 was
attempted, it was surprising that the reaction was not completed after 25 minutes; the Si-
H signal characteristic of core I at 4.7ppm was still present in the *H NMR spectra. The
reaction was left over night and the amount of catalyst used was increased from 10 pL

reported in the literature to 25 pL used in all the following synthesis.

96

CN
\/ﬁg\o
97
H(H3C)25I /O~SI/ SI(CH3)2H

O CN
(o)

H(HsC)2Si— O\ OO> 40, O Karstedt's catalyst ; . -
SI Slg S| Si(CHs),H + O T2 eev> . Silsesquioxane derivatives
~Sis.[~SivO ) 104 to 116

H(H3C)ZS|/ 6 ch "o p\S|(CH3)2H Toluene RT. 0

H(ch)zSI\o/s'*o/S"o/Si(CH3)2H cN
Corel /‘/‘/
\/\
\/\ /©/?\

Figure 104: Siloxane core | and mesogens used in the synthesis of compounds 104 to 116.

After eight hours and a significant decrease of the Si-H signal, the reaction was stopped
by addition of triphenylphosphine. A suggestion for the apparent lack of reactivity of
mesogen 96 could be attributed to its larger size compared to that for the molecules
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reported in the literature. This could lead to some steric crowding at the reactive centres,
close to the POSS core, resulting in longer reaction times and incomplete reactions.

The existence of the cis isomer in the reaction media, due to photoisomerization of the
azobenzene group, could also have an effect on its reactivity. To prevent any possible
effect of cis-trans isomerisation in the reactivity of mesogen 96, the compound was
stored in the dark and *H NMR analysis before reaction (to ensure that no cis isomer
was present) were carried out.

Compounds 104 to 116 were purified by precipitation of the reaction mixture with
methanol. This process was repeated until no further mesogen was observed by TLC,
and the results confirmed by the disappearance of the signals characteristic to terminal
alkenes in the 'H NMR spectra.

'H NMR spectra gives information about the purity of the synthesised compounds, the
existence of any Si-H unreacted positions, and therefore the degree of substitution of the
POSS cube. An estimation of the ratio of the mesogens attached to the POSS core can
also be made (Figure 105). A broadening of the signals is observed, as expected for this

type of system.
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Figure 105: *H NMR spectra of compound 112 in Spectrum A and mesogens 96 and 99 in Spectrum B and C.

Figure 105 shows the *H NMR spectra of compound 112 in Spectrum A and mesogens
96 and 99 in Spectrum B and C respectively. In spectrum A a broadening of the peaks is
noticeable, the existence of a small amount of Si-H signal at 4.7 ppm (see Table 9) and
the disappearance of the peaks characteristic for the terminal alkene groups. Comparing
these three spectra, an estimation of the proportion of both mesogens is possible.

Purity measurement of the POSS derivatives by gel permeation chromatography (GPC)
was also attempted. The GPC system used was calibrated using an external polystyrene
standard that has a helicoidal structure very different from the globular shape of POSS
derivatives. Therefore some caution has to be applied when analyzing these results and
using the absolute molecular weight values obtained from the GPC instrument. For
example, compound 116 is according to *H NMR spectroscopy, completely substituted,
so only one peak should be expected by GPC instead, two peaks appear, with molecular
weights of 7832 and 3474. Since the possibility of dimerization reactions is very low, an
explanation could be that there is an aggregation of POSS derivatives in the column, in
which two POSS derivatives travel together giving a molecular weight that is roughly

twice the molecular weight of only one molecule.
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When unreacted Si-H signals are found in the *H NMR the existence of a mixture can
be expected, some cores might have eight substituents, some can have seven or maybe
less thus polydisperse peaks were expected. The GPC results obtained show mainly the
existence of monodisperse peaks (1.02-1.17) that can be explained by the similarity of
hydrodynamic radii of these compounds due to their rigid 3D structure. Compounds 106
and 113 show extremely high polydispersity indices (PDIs) and three to four different
species with similar retention volumes, therefore the calculation of the PDIs might not

be accurate.

Table 9: Summary of characterization of compounds 104 to 116.

Proportion of

Percentage of in p Existence of
POSS mesogens used N mesogens in POSS _
derivative Yield (%) derivative* unreacted Si-H
bonds
96 97 96 97
104 100 - 60 100 - Yes¥
105 53 47 55 39 61 Yes¥¥
Series | 106 68 32 63 52 48 Yes*¥
107 66 34 63 51 49 Yes¥¥
108 - 100 70 - 100 No
96 98 96 98
109 95 5 52 64 36 Yes¥¥
Series Il 110 32 68 60 25 75 Yes¥¥
111 - 100 64 - 100 No
96 99 96 99
112 50 50 67 43 56 Yes¥¥
Series 11 113 65 35 61 45 55 Yes¥
114 - 100 52 - 100 No
96 103 96 103
115 50 50 66 50 50 Yes¥
Series 1V
116 - 100 58 - 100 No

* Percentage determined by *H NMR. ¥ Less than x 10 -3, ¥ ¥less than x102.

One aspect to consider with respect to the synthesis of POSS derivatives is related to the

effort of synthesising compounds with different mesogen ratios. In Table 9 the
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percentage of mesogens used and the percentage found (by *H NMR) in the final
products is depicted.

Compound 105 was synthesised in an attempt at trying to achieve 50% of each mesogen
attached to core 1. It was surprising to notice that only 40% of 96 was found to react.
When 96 and 97 were used in a 2:1 proportion (compounds 106 and 107) a 1:1 mixture
was obtained. In both cases the results obtained were identical suggesting that the
results are reproducible.

When 95% of 96 was used, the amount attached to silicon core was found to be 64%,
compound 109. Together with the results discussed above it seems that different
mesogens have different reactivities in the hydrosilylation reaction.

Compounds 112 and 115 were both synthesised using a mixture of 50% of 96 and 97
and 103 respectively. In both compounds a 1:1 ratio of mesogen 96 to 97 for compound
112 and 96 to 103 in compound 115 was found, showing that the results are in
agreement with the projected ratio.

The increase in the ratio of azobenzene is not reflected in the proportion of the
messogens attached to the siloxane core I. There seems to exist a threshold amount
above which the attachment of azobenzene groups to the POSS cube is difficult to
obtain. In order to overcome this, the excess of azobenzene used have to be extremely
high as observed to compound 109.

The observation that the stoichiometric ratio of the starting materials is not entirely
reflected in the products composition makes the design of co-mesogenic POSS
derivatives with specific ratios difficult.

Finally it seems that the use of azobenzene 96 in the hydrosylilation reaction makes it
difficult to obtain complete reaction (fully substituted POSS derivatives) even when the
reaction time is as long as 8h.

7.3 Liquid crystalline properties of low molar mass mesogens

The liquid crystalline behaviour of the synthesized materials was initially studied by
polarized optical microscopy and calorimetry. These results will be discussed next. The
initially proposed mesophase was confirmed by X-ray experiments the results obtained
will be discussed in detail in Part 1.

In Figure 106 a micrograph obtained by POM from 96 shows a marbled texture which is
characteristic for nematic samples that have not been rubbed or suffered any treatment.
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The change in color can be attributed to changes in birefringence associated with
variations of the thickness of the sample as well as changes in the direction of the
director. The transition temperatures Cr 58 N 91 Iso were collected from the DSC data
(see Table 10).

Figure 106: Texture obtained by OPM for compound 96.

The liquid crystalline behaviour of the cyanobiphenyl series, compounds 97 to 99 and
103, will be discussed based on the information obtained by DSC and OPM.

The DSC data shown in Figure 107 shows that compounds 98 and 99 are monotropic
liquid crystals. The transition temperatures and enthalpy values from the second heating
curves, for compounds 96 to 99 and 103 are summarized in Table 10.

Table 10: Liquid crystalline properties of compounds 96 to 99 and 103.

Phase transitions

Compound T/ °C (AH/Jg)
96 Cr58 (64.1) N 91 (3.4) Iso
97 Cr56 (99.3) SmA 71 (2.2) N 74 (5.3)
Iso
98 Cr89 (N 71(-2.3)) Iso
99 [N 71(-3.9)] Iso
103 Cr 122 (68,1) mesophase 267 (6.2) Iso

119



W\
!
1\

30 40 50 60 70 80 90 100 110 °C 30 40 50 60 70 80 90 100 110 °C

c) d)

s e e e e e e L m e e e e e R e |
k10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 °C 20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 °C

Figure 107: DSC curves a) 97, b) 98, ¢) 99 and d) 103.

All DSC curves were recorded at 10 °C/ min and it can be observed that compounds 97
and 103 have enantiotropic liquid crystalline behaviour. The phase transition
temperatures and associated enthalpies are depicted in Table 10. The textures obtained
by OPM are shown in Figure 108 a) broken-fan texture associated with a Sm phase and

Figure 108 b) Schlieren texture associated with the nematic phase.

Figure 108: Textures of compound 97 obtained by OPM.

When observed under crossed polarizers, compound 97 showed some birefringent areas

in a black surface. This homeotropic alignment together with Figure 108 a) suggests the
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existence of a SmA phase. The existence of the long alkenyl chain in compound 97
allows the molecules to have more freedom, favouring the existence of the nematic

phase, albeit over a narrow temperature range.

Compounds 98 and 99, with shorter alkenyl chains have monotropic mesophases,

assigned by OPM as being nematic, as shown in Figure 109 and Figure 110,

respectively.

Figure 109: Schlieren texture obtained by OPM for 98.

The texture obtained for compound 98 and shown in Figure 109 were identified as a
Schileren texture, indicating the existence of a nematic phase. Relatively to compound
99 the texture shown in Figure 110 a) is a marbled texture with Schlieren features and
Figure 110 b) shows nematic droplets associated with the appearance of the nematic

phase.

Figure 110: OPM textures of compound 99.

Compound 103, that has a similar alkenyl chain as 99 but an extra benzyl ester unit,
shows an extremely wide mesophase (see Figure 111 - 1% heating curve). This could be
due to the fact that the extra benzoate group disturbs the packing of the molecules,

allowing the formation of a mesophase. Compound 103 shows an N-Iso transition at
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267 °C. DSC curves show a decrease of almost 100 °C of the peak corresponding to the

N-Iso transition together with a broadening of the peak.

15t heating 1%t cooling
2"d heating 2" cooling
3rd heating

- Ai‘J\—A —
1

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 °C

8

|/

Figure 111: DSC curves for compound 103.

Considering that the N-Iso transition occurs at 267 °C, degradation of the molecule is
likely to occur. When observed under OPM, a nematic phase was observed

characterised by the marbled texture shown in Figure 112 a) and b)

Figure 112: Texture obtained by OPM for compound 103. a) Marbled texture at 130°C. b) Marbled texture
at 160 °C.

In terms of liquid crystalline properties of this series of biphenyl molecules, long chains
favour enantiotropic LC behaviour. The fact that 98 and 99 did not show smectic

behaviour was surprising; however they do show monotropic nematic phases.
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7.4 Liquid crystalline properties of POSS derivatives

The liquid crystalline properties of POSS derivatives will be discussed on the basis of
the textures obtained by OPM and the transition temperatures obtained by DSC. The
effect on liquid crystalline properties between POSS derivatives with a single mesogen
and the materials synthesized using a co-mesogen approach will be investigated, further
more the influence on the liquid crystalline behaviour of the ratio between co-mesogens

will be discussed.

SERIES |

Comparing 104 with the pure mesogen, compound 96, it is evident that the nematic
mesophase is retained. It is known that siloxane units decrease transition temperatures
and in this case, this was confirmed as the clearing point decreased by aproximatly 40
°C. However instead of a crystalline phase at low temperatures a glass transition
occurred. DSC studies were performed on this material, and some of the results
obtained are shown in Figure 113. The first and second DSC curves were collected
using a heating rate of 10 °C/ min. and the 3" curve was collected at a heating rate of 2
°C/min.

The curves shown in graph b) were collected with a heating and cooling rate of 10
°C/min, but they appear quite different than the ones referred to above. This difference
could be related with the amount of sample used since in the plots Figure 113 a) the

amount of sample used was 5.37 mg and in the plots in Figure 113 b) was 3.6 mg.
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Figure113: DSC curves of 104:a) sample weight 5.37 mg, and heating/cooling rates of 10 °C/ min for curves 1
and 2 and 5 °/min in curve 3. b) sample weight 3.6 mg, and heating/cooling rates of 10 °C/ min for all the

curves.

In Figure 114 plots a) to c) are the DSC curves collected for open pan systems, varying
the heating/cooling rates from 2 °C min™ in plot a); 10 °C min™ in plot b) and 20 °C
min™ in plot c). The first observation is that the glass transition is much better defined in
plot b). In plot a), the base line has an angle that seems to decrease with the increase in
the heating rate. Regarding the clearing point, in this plot on the heating cycles it seems
that there is a splitting in the peaks related with N-Iso transitions yet this feature is not
observed in the cooling cycles or in fact in any of the other experiments (plots b) and
c)). In the latter ones the shape of the peak associated with Iso-N transition resembles a
glass transition however this is attributed to the fact that the baseline is not levelled, as
dicussed before. This is not uncommon for high molecular weight materials such as
polymers and elastomers, as the silsesquioxane derivatives have much higher molecular
weight than the average liquid crystalline mesogen, this observation as well as a
broadening of the peaks was not surprising. Taking into consideration that there is the
possibility of polydispersity of the materials, which increases with the synthetic
approach of making use of co-mesogens, it is not suprising that in terms of thermal

behaviour these compounds will resemble polymeric systems.
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Figure 114: DSC curves for 104. The same sample was subject to different cooling rates. a) 2 °/min, b) 10
°C/min and c) 20 °C/min.

In order to investigate if the DSC curves obtained previously could be improved; the

experiments described above were repeated using closed pan systems, the results are

depicted below.
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Figure 115: DSC curves for 104. Experiments made using a open pan system and different heating/cooling
rates were used. a) 2 °/min, b) 10 °C/min and c) 20 °C/min.

Initial observations are that the base line seems to be more horizontal and that as before
the best heating/cooling rate seems to be 10 °C min™. In plot, Figure 115 a), the two
heating curves are quiet different and not very smooth, several peaks can be observed
but it is difficult to relate them with the transition temperatures observed by OPM Yet
considering all the data discussed so far, and especially the curves shown in Figure 115,
these peaks are much more likely to be artifacts from the slow heating/cooling rate used.
The enthalpy values as well as the transition temperatures are depicted in Table 10 and

the values are from the second heating.
OPM micrographs in Figure 116 show a marbled texture and thread features. Figure 116

¢) and d) show the texture of this compound after shearing. These materials, contrary to

low molecular mass mesogens are very viscous.
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Figure 116: Micrographs of the nematic phase of 104. a) marbled texture; b) marbled texture with Sclieren

features; c) and d) marbled texture after shearing.

Compounds 106 and 107 have the same composition as described before, two co-
mesogens in a ratio of approximately 4:4 of 96 and 97. These compounds show similar
liquid crystalline properties therefore, only 106 will be discussed in detail. The DSC and
POM are described next.

Figure 107 shows the nematic phase of 106, in a) a marbled texture with some
Schlieren-like features on the edge of the sample. b) A marbled texture with some
thread features can be observed, c) after the sample being sheared, the marbled texture
is still visible, and finally d) was taken at a lower temperature and we can see the total

recovery from the marbled texture.
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Figure 117: Micrographs of the nematic phase of 106.

The DSC results are presented in the Figure 118 below. The curve shows that
isotropization occurs at 62.3 °C and the associated AH = 1.61 Jg™, is typical of the
values for a nematic isotropic transition. The glass transition temperature decreased,
when compared to 104, with the addition of cyanobiphenyl 97. Despite the sharp peak
present in the DSC curve, when observed using POM the mesophase is observed above
the transition temperature associated with the N-Iso transition, a marbled texture was

observed at temperatures 10 °C above this temperature.

1st heating 1* cooling
2" heating 2" cooling
3rd heating 3™ cooling

S0 25 20 45 0 5 0 5 1o 15 20 25 30 35 40 45 50 55 60 65 T

Figure 118: DSC curves of compound 106.
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For 105 the amount of cyanobiphenyl was increased and the proportion of the mesogens
was approximately 3:5 (mesogen 96: mesogen 97). POM studies reveal a marbled
texture. The textures were observed well above the isotropization temperatures when
very slow cooling rates (between 0.2 and 1 °C) were used. It should also be mentioned
that there is a difference between the values obtained by DSC for the transition
temperatures on heating and cooling where the latter is higher (= 68 °C on cooling vs.
61 °C on heating). So despite being unexpected, the observation of liquid crystalline
textures above the clearing temperature considered by DSC seems to be a feature of
these systems. It was also observed that the clearing points of the materials observed by
POM are usually 10 °C higher than the ones collected by DSC. This could be related
with the viscosity associated with these materials so even though the isotropization
begins, this process is not immediately complete taking a few degrees for this to be
observed in the entire sample. Another surprise was the fact that even though
isotropization of the samples was achieved, no birefringence is observed using polarized
optical microscopy with cross polarizers. If the light was switched off and the materials
left annealing for approximately 10 min a birefringent marbled texture appeared. This
observation, despite being surprising, can be explained by the cis-trans isomerization
that will occur when the light is switched off. When this occurs, the disorder induced by
the cis isomers decreases and together with a cooperative motion effect promotes the
appearance of the mesophase. The effect of the trans-cis isomerization on the N-Iso

transition will be discussed in the next section.
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Figure 119: Micrographs of the nematic phase of 105.

In Figure 119 a) a marbled texture can be observed at 81 °C. As discussed before, the
samples were left annealing and the appearance of a texture occurred during this
annealing procedure. Micrographs b) and c) show the sample after shearing; it is
possible to see the direction of shearing by a stretch observed in the texture. Micrograph
¢) shows signs of isotropization. Figure 119 d) shows once more, a marbled texture
obtained after annealing the sample at 55 °C, clearly in the mesophase, considering the
transition temperatures for the Iso-N transition collected by DSC.

Finally in this series of materials the liquid crystalline behaviour of compound 108
where the silsesquioxane core is fully substituted by mesogen 97 will be discussed.

The absence of azobenzene mesogen changes drastically the liquid crystalline

behaviour, although a glass transition is still present, only a smectic phase is observed.
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Figure 120: Micrographs of the smectic phase of 108.

In Figure 120 a) the appearance of batonnetes in the isotropic melt and b) a mixture of
fan-shaped and focal conics can be observed. The temperatures for the phase transition

obtained by DSC experiments are 127 °C and the associated enthalpy is 9.25 Jg™.

SERIES I

OPM studies for compound 109 were carried out and the same marbled texture was

obtained. In Figure 121 some micrographs taken in the mesophase are shown.

Figure 121: Micrographs of the nematic phase of compound 109.
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Micrograph a) was collected on cooling just below the Iso-N transition and it shows a
birefringent texture for compound 109. The texture is very small and therefore difficult
to identify. However after shearing the sample, plates b) and c) were collected. In both
pictures we can see a marbled texture, characteristic of the nematic phase. Plate D)
shows also a marbled texture with thread-like features.

The DSC curve for this compound resembles the one shown for 106 (Figure 118) and
the transition temperatures collected from the second heating are for the glass 10 °C and
for the N-Iso transition 50 °C. The enthalpy value associated with this transition is 1.34

Jg™* which is within the range of N-Iso transition enthalpies.

OPM studies of compound 110 were carried out. The compound showed a marbled
texture as shown in Figure 122 a). In Figure 122 b) a marbled texture after shearing can

be observed, characteristic of the nematic phase.

Figure 122: Micrographs of the nematic phase of 110.

The DSC results show a mesophase between 18 °C and 57 °C the enthalpy for the N to |

transition is 0.57 Jg™), characteristic of the nematic to isotropic transition.

The final compound of this series, compound 111, corresponds to the silsesquioxane
which is fully substituted with cyanobiphephenyl having a pentyl spacer.

This compound shows monotropic liquid crystalline behaviour as shown in the DSC
curves (Figure 123). The melting occurs at 140.8 °C (AHyans = 8.15 Jg™*). On cooling the
transition temperature from the isotropic to the mesophase is 127.9 °C and the enthalpy

measured for the transition is 5 Jg™.
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Figure 123: DSC curves of 111. Heating/cooling rate is 10 °C/min.

OPM studies were carried out and in Figure 124 the textures obtained are shown.
Micrograph a) shows the formation of focal conics, in micrograph b) a fan-shape focal
conics texture can be observed. The assignment of the mesophase by means of OPM
and DSC is not conclusive since the focal conic texture can be present in both SmA and
SmC phases. XRD experiments were necessary to confirm the phase structure of these

compounds and this will be discussed in detail.

Figure 124: Micrographs for 111.

SERIES 111

The polarized optical microscopy studies carried out on compound 112 were surprising.
After heating the compound past the clearing point and cooling into the mesophase this
compound showed homeotropic alignment, as shown in Figure 125 a). In this image
some birefringence mainly at the air interface can be seen, in the bulk of the sample a
black texture is present. In order to try to acquire more information about this

mesophase texture, the sample was sheared. The marbled texture formed is depicted in
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Figure 125 b). Due to the existence of a glassy state and viscosity of the materials, this
texture remained. Figure 125 c¢) and d) show also marbled textures. This texture is
retained until the material is heated again past the isotropization temperature.

Figure 125: OPM textures for compound 112.

The DSC curves are shown in Figure 126. When compared with those collected for
compound 106 and depicted in Figure 118, the main difference is the size of the peak
corresponding to N-Iso transition. The temperature associated with this phase transition
is 37.0 °C and AHyans = 0.43 .]g'l. The glass transition temperature is 19.5 °C.
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Figure 126: DSC curves for compound 112.

The micrographs obtained for 113 during OPM studies are shown in Figure 127. In
micrograph a) a homeotropic alignment can be seen with birefringence only in the air-
liquid crystal interfaces. When the sample was sheared, birefringence in the bulk of the
sample was observed as shown in Figure 127 b), supporting the existence of a

mesophase.

Figure 127: Micrographs obtained for 113 during OPM studies.

The DSC curves were collected until 170 °C and no peaks corresponding to a phase
transition were observed, see Figure 128. The liquid crystalline properties of this
material are not fully understood and investigations in order to clarify it are ongoing.
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Figure 128: DSC curves for 113.

Compound 114 liquid crystalline behaviour was studied using OPM and DSC. The fan-
shape texture shown in Figure 129 suggests that this material forms a SmA phase. The
transition temperatures obtained by calorimetry experiments show a melting at 27.5 °C
(AHyans = 3.22 Jg™*) and a clearing point at 117.4 °C (AHyans = 2.99 Jg™). Surprisingly
the peak corresponding to the isotropization is very broad and microscopy studies reveal
that the complete extinction of birefringence occurs around 160°C. Considering the high
viscosity of these materials, it is not unexpected that the isotropization range is quite

large.

Figure 129: Texture observed with polarized optical microscope of compound 114.

As the clearing point is relatively high, it can be anticipated that some degradation starts
to occur at high temperatures. This view is supported by a decrease in the transition
temperatures in subsequent runs in which the transition temperatures corresponding to

Iso-SmA phase are shifted to lower temperatures as shown in Figure 130.
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Figure 130: DSC curves for compound 114.

SERIES IV

In this series the main change is the increase in length of the aromatic core, as discussed
in the synthesis section.

The textures observed for 115 using OPM, are presented in Figure 131. Micrograph a)
and b) show a marbled texture and some thread-like features can be observed in
micrograph a). In micrograph c) a stretched marbled texture can be observed, since
these compounds are extremely viscous, the alignment induced by shearing is preserved
and is shown in micrograph c). The micrograph shown in micrograph d) was taken at 87
°C after shearing. It is possible to see that the marbled texture is recovered after the

sample was subject to shearing, yet some signs of the shearing direction are still present.
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T=170°C

Figure 131: Micrographs obtained for 115 during OPM studies.

A notable result of the OPM studies is that the biphasic region is extremely wide. The
material was heated up to 264 °C and even at that temperature some birefringence could
still be observed as shown in the sequence of micrographs in Figure 132.
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Figure 132: Micrographs of N-Iso transition 115.

Surprisingly, the DSC curves showed no peak associated with a transition temperature.
Different heating/cooling rates from 10 °C min™ to 30 °C min™ were used, yet a
transition peak could not be detected. The data collected with a heating/cooling rate of

10 °C min™ is shown in Figure 133.

15t heating 1%t cooling
2"d heating 2"d cooling

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 °C

Figure 133: DSC curves of 115.

Compound 116 is characterised as being extremely viscous. In Figure 134, the texture
of the mesophase is shown, at this temperature it is not possible to see the material
flowing, as expected for liquid crystals, however the existence of birefringence points to
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the existence of a mesophase. The compound was sheared and although this process
was difficult, it is possible to see a change in texture and the shearing direction is very
clear, plate b) Figure 134, supporting the existence of a very viscous birefringent fluid
as in a liquid crystalline material. Initially the material was heated at very high
temperatures but no isotropization was observed (contrary to what was described for
115 see Figure 132). The calorimetric experiments did not show the existence of a peak

up to 190 °C. However it is possible that the clearing point of this material is out of the

temperature range that could be investigated in the available equipment.

Py . T=124°C
4]_“

Figure 134: Micrographs obtained for 116.

The fact that the material is extremely viscous and the clearing temperature is very high
made it impossible to obtain textures that would elucidate more information about the

possible mesophase of this compound.

1t heating 1%t cooling
2"d heating 2" cooling

3rd heating 3" cooling
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Figure 135: DSC curves obtained for 116.

Considering the above discussion on the liquid crystalline properties of these four series
of compounds, some conclusions can be drawn. The table below (Table 11) summarizes

the liquid crystalline behaviour of the materials discussed.

140



Table 11: Summary of the liquid crystalline properties of silsesquioxene derivatives 104-116.

Percentage of

POSS Phase transition
. mesogens
derivative temperatures (°C)
96 97
104 100 - g (9) N (56) Iso
105 39 61 g (2) N (63) Iso
Series | 106 52 48 g (4) N (62) Iso
107 51 49 g (4) N (62) Iso
108 - 100 g (-2) Sm (127) Iso
96 98
109 64 36 g (8) N (52) Iso
Series 11 110 25 75 g (17) N (58) Iso
111 - 100 Iso (130) Sm (85) Cr
96 99
112 43 56 g (20) N (37) Iso
Series 11 113 45 55 g (10) N (310)* Iso
114 - 100 g (31) Sm (121) Iso
96 103
116 50 50 g (23) N (147)* Iso
Series 1V
116 - 100 g4l

*Data obtained by microscopy since no other transitions were observed in DSC curves.

An initial aim of this work was to be able to synthesize LC materials which were
photochromic, which had nematic mesophase with a glassy state at room temperature.
These three characteristics, envision their investigation in terms of photoorientation and
recording of surfice relief gratings that will be discussed Part I11 of this discussion.

The four series of compounds discussed were synthesized in order to achieve a material
that would combine the three properties mentioned above.

The first step was to synthesise a photochromic material, azobenzenes are very well

known pro-mesogenic materials and are widely explored.
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The design of compound 96 took into account the introduction of alkyl chains (Figure
136) that are essential to promote LC behaviour between 30 °C and 90 °C. The pentyl
spacer used has two main features; the existence of a terminal alkene that enables the
connection of this mesogen to the siloxane core | via a hydrosilylation reaction, and it
also allows the decoupling of the mesogen from the central core preventing the
formation of smectic phases. The attachment of laterally linked mesogens to the POSS

core is known to induce nematic phases to organic-inorganic hybrid systems.

i Cy spacer
! '; O~
N. /©/ S N4 /
O o /@/ SN Alkyl group
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N g PN J

Alkyl group N

Aromatic length

Figure 136: Compound 96.

The silsesquioxane core chosen has the possibility of being substituted with eight
azobenzene molecules in one single synthetic step, so in one molecule it is possible to
have eight photochromic groups which suggests a fast response to light modulation.
Silsesquioxane derivatives are also known by to have glassy states which become
fundamental to record light induced changes.

The first organic-inorganic hybrid compound synthesised showed nematic behaviour,
however the glass transition temperature was very low. In order to increase the glass
transition temperature, cyanobiphenyl mesogens were also attached to the siloxane core.
In POSS systems, cyanobiphenyls are known to show smectic phases due to their large
terminal dipole, as reported by Mehl et al.,'®* where POSS derivatives using
cyanobiphenyls with butyl, hexyl and undecyl spacers were reported.

The idea of adding a co-mesogenic group, resembling the synthesis of co-polymeric
materials, combines the properties of both materials. Using this approach, it was
expected that the addition of the cyanobiphenyl would increase the transition
temperatures. Compound 108 was synthesized and used as a control. The results
described in this thesis are in full agreement with the results previously reported. The
undecyl spacer was initially chosen to prevent the formation of higher order liquid

crystalline phases
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Compounds with different proportions of 96 and cyanobiphenyl 97 were synthesised.
The increase of the amount of 97 (compounds 105 and 107) raises the nematic to
isotropic transition temperature from 56 °C to 62 °C. The glass transition temperatures
decreased with the introduction of mesogen 97, from 9 °C in compound 104 to 2°C in
compound 105. But if 105 and 106 (or 107) are compared the increase in the glass
transition temperature from 2 °C to 4 °C it is evident see Table 11.

Surprisingly, even with as much as 61 % of 96 attached to the POSS core (compound
105), no smectic phases were found. This might suggest that the laterally linked
mesogen 96 prevents the formation of higher ordered phases.

The introduction of mesogen 97 to increase the glass transition temperature was not
successful. The decrease of the alkenyl chain length seemed to be a better way to
increase the glass transition temperature; therefore the same methodology was used with
mesogen 98.

As observed for compound 108 the absence of azobenezene 96 leads to the appearance
of smectic phases. Compound 111, in contrast to all the other POSS derivatives
synthesised has monotropic LC behaviour

Compounds 112 and 113 show very different liquid-crystalline properties even though
the proportion of mesogens seems to be identical. Compound 112 shows a glass
transition at 20 °C and an N to Iso transition temperature at 37 °C, while for compound
113 the glass transition temperature is at 10 °C and a extremely wide range mesophase
is observed. At first glance these results seem to be inconsistent. GPC results for
compound 113 show four different species, while compound 112 exhibits only two,
which appears to demonstrate that these two compounds are in effect different mixtures.
Finally, mesogen 103 was synthesised with an extra aromatic ring incorporated to give
more rigidity to the molecule and promote higher transition temperatures. When only
mesogen 103 was attached to the siloxane core, a glass transition of 42 °C was observed
and no other phase transitions were observed. A 1:1 mixture of 96 and 103 exhibited the
desired properties. A glass transition at 24 °C and an N to Iso transition temperature at
147 °C determined by microscopy was recorded. No endothermic peaks were observed
in DSC curves even when the compound was heated up to 310 °C. This suggests a very
low ordering of the nematic phase.

Contrary to what was expected, none of the POSS derivatives synthesised where
azobenzene 96 was present showed higher ordered liquid crystalline phases. Apart from
113 where so far the mesophase exhibited was not identified, only nematic phase

behaviour was detected.
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In order to learn more about the thermal stability of these compounds, thermal

gravimetric analysis (TGA) was undertaken.

TGA showed that the decomposition of compound 115 occurs in two regimes. The first

one at 150 °C with 5% loss and a second one at 350 with 20% loss shown in Figure 137.
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Figure 137: Thermal gravimetric spectra of compound 115. Analysis carried under N,
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DSC samples were prepared using a solution in dichloromethane because the materials

are very sensitive to static electricity. This involves evaporation of the solvent which

was made using a hot stage. The samples were left at 70 °C for at least ten minutes. The

5% weight loss occurring at 150 °C could be due to degradation of N=N bonds although

in polymers the correspondent temperature is of the order of 260 °C**. The ester bonds

combined with aliphatic chains in polymers is described to be 370 °C.** The results

presented show that at 350 °C there is 20 % loss, leaving the siloxane core.

TGA results are not completely understood yet and further investigation has to be made.
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7.5 Photochromic studies of the materials synthesized.

Isomerization of azobenzenes and their characteristics were described in the
introduction. Since the materials synthesized are azobenzene derivatives, their
photochromic behaviour was studied.

The first results discussed come from OPM studies. It was mentioned before how cis-
trans isomerization could influence the Iso-N transition temperatures. With this set of
experiments we wanted to quantify how much it was possible to decrease the N-Iso
transition temperature. With this purpose in mind three compounds were investigated:
96 a low molecular weight azobenzene derivative, 104 silsesquioxane derivative fully
substituted with 96 and finally 106 a co-mesogenic silsesquioxane derivative.

The samples were left annealing just below their clearing points, so that a good texture
could be obtained. The sample was irradiated with the microscope light at maximum
intensity. The irradiation period varied and lasted until the isotropic state was achieved

or until no changes were recorded during a reasonable (= 1h) period of time.
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Figure 138: OPM images for irradiation of 96 with light.

145



In Figure 138 the results obtained for irradiation of 96 with the microscope light are
presented. The initial state assumes that the nematic phase has completely recovered.
The irradiation times, as mentioned before, differ according to temperature and the
materials.

For the experiment related to the results shown in Figure 138, the average irradiation
times for temperatures between 85 °C and 70 °C was 4 min. The recovery of the
nematic phase, as demonstrated in the column final state, Figure 138, was
approximately 7 min, for this temperature interval. Below 70 °C the isomerization of the
sample becomes increasingly more difficult. At 65 °C and 61 °C the irradiation times
were 17 min and 22 min respectively. The irradiation at 60 ° occurred for 1h 10 min and
no isomerization occurred.

The N-Iso transition temperature was than decreased, for 96, to 61 °C, this is 30 °C

below the transition obtained in calorimetry experiments.

The same experiment was repeated for 104. Because this compound has eight

photochromic groups it was expected that the effect of trans-cis irradiation to be quite

pronounced.
Initial state Irradiated Final state
sample

T 59—
g
>
o+
©

& 55—
Q.
£
@

45—

v

Figure 139: OPM images for irradiation of 104 with light.

The results obtained for 104 are shown in Figure 139. Isotropization at 55 °C is very
clear yet at 45 °C this does not seem to be so prominent. There is a degree of trans-cis
isomeriazation occurring thus the irradiated sample is more isotropic that the initial
state. The irradiation at 45 °C occurred during 1h showing that the isomerization
process at this temperature is rather difficult.

Despite the amount of photochromic groups, it was only possible to decrease the N-Iso

transition by approximately 10 °C. This difficulty in isomerization of azobenzene
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groups, could be associated with the high viscosity of these materials, despite being in
the liquid crystalline state at 45 °C and isomerization occuring, the induction of
isomerization by molecules in the cis state is hindered due to the lack of mobility,
preventing cooperative motion and therefore, isomerization of a wider region of the

sample.
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Figure 140: OPM images for irradiation of 106 with light.

Compound 106 has mesogens 96 and 103 in a 1:1 ratio, and the irradiation studies are
shown in Figure 140. For this compound isotropization due to trans-cis isomerization
becomes more difficult than the systems discussed before.

In fact in both silsesquioxane derivaties the N-Iso transition with light seems to occur
for temperatures above the N-Iso transition temperatures detected by DSC. According to
the DSC data, the clearing point of 106 is at 62 °C. Irradiation at this temperature seems
to change the texture of the compound but not enough for isotropization to occur. The
irradiation times for 106 varied from 3 min at 70 °C to 40 min at 62 °C. For the
irradiation time minor changes are observed and no significant decrease in N-Iso
transition temperatures could be observed.

To summarize, for silsesquioxane derivatives investigated the effect of viscosity

suppresses the cooperative motion induced by trans-cis isomerization. Probably better
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results would have been obtained if UV light of appropriate wavelength was used
instead of actinic light.
The UV/Vis spectra for compounds 96, 104 and 115 were recorded and will be

discussed next.
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Figure 141: UV/Vis spectra of a solution of 96 in DCM, conc. 1.56 x 10 mol dm’,

The samples were irradiated at 313 nm as this corresponds to the maximum intensity of
the light source. The spectrum of compound 96 shows at ~ 365 nm the absorption band
corresponding to m-n electron transitions of the trans isomer which decreases with
irradiation time as shown in Figure 141. The photostationary state is achieved after 3h
30 min. At A = 450 nm there is a small band corresponding to the n-n_ of the cis
azobenzene chromophore. The initial state is recovered after the sample is stored in the
dark for = 48 hours.

The UV —Vis spectrum for 104 is shown in Figure 142 and is very similar to the one
obtained for 96 as expected. The absorption maximum decreased slightly as the
concentration of this solution is ten times smaller. The photostationary state is achieved

after irradiation for = 2 hours.
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Figure 142: UV-Vis spectra of 104 in solution Under UV irradiation (313nm).

The spectrum obtained for 115 is quite different see Figure 143. The absorption of the

band with maximum absorption at = 275 nm is much higher. And the absorption

corresponding to the m-m band is slightly less intense than the ones above. Which is

related to the fact that molecule has only a 50% content of azobenzene materials.
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Figure 143: UV-Vis spectra of 115 in solution under UV irradiation (313nm).

The process of back isomerization is fairly slow in all the compounds taking on average
48h to be achieved.

In order to calculate the conversion from the trans to the cis form, *H NMR spectra

were recorded of a sample that had been irradiated until the photostationary state was
achieved (Figure 144).
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Figure 144: 'H NMR spectra for compounds 96 and 104 in the trans form and in the photostationary state.

As shown in Figure 144, the peaks correlated to the cis form appear and in the pure cis
isomer they should integrate to two protons.
For compound 96 the calculated conversion varies between 12% and 18% for peaks a to
c in the spectrum of the photostationary state. The calculation of the conversation for
peak b is shown below.

Integration of peak b = 0.36
In the pure form this peak should integrate to two protons, therefore: 0.36/2 x 100 = 18
%.
For the silsesquioxane derivatives such as 104 the conversion values could not be

calculated from *H NMR due to overlapping of trans and cis peaks (see Figure 144).
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DiscuUssSION PART I1-

7.6 - Phase structure assignment based on XRD studies

In this section the phase structure and self-assembly arrangement for the synthesized
materials will be discussed based on X-Ray data.

The discussion will follow the structure used for the discussion of both the synthesis
(section 7.1 and 7.2) and the liquid crystalline properties (section 7.3 and 7.4). The
novel low molar mass liquid crystal 96 will be discussed initially followed by four
series of silsesquioxane derivatives, where the spacer of the cyanobiphenyl units varies
from an undecyl to a propyl unit (Series I to I1l) and finally series IV where the length
of the aromatic core was increased.

The diffraction patterns show some asymmetry between the left and the right sides. The
azimuthally integrated plots show also an asymmetry between 26 values 0°-180° and
180°-360°. This could be, in some cases, related with the position of the beam stop and
will be discussed when appropriate. For these reasons the half from 180°-360° of the y-

scans will not be taken into account when analyzing the phase structure.
7.6.1 - Low molecular weight mesogen
The diffraction studies of 96 were carried out on samples prepared by flow filled

capillaries. The material is characterised by the phase sequence Cr 53 N 98 Iso as
determined by OPM and DSC.

151



b) 1 37, 19.56

I (a.u.)

400 - 280 4
156.98
c) 179 d) 208.34
350 260 383.39
333.58

363
3004 240 4

250 4

I (a.u.)
I (a.u.)

200+

150 +
160 +
100 +

T T T T T T T T 1140 T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

% x

Figure 145: X-ray diffraction data from compound 96. a) 2D diffraction pattern, b) radially integrated scans,

¢) and d) azimuthally integrated scans of peaks A and B, respectively.

Table 12: Calculated distances for compound 96.

Peak A Peak B
20 19.56 3.72
d(A) 4.54 23.75

The diffraction pattern of compound 96 was recorded in the nematic phase at 70 °C.
The diffraction pattern depicted in Figure 145 a) shows typical features of low ordered
liquid crystals. In the wide angle region, diffuse diffractions associated with the
intermolecular distances of the oriented mesogens (20 =19.58) 4.54 A are observed. In
the small angle region, four off-meridian pseudo Bragg reflections can be observed.
These features in the nematic phase are attributed to the formation of SmC-like
cybotactic clusters and in this particular case a tilt angle of approximately 63° was

calculated from the azimuthal scan of the small angle reflections Figure 145 d).
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7.6.2 - High molecular weight materials
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Figure 146: Scheme of series I.

Compound 104

The phase structure of the silsesquioxane derivatives was investigated using XRD
measurements. As these materials are very viscous, preparation of samples for analysis
was thus rather challenging. Usually samples are prepared by flow filling of capillaries
in the liquid crystal phase however due to the high viscosity of the materials this was
found to be difficult. After preparing a sample using this method XRD diffraction
patterns were collected showing the typical features of liquid crystalline materials. An
example of the diffraction pattern for compound 104 prepared by this method can be

found in Figure 147.
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Figure 147: Diffraction pattern of an unaligned sample of compound 104.

The 2D diffractogram shows three concentric rings suggesting an isotropic sample or an
unaligned nematic material. Considering the DSC and microscopy results the latter case
occurs for 104. In the wide angle region a diffuse reflection at (20 = 19.52) 4.55 A,
characteristic of the liquid crystalline chains very similar to the one found for compound
96 discussed previously (20 = 19.58; 4.54 A) can be detected. In the small angle region
two reflections can be observed: B (20 =6.48) at 13.64 A and reflection C at (20 = 3.38)
26.14 A. However despite y-scans suggesting higher intensities at 127° and 245° for
reflection A (see Figure 147 and Figure 148 b)), reflections B and C show a
homogenous distribution except for a peak around 256° for peak B and 257 ° for peak C

(Figure 148 c) and d) respectively).
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Figure 148: a) Radially integrated scans, b), ¢) and d) Azimuthaly integrated scans for peak A, peak B and
peak C respectively.

It is noted that the reflections are more intense on the left side of the diffractogram than
on the right side, which could be due to a non homogeneous sample. In order to draw a
clear picture of the phase structure of these materials, investigation on aligned samples
seemed to be crucial.

In order to solve this problem, fibres were produced from the liquid crystalline phase.
The samples were placed on a glass slide and heated until the mesophase temperature
was reached. At this point, a needle was used to pull a fibre that was extended to a
second glass slide as represented in Figure 149 a). Due to the low glass transition
temperature, when the fibre was produced it started to curl and so by extending it
between two glass slides this process was prevented. The fibres were cooled to the
glassy state so that they would be stiff enough to be cut and also to keep the alignment
induced in the mesophase. The fibres obtained were around 150 pum thick as shown in
Figure 149 b).
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Figure 149: a) Representation of the process of preparation of fibre samples. b) Example of the fibres used in
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Figure 150: X-Ray diffraction data from compound 104. a) 2D diffraction pattern. b) radially integrated

scans, black curve data collected parallel to H and blue line data integrated perpendicular to H. c),d) and e)

azimuthally integrated scans of peaks A, B and C, respectively.

Table 13: Calculated distances for compound 104.

Parallel to
magnetic field

Perpendicular to
magnetic field

peak A B C A B C
20 19.75 6.62 342 | 1739 6.23 3.04

d(A) 450 1335 2584 | 510 1419 29.07

The diffraction pattern of a multiple fibre sample of 104 at room temperature is shown

in Figure 150 a). At this temperature the sample is liquid crystalline as confirmed by
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DSC and OPM where a marbled texture (Figure 116) was observed, indicating the
existence of a nematic mesophase as discussed previously. When comparing Figure 147
a) and Figure 150 a) the existence of three reflections is a common feature, however the
main difference is that Figure 150 a) shows an aligned sample. Peaks A and B of Figure
150 a) are no longer diffuse rings but reflections concentrated on the meridian. This is
clearer in Figure 150 c) and d) where the azimuthally integrated diffraction intensities
for peaks A and B are shown. The observation that all the reflections were situated in
the meridian region was rather surprising as it implies a layer arrangement, not common
for the nematic phase. It is noted that an external magnetic field H does not alter the
alignment of fibres prepared by mechanical alignment. The results observed are also
surprising, when compared to silsesquioxanes with not very dissimilar mesogenic
groups though containing a more flexible spacer shown in Figure 151 below.”® The
silsesquioxane derivatives showed columnar and nematic phase behaviour. The latter is
particularly interesting for this discussion and therefore the 2D diffractogram for the

nematic phase of this related system is depicted below.
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Figure 151: Top: System studied by Karahaliou et al.”® Bottom: a) 2D diffraction pattern of mesogen b) 2D
diffraction pattern of silsesquioxane derivative.

The diffraction patterns of mesogens are similar; however the diffraction pattern of the
silsesquioxane derivatives is very different. The differences between the diffractograms
obtained for the nematic phase of 104 and the system represented above, in which the
diffraction peaks are situated both on the meridian and on the equator as expected for a
nematic phase, as opposed to the diffraction pattern found for 104 where they are all

situated on the meridian.
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Figure 150 b) shows the radially integrated diffraction intensities as a function of the
diffraction angle 20. The intensities integrated within the meridian (parallel to the
external magnetic field) are represented by the black curve while the blue curve
represents the integration within the equatorial sector (perpendicular to the magnetic
field).

The integration along the magnetic field shows in the wide angle region a diffraction
corresponding to the intermolecular distances of 4.5 A between the mesogens in the
liquid crystalline state (Table 12). The persistence of these peaks in the meridian
suggests that the mesogenic groups are aligned perpendicularly to the magnetic field,
(note: the magnetic field is part of the experimental set-up but has in this mechanically
oriented fibre system, no impact on the orientation of the mesogens) that is, in the
direction parallel to the fibres main axis. The second pseudo-Bragg peak of 13 A is
attributed to the distances between two silsesquioxane cores that are situated in the same
direction as the mesogenic groups.

Also in the small angle region the reflection at approximately 26 A, is related to the
length of the mesogenic units see Figure 150 e) and Table 13. The full length of
mesogen 96 is approximately 39 A implying that the mesogenic groups interdigitate.
The analyses of the azimuthally integrated reflection of peak C shows two peaks with
higher intensities in the meridian plus four off meridian intensities. The calculated angle
between these reflections is 40° and can be explained by the presence of SmC-like
cybotactic clusters. The value of 26 A, smaller than the full length of the mesogen, then
corresponds to the layer spacing within these cybotactic clusters. When compared with
the pure monomer, compound 96, the calculated values for peaks A and C are very
similar, indicating that the nematic features of 96, such as the presence of cybotactic
clusters, are retained in the silsesquioxane compounds. Even though the orientation of
the diffraction reflections pointed towards a layered structure implying maybe a smectic
phase, this hypothesis is contradicted by the extremely low intensity of peak C, when
compared to a first order reflection of a smectic mesophase, as well as the marbled
texture presented by the material throughout the entire temperature range, indicating the
existence of a nematic phase.

The correlation length of the molecules was calculated using Scherrer’s equation:

KA
" Bcos#

$
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In which, K is a constant dependent on the crystallite shape and in this case a value of

(0.89) was used, A is the x-ray wavelength = 1.542 A, B is FWHM (in radians) =

FWHM X n
180

For 104, £ =79 A, corresponding to =~ 2 molecules.

and 05 is the Bragg angle, also in radians. %

Tschierske et al. *° reported the existence of lamellar nematic phases (LamN) in T-
shaped bolaamphiphilic LC systems as discussed before. These compounds have three
different structural features: rodlike units, combined with polar hydroxide groups that
promote the existence of hydrogen bonding, and siloxanes or carbosilanes as lateral

chains, as shown in Figure 152.

a) HO b)

[9) R = (CH,)11[SiMeCH,)a):SiMes

{10} R =-(CH;);;SiMe(OSiMe1),

LamN

Figure 152: Left: Systems studied by Tschierske et al. b) Diffraction pattern of compound 10* c) Model
proposed for the LamN phase of compound 10.%°

The 2D diffraction pattern for compound 10 is depicted above. It is noted that the
pseudo Bragg reflections are situated exclusively in the meridian region, as observed for
104. The X-ray data was explained by the occurrence of a lamellar nematic phase
structure schematically represented in Figure 152 c) above. Two primary forces
contribute to this arrangement, the hydrogen bonding between the polar hydroxyl
groups promoting the packing of the aromatic units side by side, and microsegragation
between the organic rod-like unit and the inorganic laterally attached spacer. Due to this
phenomenon, the spacers are situated between the organic groups promoting a layer
arrangement.*

Compound 104 shows a few structural similarities with the T-shaped systems discussed
above, such as two distinct regions formed by the inorganic inner core and the organic
mesogens covalently linked to the silsesquioxane core from which they emerge radially.
These chemical differences are clearly conducive to microsegragation. Considering the
above discussion in relation with the X-ray data collected for 104 in which a laminated
structure seems to be present, and the identification of a lamellar nematic phase in T-

shaped systems promoted by miscrosegragation, together with the OPM observations of
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a marbled texture, the nematic phase shown by this compound is assigned as a lamellar
nematic phase.

In order to have a full description of the self-assembly molecular arrangement the
dimensions of unit cells were calculated using the molecular volume of the materials
and the XRD data, which provides the length of the repeating units.

The molecular volume Vm, can be determined by

Vm = M
Nyp

Where M is the molecular weight of the compound, Na is the avogrado number (6.022 x
10%) and the density, p, for an organic compound is = 10® Kg m™.

The Vm estimated for this compound is 10021x A%, In order to arrive at a self-assembly
arrangement using as the length of the repeating unit the notional d-spacing of 25.84 A
obtained from the XRD scattering experiments. Considering the volume and the length
of the molecular unit, it is possible to calculate the area, since 10021 A% 25.84 A ~ 388
A,

As discussed previously, since the full length of the azo mesogen (39 A) is smaller than
length of the molecular unit, interdigitation of the alkyl chains of adjacent molecules is
expected to occur (length of eight methylene groups is estimated to be aproximately 9
A).

A packing with an antiparallel organisation of the aromatic groups, as shown below,
would not fall within the size of this arrangement, as the two aromatic groups make up a

length of 34 A, so such an arrangement should be discounted, see Figure 153.

fibre

=34 Afor 2 aromatic cores

( =17 A for the ayomatic core

fibre

Figure 153: Representation of an antiparallel organization in 104.

More likely is an arrangement as shown in Figure 154, where the molecules are densely

packed around the central silsesquioxane cube.
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fibre

Figure 154: Proposed molecular arrangement of the azobenezene mesogens in turn of the silsesquioxane

core.

A cylindrical model was initially considered such as the one represented in Figure 155.

&l d=2r=224A

Figure 155: Representation of a cylindrical model.

Considering an area of 388 A?, it is possible to calculate the diameter of this cylindrical
unit, d = 22 A (d = 2r; r = (388 A% / ©)¥% d = 2 x 11.1 A) Figure 155. In order to
confirm if the molecules are accommodated by this molecular tube, the maximum
extension of the molecules from the centre of the silsesquioxane molecule is calculated
as ~ 16.3 A this value takes into account: (cube radius =~ 2.2 A; length of Si-O-Si bond ~
3.1 A; spacer group =~ 6 A, aromatic diameter ~ 5 A). However the distance between
two molecules should also be considered adding 4.50 A /2 =~ 2.3 A to the previously
calculated 16.3 A. The distance between two molecules is obtained from the XRD
diffraction pattern, which corresponds to the average distance between liquid crystalline
groups (20 = 19.75, d = 4.50 A), leading to a final value of 37.2 A (163 A+ 23 A =
18.6 A and 18.6 x 2 = 37.2 A). This is larger than the calculated cylindrical footprint
indicating that the cylindrical footprint falls easily within the molecular dimensions.
However this maximum molecular length can be used to estimate the maximum and
minimum sizes of the molecular footprint. In the simplest case of fully extended
molecules, the maximum length is, as calculated before, 37.2 A, this would leave the
third value at 388/37.2 ~ 10 A. This value is very small since the minimum extension

that can be considered is the stacking of two aromatic groups (1.5 A x 2 = 3 A) that
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together with the distances between the molecules 4.5 + 2(4.5 A/2) yields a minimum

thickness of about 12.3 A, this molecular arrangement is represented in Figure 156.

J' w 10A

\ J
|

37.2A

Figure 156: Molecular arrangement considering the minimum thickness possible for 104.

This in turn would require a third dimension of 388/12.3 = 31.54 A.

An arrangement of four mesogens on “top” and “below” a silsesquioxane core would
require a width of 4 x 5 A (the diameter of planar aromatic group ~20 A plus 4 x4.65 A
resulting in a width of 38.65 A that do not fall within the calculated width of 31.54 A

therefore, the structure represented in Figure 157 is not possible.

) IV
5

) v

Figure 157: Molecular arrangement of 104 considering four mesogenes on top and bottom of the

silsesquioxane core.

However if 3 mesogens where on the top and below and one on each side, one arrives at
a width of 3 x5 A =15 A + 3 x 465 A = 28.95 A which fits within the 31.54 A
calculated, so considering this value 28.95 A the calculated value for the third
dimension of 388/28.95 = 13.40 A which is large enough to accommodate the value of
12.3 A needed therefore such an arrangement with three mesogens at the bottom and top
each and two slightly offset could form a possible packing arrangement, fully in line

with the observed XRD intensities structure a); b) is a more likely variation of a).

a) b)
) D

J S J
J J)v

Figure 158: Molecular arrangement of 104 considering three mesogenes on top and bottom of the

silsesquioxane core.
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Figure 159: Model proposed for the lamellar nematic phase of compound 104.

In this model, the dark black lines, situated along the fibre length (perpendicular to the
magnetic field) as suggested by the diffuse reflections in the wide angle region (20 =
19.75, 4.5 A) represent the alkyl chains. The distance between two silsesquioxane cores
is 13 A in the direction parallel to the fibre length. The calamitic units are mainly
positioned parallel to the fibre lenght yet cybotactic clusters of SmC-like layers with a
tilt angle of 40° are present.

Because of the unusual features of this nematic phase, experiments were made in which
a multiple fibre sample was submitted to a heating program from 25 °C to 70 °C, and
for each increment of 5 °C the sample was annealed for 30 min. The motivation behind
this was to align the sample with an external magnetic field. However, this procedure
failed, no realignment occurred, and so the sample was heated to 170 °C, which is 110
°C above the clearing point, subsequently the sample was then cooled to 25 °C and data

was collected every 5 °C for 1800s.
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Figure 160: 2D diffraction patterns for 104 collected on cooling. The data was collected every 5 °C for 1800 s.

In Figure 160 selected diffractograms are shown, the top two are in the isotropic phase
while the bottom ones are in the nematic mesophase. It is evident that at 60 °C, a
preferential alignment within the meridian region can already be seen and at 30 °C the
diffraction pattern is identical to the one discussed above in Figure 150. In Figure 162,
radially and azimuthally integrations at 30 °C are shown. There are no significant
changes within the radially integrated intensities except from an extra peak, with low
intensity, at 10.69 2 0 value (8.27 A). Apart from this the diffractograms are very
similar and the peaks are also situated in the meridian. The diffraction pattern shown in
Figure 147 at 30 °C is represented in black and white (Figure 161) where this extra peak
(peak B) can be observed.

>
Fibre direction

Figure 161: Diffraction pattern represented in Error! Reference source not found., T = 30 °C.
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Figure 162: X-ray diffraction data from compound 104-exp.1. a) radially integrated scans, b), ), d) and e)
azimuthally integrated scans of peaks A, B, C, and D, respectively.

For the y-scans, there is a slight difference in the angle at which the maximum intensity
is observed from approximately 87° (Figure 150 c¢) and d) to 103° Figure 162 b) and c),
yet the main differences occur in the distribution of the intensities of the small angle

region (Figure 150 e) and Figure 162 e)).

Table 14: Calculated distances for the 20-plot shown in Figure 162.

Peak A Peak B Peak C PeakD
20 19.25 10.69 6.55 3.31
d(A) 406l 827 1350 2670

The appearance of a fourth peak aligned within the meridian region (20 = 10.69, 8.27 A)
is unexpected as it was not present before in the mechanically aligned fibre sample (see
Figure 150 b) and Figure 162 b). Another change occurred in the distribution of the
intensities in the small angle region Figure 150 e) Figure 162 €). When comparing the
two plots, the changes are apparent and it seems that the cybotactic features were almost
lost. The temperature dependence of intensities with diffraction angle and the

distribution of intensities for peak D are represented in Figure 163 a) and b).
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Figure 163: a) Temperature dependence of the diffraction angle for 104 at 30 °C. b) Temperature
dependence of the distribution of intensities at 30 °C.

The 6 scans did not show significant changes with temperature, except that the
intensities have diminished at 170 °C (see Figure 163). The y-scan plots show that the
peak situated around 260 ° does not change significantly with temperature, and does not
correspond to any particular reflection noticed on the 2D pattern. A similar peak can be
observed for some of the compounds investigated and an explanation is proposed in
later stages of this discussion. In contrast, the peak at smaller values of y becomes
narrower with a decrease in temperature and at temperatures below 50 °C it is possible
to observe that it splits in two (Figure 163 b)). As discussed previously, these peaks
correspond to the formation of cybotactic clusters with SmC-like layers with a tilt angle
of 41°. It should be noted that when compared with Figure 150 e), the separation of
these peaks is quite subtle. Considering that the sample was heated well above the
clearing point and cooled to room temperature over a 15 hour period, it seems that the
material possesses high degree of memory of the phase structure induced in the
mesophase during the fibre fabrication process. However it seems likely that by melting
the fibres and allowing the sample to cool slowly, the cybotactic clusters are lost (as
shown by less evident splitting of peak C Figure 162 d). By heating the material up to
170 °C some reorientation by the external magnetic field might have occured as
suggested by the less evident presence of cybotactic clusters and the appearance of peak
B. This peak could be related with the inorganic core and the siloxaxane spacer which
has a length of = 9 A. This explains the existence of an extra peak and persistence of the
intensities mainly in the meridian regions, associated with a slightly less ordered

lamellar nematic phase.
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In order to understand better the phase structure of this compound, the capillary was
rotated by 90° and data was collected, but no differences in the diffraction pattern were
apparent.

A further experiment consisted of collecting data along the length of the fibres as

depicted in Figure 164 a).
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Figure 164: a) scheme of the experimental set up. b) 2D diffraction pattern of compound 104-exp2. c)
Radially integrated scans. d) Azimuthally integration for peaks A to D.

The results obtained are summarised in the Figure 164. The existence of diffuse
concentric rings suggests a liquid like sample and therefore a low ordered liquid
crystalline phase similar to that found for a non-aligned sample as discussed above (see

Figure 150). The existence of four intensities in the 6 scans was surprising.

Table 15: Calculated distances for the 20-scan presented in Figure 164

Peak A B C D

20 2041 814 693  3.48
d(A) 435 1086 1276 25.39

Since no preferential alignment was found from the azimuthally integrated scans, it is
not possible to deduce further information on the phase apart from the observation that
along the fibre axis the material has the appearance of a nematic or isotropic system, in

other words there is no indication of a helical superstructure.
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Since there is a strong tendency for the mesogens to align in the direction of the fibre,
the question whether the lamellar nematic phase discussed before was exclusively
related with the imposed alignment when preparing the fibres had to be considered. In
order to clarify this point, the material was aligned with the magnetic field. This process
was time consuming and initial experiments were undertaken in a sample composed of
small portions of the material cut with a scalpel and introduced into the capillary. This
approach was based on the assumption that not mechanically aligning the system would
facilitate an alignment induced by the magnetic field. The sample was annealed for 16
hours at 75 °C. After this period, data was collected every 5 °C for 30 minutes followed
by another long annealing (= 16h) at 75 °C. Despite long annealing times above the
clearing temperature, alignment of the sample by the magnetic field was not achieved.
Another approach consisted of a fibre sample subjected to consecutive cooling cycles
from above the isotropisation temperature to 40 °C. During cooling, the temperature
was decreased by 1 °C/1800s and data collected for 1800s. Six cycles were carried out
to obtain a successful alignment with the magnetic field as demonstrated in the
sequence of diffractograms below (Figure 165) where it is visible that the isotropic state
consisting of three concentric diffuse scattering rings (T = 68 °C and 63 °C) and the
nematic phase (57 °C and 49 °C) where the pseudo Bragg reflections are situated within

the equator, contrary to what was observed previously (Figure 165).
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Figure 165: 2D diffraction patterns for 104 exp. 3 collected on cooling.The data was collected every 1 K for
1800s.
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Figure 166: x-ray diffraction data from compound 104-exp.3. a) radially integrated scans, b), c) and d)
azimuthally integrated scans of peaks A, B and C, respectively.

In the nematic phase, the radial intensities in the direction parallel and perpendicular to
the magnetic field, as a function of the diffraction angle were plotted as shown in Figure
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166 a). The diffraction intensity in the direction perpendicular to the magnetic field is
now higher than in the parallel direction, contrary to what was observed before Figure
150 b). It is also of interest to note that there is a slight difference (about 0.88 and 0.96)
in 20 values for the parallel and perpendicular directions. This difference changes with
the alignment of the sample. The higher 26 values being obtained in the direction of the
preferential alignment, in this case perpendicular to the magnetic field.

The distances corresponding to the three peaks are in Table 16 and seem to be in
agreement with the values obtained before (see Table 13) and correspond to; the
distance between the mesogenic groups, distance between two silsesquioxane cores, and

the length of the mesogenic groups (peak A, peak B and peak C, respectively).

Table 16: Calculated distances for the plots represented in Figure 166

Parallel to Perpendicular to
magnetic field magnetic field
Peak A B C A B C

20 1851 6.29 299 1934 656 @ 3.28

d(A) 479 1405 2955 459 13.48 26.94

The distribution of the wide-angle scattering along y for peak A in the nematic phase
shows a preferential alignment of the mesogenic groups with the magnetic field, which
is also the case for peak B. However a third peak of low intensity can be noticed in the
x-scan plot at 256° (see graph c of Figure 166). The presence of a peak with roughly the
same angle (259°) is also observed in Figure 166 d). A similar peak was detected also in
Figure 148. It could be that this peak is related with the experimental set up, since these
diffraction peaks are close to the centre of the detector, it is possible that some leakage
of the beam stop occurs, interfering with the diffraction of the material. Contrary to
what was observed before, (Figure 150 e) and Figure 162 €)) there does not seem to
exist a preferential alignment for peak C and the cybotactic features are not present,
perhaps because the sample is not well aligned enough for them to be detected. As the
existence of cybotatic clusters cannot be confirmed, the reason for the intensity
associated length related with the mesogenic units (26.9 A) to be smaller than the length
of the mesogen cannot be unequivocally explained, however considering the results
discussed so far the most plausible explanation for this result is interdigitation of the

mesogens in the nematic phase.
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All the results presented previously support the initially proposed lamellar nematic
phase depicted in Figure 159. It is also apparent that the lamellar nematic phase is not
restricted to an alignment imposed on fibre samples. It seems that the appearance of a
fourth peak in exp.3, could be related with a loss in order of the phase structure related
with isotropization of the sample and strong alignment memory inherent to these
materials. The persistence of a lamellar nematic phase even when samples are subject to
high temperatures or consecutive heating and cooling cycles, leading to an alignment of
the sample with the magnetic field shows the robustness of this phase structure. The

lack of orientation within the main fibre axis is interesting.

Compound 106

Phase structure studies on compound 106 were carried out on a multiple fibre sample
prepared according to the method described above. The 2D-diffraction pattern collected
at 25 °C for this material is shown in Figure 167 and the radially integrated patterns are
represented in Figure 168.

Fibre direction

Figure 167: Diffractogram of compound 106.
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Figure 168: Radially integrated pattern of compound 106. a) Integration parallel to the magnetic field H and

b) Integration perpendicular to the magnetic field H.

The radially integrated XRD pattern of compound 106 at 25 °C is shown in Figure 168
Figure 168:a) and b), corresponding to an integration parallel and perpendicular to the
magnetic field. As observed and already discussed, there is a slight difference in the
values of 6. Initial analyses of the 6 scans in Figure 168 suggests the existence, in the
small angle region, of three reflections, denoted on the table below (peaks B - D). To
identify the three peaks in question, an amplification of the small angle region of the

diffraction pattern is shown below, Figure 1609.

Table 17: Calculated distances for the plots represented in Figure 168.

Parallel to Perpendicular to magnetic
magnetic field field
Peak A B C D A A, B C D

20 1940 6.04 361 292 2114 1757 699 388 287

d(A) 458 1463 2448 3026 415 505 1265 2277 30.79

Initially the existence of peak C was not recognized in the 2D diffraction pattern but its
presence in the radially integrated curves with intensity similar to the other reflections
prompted a closer inspection of the diffractogram. The amplification of the small angle
region area of the diffractogram is shown in Figure 169 a). Initially it was assumed that
peak C was due to the reflection pointed out with the arrow, which would potentially be
related to the beam stop. 0 scans of the region represented in the Figure 169 a) were
collected both above and below the equator, as it was expected to obtain different
spectra for these two regions. In Figure 169 b), the two collected diffraction patterns are
shown and the existence of peak C (20 4.6, d = 19.38 A) is confirmed as the diffraction

pattern from both regions is identical.
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The 20 value obtained for peak C by integrating the region represented below is
different from the values described in Table 17. This is not surprising since the area
integrated is much smaller therefore less noise is integrated and the integration of

diffuse scattering belonging to the edges of the reflexions is minimized.
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Figure 169: a) Amplification of the small angle region of the 2D diffraction pattern of compound 106. b)
Radially integrated pattern for the region represented in a) Blue plot integration above the equator, black

plot integration below the equator.

Azimuthally integrated scans of the region represented in Figure 170 a) were made and
the results are plotted in Figure 170 b). Unfortunately the results obtained are not
entirely conclusive.
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Figure 170: a) Diffractogram of compound 106 and representation of the are integrated of 20 over chi. b)
Azimuthally integrated XRD pattern.

In the y-scan plot the peaks in Figure 170 b) approximately at 43°, 134°, 223° and 317°
corresponding to the edges of peak B are highlighted by the green dashed line in Figure
170 a). Two other peaks at 100° and 258° are present, assuming they are related it
would be expected that the second peak in the plot of Figure 170 b) would be around
280°. Examining the plot there seems to be a subtle shoulder around that area. However
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the peak at 258° could be related with the peak identified with an arrow in Figure 169.
In order to be certain if this peak could be due to a diffraction from the beam stopper, as
discussed before, y-scan of the region represented in Figure 170 a) at different
temperatures were plotted in Figure 171 where it is shown that there is a change in the
plot with temperature. The shape of the peak at approximately 258° does not change
much and neither does its intensity as can be observed at 85 °C, red line. This supports
the interpretation made above regarding the experimental results for the distribution of

the intensities.
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Figure 171: Temperature dependence of the distribution of intensities for the area represented in Figure 170

a).

The azimuthally integrated scans for peaks A, B and D are represented below.
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Figure 172: Azimuthally integrated XRD patterns of 106. a) b) and c) represent the % plots for peaks A, B
and C respectively.
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Viewing the plots it is apparent that there is a tendency for the peaks to be situated
around the meridian region. Peak B shows four peaks deviating from the meridian by
30°. Peak D shows two peaks situated along the equator and a sharp peak at 258.8°
which resembles the one found for Peak C, sustaining the hypothesis introduced that
this peak is situated in the meridian region and the peak expected at 280° is supressed
because of the intensity of the peak at 258°.

With this analysis in mind, an image of the phase structure can start to be defined.
When compared to 104 there are a few diferences that should be noted.

The first is the existence of an extra peak in 106 in the small angle region (30.79 A)
situated on the equator. As observed for 104, all the other peaks are situated in the
meridian, however a change occurs for peak B that shows four off-meridian peaks at
14.63 A corresponding to the average distances of the siloxane cores, contrary to what
was observed in 104 where 4 off-meridian reflections were detected for the diffraction
of the peaks corresponding to the mesogenic groups, 25.39 A. Considering these
observations it seems that we are in the presence of a nematic phase, where the siloxane

cores organize into SmC-like cybotactic clusters with an angle of aproximatley 30°.

Layer formed by the
cyanobiphenyl mesogens

Layer formed
by the
azobenzene

Fibre direction
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Figure 173: Schematic representation of the lamellar nematic phase.

In Figure 173 there is a representation of the possible phase structure for this material.
Considering the preferential alignment in the meridian region for Peaks A and C it is

possible to say that the mesosogenic units containing azobenzene groups, are situated
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parallel to the fibre main axis. In Figure 172 the azobenzene groups are represented by
the orange rectangles that are arranged parallel to the layer. Since the distance obtained
from the 0-scans plot, Figure 168 a), of = 24.5 A is smaller than the full length of the
azobenzene molecules (= 39 A), it is possible to say that interdigitation of these groups
occurs, as represented in the model. Regarding peak B (Figure 167), associated with the
distance between two siloxane cubes which was calculated as 14.6 A, it seems that this
value is slightly higher than what was recorded for related systems were the values are
found are between 13-14 A.*" %® Yet the main feature of this peak is the existence of
four off meridian spots which are usually related with the formation of cybotactic
clusters. In this specific case the tilt angle is 30° as represented in Figure 173 by the
tilted squares. Finally peak D (see Figure 167) situated in the equator having an
associated distance of =~ 30 A was not present for compound 104 leading to the
conclusion that this peak is related to the presence of cyanobiphenyl groups. It was
previously reported that silsesquioxane systems substituded with cyanobiphenyls form
SmA phases.’®® Therefore, considering that this sample contains about 50 % of
cyanobiphenyl units, it was not surprising that in these systems there seems to be a
microphase segragation arising from a competition between the organization of
cyanobiphenyl and silsesquioxanes groups in a SmA phase-like organization and the
oragnization of the azobenzene derivatives and silsesquioxanes in the lamellar nematic
phase proposed for compound 104. So in this model the cyanobiphenyls, represented in
green are aligned parallel to the layer arrangement given that it was already shown that
the magnetic field has no influence in the alignment of a fibre sample, being the
overriding effect the mechanical alignment induced by the fibres.

As the diffraction intensity is situated in the equator and at this point in the discussion it
Is suggested that this is only possible due to the large spacer (C11 alkyl chain), that
allows these groups to form a local smectic A modulation. It is also important to
mention that while the azobenzene derivative unit is attached to the silsesquioxane core
laterally, the cyanobiphenyl mesogen is connected end on. This being the case, there
will be some free space since there is no longer a environment of mesogens closely
“surrounding” the inorganic core, it is possible that the tilt experienced by the inorganic
cores, promoted by microsegregation, facilitates the packing of the cyanobiphenyls
units. This suggests that within a nematic layer the cyanobiphenyls that are aligned in
the fibre direction and as a consequence of their long spacer are sticking out from the
silsesquioxane core, will have an antiparallel organization in a SmA-like manner. The

electron modulation of these very diffuse layers, since overall this is a nematic phase,
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will be situated in the direction of the magnetic field, explaining the associated intensity
in the equator region. It is possible that the existence of azobenzene derivatives in the
cis form contributes to the nematic behaviour.

The height of a smectic layer would be =~ 30 A, suggesting interdigitation of the
aromatic groups.

The correlation lengths of the mesogenic units were determined using the Scherrer’s
equation as described before. The calculated value for this compound at 25 °C was & ~
194, corresponding approximately to 3 molecular lengths.

A self — assembly molecular organization can be drawn considering the value of the
notional d-spacing obtained from the XRD diffraction pattern as well as the calculated
molecular volume of 8233 A,

Considering the value of 30.79 A as the length of the repeating unit in the self -
assembly structure, and Vm =~ 8233 A>. The same approach followed to 104 was
undertaken and the calculated values for the structures represented in Figure 155 to
Figure 157 did not accommodate the molecular dimensions. Considering that these
molecules possess cyanobiphenyl units with an undecyl spacer and taking into account
the X-ray data are aligned parallel to the fiber direction, the length of the molecules has
to be larger. The approximate length calculated was = 60 A and this considers the
cyanobiphenyl group (= 10.8 A), the undecyl spacer (= 13.9 A), the siloxane unit (= 3.1
A) and the radius of the silsesquioxane core (= 2.2 A).

This value is roughly the double of the d spacing found from the XRD data. If this value
is used to calculate the area occupied by the molecules, we arrive at a value of 133.7A2
(8233 A%61.5 A =~ 134 A? considering a cylindrical footprint, the height of this
cylinder is = 13 A. Taking into account that the minimum height that the molecules
occupy is 12.3 A, discussed previously, this cylindrical model seems to accommodate
the dimensions of the molecules. A schematic representation of this model is shown in

the figure below (Figure 174).

7N
2

Fibre main axis direction

Figure 174: Representation of the molecular unit cell of 106.
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This molecular model accounts for four azobenzenes surrounding the silsesquioxane
core, creating a bulkier area in the center, and four cyanobiphenyl mesogens sticking

out from this central bulky region.

Figure 175: Representation of molecular packing of 106 considering the model proposed.

Considering the molecular shape proposed, the packing of the molecules is depicted in
Figure 175. Due to the wider shape in the central region the molecules are prevented
from sliding and form columnar or smectic layers. This model also explains the electron
density diffraction corresponding to the size of the cyanobiphenyl mesogens (= 31 A).
An arrangement of the molecules as suggested in Figure 176 supports the XRD data and

the proposal of a lamellar nematic phase.

Layer formed by the
cyanobiphenyl mesogens

Figure 176: Lamellar nematic molecular arrangement for 106.
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Figure 177: a) 2D diffraction pattern of compound 105. b) Radially integrated pattern of 105.

XRD of compound 105 was carried out in a capillary of a flow filled sample and for this
reason the information we can draw from this experiment is limited.

In the 2D diffraction pattern, Figure 177 a), it is possible to see that the sample is not as
well oriented as 104 or 106.

The existence of 4 peaks is in agreement to what was observed for 106. Considering the
calculated d values shown in Table 18, it seems that peak C and D could be first and
second order reflections of the smectic-like arrangement of the cyanobiphenyl

molecules.

Table 18: Calculated distances for 105.

Peak A B C D

20 19.15 6.21 565 285

d(A) 464 1423 1564 31.00

Despite the similarities in the 0-scan it is noteworthy that peak C is much more intense
than observed for compound 106 and the 26 value of 5.65 (d = 15.64 A) is much higher
than the 20 value (20 = 3.61, d = 24.48 A) obtained for peak C for compound 106. This
might be related to the composition of this material. 105 has a much higher proportion
of cyanobiphenyl (= 70 % in contrast with 48 % in 106). The y-scans of the diffraction
reflections were plotted, however the results were not conclusive due the lack of
alignment of the sample the signal to noise ration was low therefore the data collected
was not conclusive. Notwithstanding this, the OPM observations of a marbled texture
point to a nematic phase. Considering the results discussed so far it seems that as the
content of cyanobiphenyl increases, their local arrangment in a SmA-like arrangement
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becomes more pronouced despite not being strong enough to overrule the formation of a

Lam N phase.

Compound 108

Figure 178: Diffractogram of 108 at 25 °C

The above figure shows the diffractogram of 108 at 25 °C and at this temperature the
material is crystalline. At 85 °C, however, the diffraction pattern is quite different and in
the wide angle region the set of sharp concentric rings gives way to diffuse reflections
situated in the equator region, with a 20 value of 17.19, corresponding to a distance of =

5A, characteristic of the liquid crystalline state.

Figure 179: Difractograms of compound 108 at 85°C and 125 °C.

The diffractograms in Figure 179 were collected in the mesophase (25 °C) and near the
clearing temperature (125 °C) they were radially integrated parallel and perpendicular to
the magnetic field since the intensities of the pseudo Bragg reflections are situated in
both directions, and the patterns are depicted in Figure 180 and Figure 181,

respectively.
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Figure 180 : Radially integrated plots parallel to the magnetic field Hat a) 85 °C and b) 125°C.

The peaks at 2 6 values of 2 and 3.95 correspond to the first and second order

diffraction of the smectic layer and agree with the ratio of 1:2, characteristic for this

molecular arrangement. The value of 13.66 is the average distence between two cubes

and 5 A the intermolecular distance between two mesogens.

Table 19: d values calculated for the 20 scans represented in Figure 180.

85°C 125°C
Peak A B C D A B C D
20 1792 1647 3.95 2.00 17.67 6.45 4.13 2.13
d(A) 4.96 1366 2237 4418 502 1370 21.40 41.48
400 -
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Figure 181: Radially integrated plots perpendicular to the magnetic field H at a) 85 °C and b) 125°C.
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Table 20: d values calculated for the 20 scans represented on Figure 181.

85 °C 125°C

Peak A B A B

20 18.73 6.81 1826 6.79

d(A) 474 1366 486 13.02

The layer spacing of 44 A was calculated from the first order diffraction peak and it is
smaller than the length of a fully extended molecule (= 58 A), suggesting interdigitation

of the mesogens.
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Figure 182: Variation of the layer spacing of compound 108 with temperature.

Variation of the layer spacing with temperature for compound 108 is plotted in Figure
182. There is a slight decrease of the layer spacing with an increase in temperature
attributed to an increase in the disorder of the molecules within the layers. These results
are in agreement with previously published data."*

The y-scans for peaks D and C are represented in Figure 183 below and confirm that the
diffraction peaks are situated in the meridian region. Azimuthally integrated patterns for
peak D (see a) and b) Figure 183) show some differences between the peaks above and
below the equator. The peak around 260° is quite sharp at both temperatures, when
compared to the peak situated at approximately 90°. It is possible that the some leakage
by the beam stop occurs, considering that the 26 value for peak D is rather small. Also
visible is a decrease in the intensity value as the sample is closer to the clearing

temperature.
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Figure 183: a) to d) azimuthally integrated plots for peaks D and C at 85 °C and 125 °C.

In contrast with plots a) and b) Figure 183, there is no strong difference between the
integrated peaks, see c) and d) Figure 183, there is however a decrease in intensity as
the temperature rises.

The diffraction corresponding to peak B (Figure 179) is very broad and intense and it
was difficult to choose how to azimuthally integrate this peak. Since 26- scans of this
broad reflection in the directions parallel and perpendicular to the magnetic field did not
show any extra peaks. The region used for the x-scans is represented in Figure 184 and

has a narrow 20 interval including sole peak B.
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Figure 184: a) Diffraction pattern and representation of azimuthally integrated region. b) Azimuthally
integrated plot for compound 108 at 85 °C. c) Azimuthally integrated plot for compound 108 at 125 °C.
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The integration represented in Figure 184 a) to c)) shows the existence of two peaks
situated in the meridian region.

The XRD data collected confirms that this compound has a SmA phase and the
correlation length calculated using Scherrer’s equation has a value of 292 A,
corresponding to approximately five molecular lengths.

The molecular volume calculated for this compound is 6300 A® following the same
approach described above and using the d spacing value obtained from the diffraction
patterns of 44.18 A, the diameter a simple model of a cylinder would be = 13.47 A, this
value is large enough to accommodate two aromatic cores when compared to ~ 13 A
obtained for the minimum height required to accommodate two stacking aromatic cores
(1.5 x 2 =3 A) and the distances between them (5 + 2 (5/2)). In this case the molecules
align with the magnetic field and a representation of the molecular packing as the one
represented below (Figure 185) is in agreement with the data collected from XRD

@ |
44.18A < % ‘
KH_/

Minimun
value of
13.47A

Figure 185: Model representing the self-assembly of 108.

experiments.

Minimum value of 4.4 A
@ Considers that the Si-O-Si
unitis fully extended

Regarding the molecular packing suggested above, the molecules are represented has
having a spindle shape, thinner in the centre and larger on the edges. This is easily
explained since the minimum width occupied by two mesogens is 13 A, while the size
of the silesesquioxane core (represented by the blue squares) is only 4.4 A. The siloxane
spacer should be taken into account since it can be fully extended or not. The first one
considers a slimmer rectangle representing the Si-O-Si bond parallel to the magnetic
field, this would give the minimum distance in the central area of 4.4 A (considering

only the silsesquioxane core). In the extreme situation where the Si-O-Si unit is oriented
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perpendicularly to the external magnetic field, the central area would be larger and the
maximum width could be 10.6 A (4.4 A+ 2(3.1 A)). Interdigitation between the
cyanobiphenyl groups is likely to occur, considering that the calculated length of the
fully extended molecules is 59.64 A (this value accounts for two mesogens (24.52 A) +
silsesquioxane core (4.4 A) + Si-O-Si groups (6.2 A)), which is larger than the d
spacing obtained by XRD diffraction.

For this series of compounds it is possible to see that the Lam N phase is persistent even
when a mesogen such as cyanobiphenyl with an undecyl spacer, which has a strong
tendency to form smectic phases, is present in large amounts. Changing the proportions
of azobenzene and cyanobiphenyl introduces some changes in the phase structure yet
the packing in a Lam N phase is overriding.

With increasing amount of cyanobiphenyl it seems that arrangement of the
cyanobiphenyl in a smectic-like manner becomes stronger until the formation of a SmA
phase in compound 108 where no azobenzene is present. The existence of the cis isomer

of the azobenzene mesogen contributes possibly to the formation of the N phase.
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XRD discussion of Series Il
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Figure 186: Scheme of series 1.

186



Compound 109

Fibre direction

Figure 187: Diffractograms of compound 109 at different temperatures.

The figure shows four 2D diffractograms of compound 109, collected in the mesophase
(30 °C and 45 °C) and for the isotropic state (60 °C and 70 °C). The 0 scans for these
temperatures are presented below and there is a decrease of the 20 values for the three

peaks with increasing temperature.
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Figure 188: Radially integrated plots for 109: a) 30 °C; b) 45 °C; ¢) 60 °C; d) 70 °C.

The 26 values are shown in Table 21. At 30 °C, peak A is related to the distance

between the liquid crystalline groups, peak B is associated with the distance between

two silsesquioxanes and peak C can be connected to the length of the mesogenic units.

The assignment of peak C can be made considering the calculated lengths of both

mesogens. The aromatic core of 96 is about 34 A which is larger than 25.39 A

calculated for peak C. The cyanobiphenyl aromatic core is =~ 17 A that is smaller than

the d-spacing value obtained. Having this in mind, and the values obtained before for

the d-spacings, it is more likely that the value associated with peak C is related with the

azobenzene unit. As the experimentally found length (= 25A) is smaller than the

calculated value (= 34 A) this suggests that interdigitation of the azobenzene molecules

occurs.
Table 21: d values calculated for the 20 scans represented on Figure 188.
30°C 45°C 60 °C 70 °C
Peak A B C A B C A B C A B C
20 19.37 6.68 348 19.00 6.65 327 1878 6.45 3.20 1870 6.55 3.16
d(A) 458 1323 2539 467 1329 27.02 473 1370 27.61 475 1350 27.96
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In y-scan shown for peak A, the intensities are situated in the meridian region, in

agreement to what was observed for the aligned samples of previously discussed

compounds.
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Figure 189: Azimuthally integrated plots of peak A for compound 109 at several temperatures.

The two peaks in Figure 189 a) show a large difference in intensities that is also visible

in the 2D diffraction patterns (Figure 187). This could be related to a non homogeneous

distribution of the fibres within the capillary. The changes between plot a) and b) Figure

189 are dramatic as the separation between the two peaks with approximately y values

of 90° and 254° is lost. This change in the plots could point to isotropisation of the

sample yet this temperature (45 °C) is 7 °C below the clearing point obtained from the

DSC curve, a surprising observation as other samples such as 110 retain some

alignment even when heated at temperatures well above the clearing point.

189



a)30°C 140 d) 70°C

93.55 256.81

200 4 257.53
1354 114.46

130

180 4 125

I (a.u.)
I (a.u.)

120

115 A

160
110

T T T T T T T 1
-50 0 50 100 150 200 250 300 350 400 -50 0 50 160 1éo 2(‘]0 2%0 3(‘)0 3%0 460
x x

Figure 190: Azimuthally integrated plots of peak B for compound 109. a) 30 °C and b) 70 °C.

In the small angle region, the intensities related to peak B are also centered in the
meridian region where the difference in intensities between the two peaks in the plot at
30 °C is almost none existing. An increase in temperature broadens the peaks, as they
become less intense Figure 190 b). At 70 °C, there is a clear difference in the shape of
both peaks with y values of 114° and 257°. This last peak is reminiscent of the peaks
found in previous compounds, and it is possible that some effect of the beam stop is
present.

The y-scans for peak C are also plotted and it is evident that the mesogens are also
aligned perpendicularly to the magnetic field as the intensities are mainly situated in the

meridian region.
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Figure 191: Azimuthally integrated plots of peak C for compound 109. a) 30 °C and b) 70 °C.

The difference in intensities between the two peaks is also apparent here and it supports
the hypothesis that there is some interference of the beam stop in the peak at
approximately 260°, as well.

In terms of structural arrangement of the molecules, the results point to a lamellar
nematic phase as proposed for compound 104. However considering that this material

has also two different mesogens (azobenzene and cyanobiphenyl with a pentyl spacer)
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and the results discussed previously for 106 and 105, the absence of a fourth peak or
any suggestion of formation of local smectic layers was surprising. This could be
related with the amount of cyanobiphenyl present in this material, contrary to previous
samples where the amount of this co-mesogen was at least 50 %, while in this sample
this amount is only 36%. It is possible that the effect of local smectic layer formation is
not strong enough for it to be evident. Nevertheless this could also be a consequence of
a reduction of length of the alkyl chain spacer, see Figure 186, which is now of the same
size as that of azobenzene unit.

In this series, the length of the cyanobiphenyl spacer decreases from an undecyl
(discussed previously) to a pentyl group. The correlation length of the molecules was
calculated and a value of 68 A corresponding to 1.5 molecules was obtained.
Considering the diffraction patterns the mesogens are aligned also in the fibre direction.
The calculated Vm for this material is 8339 A% and the layer spacing obtained from the
XRD data is = 25.39 A, which was attributed to the length of the interdigitated

azobenzenes.

An initial approach using this value as the length of a cylinder led to a molecular area of
8339A°% / 25.39 = 328.44 A’ The cylinder associated with this area has a diameter of
20.45 A, which despite being large enough to accommodate the stacking of two
aromatic groups and the distance between these molecules (1.5 x 2 + 2 x 4.58 = 12.16
A) does not accommodate the length of the molecules of 44.6 A (two cyanobiphenyls (=
17 x 2 = 34 A) + two Si-O-Si spacers (3.1 x 2 = 6.2 A) + silesquioxane core 4.4 A).

This compound has now a higher proportion of azobenzene materials suggesting that
the situation could resemble the molecular arrangement discussed for 104 of a bulkier
central area due to the distribution of the azobenzenes arround the silsesquioxane core
but as discussed above, this model does not accommodate the length of the molecules.
In order to do so, it was considered that the length of the molecular tube was the double
of the layer spacing. Therefore, 8339 A% / (25.39 x2) = 164.22 A?. Considering a
cylindrical arrangement, the height of this cylinder would be 14.46 A, which is enough
to accommodate the minimum height of two stacked aromatic groups. When compared
to 106 or 105 the diameter of the central area is higher (13.2 A and 12.6 A respectively)
which is not surprising as the number of azobenzenes accommodated in this area varies

from 4 in 106 to 3 in 105 and 5 in the molecule here discussed.
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Figure 192: Representation of possible packing of molecules in the Lam N phase in 109.

The packing shown in Figure 192 fits with the layer spacing observed in the XRD data.
As the molecules have a more bulky centre because of the higher content of
azobenzenes and the cyanobiphenyl content is smaller as is the length of these
molecules, no interdigitation of the cyanobiphenyls aromatic units occurs. In this case
the interdigitation of the molecules is larger, approximating the central bulkier cores
together, fitting with the observation of the layer spacing. This model also takes into
account the absence of electronic modulation of the cyanobiphenyls in the XRD

diffractograms, contrary to what was observed for 106, or 105 where it was present.

Compound 110

The XRD measurements for this compound were also carried out in a multiple fibre
sample. Initially images were collected every 5 °C on heating from 25 °C to 80 °C
(Program 1). A second experiment was preformed where data was collected on cooling
(every 5 °C) from 160 °C to 25 °C. In the figure below selected diffractograms in the
mesophase (25 °C and 45 °C), immediately above the clearing point 60 °C and in the
isotropic state 80 °C are depicted, the blue frame sequence represents Program Il. For
both sets of pictures it is possible to see that in the isotropic state the diffraction patterns
consisted of three diffuse concentric rings being responsible for three sets of diffuse

pseudo Bragg reflections in the mesophase.
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Fibre direction

Figure 193: Diffraction patterns for 110, where the green sequence corresponds to Program | and the Blue to

Program I1.

The apparent deviation from the meridian region of the intensities of peaks A to C is
surprising since this feature persists on cooling (Program I1) but now the tilt is to the left
of the meridian region. (Figure 193 T = 25 °C for example).

In order to try to determine the phase structure the focus will be on data collected from
Program 1.

The radially integrated scans for the temperatures represented in the 2D diffraction
patterns of Figure 193, Program I, are plotted in Figure 194. Three peaks are present in
the set of temperatures depicted and their 26 values change slightly with increasing
temperature. At 25 °C, peak A at 19.40 A (20 = 4.56) corresponds to the intermolecular
distances of the oriented mesogens. The second diffuse peak in the small angle region
corresponds to the distance between two silsesquioxane cores 13.5 A (2 6 = 6.53) and
finally 18.9 being the length associated with the mesogens (20 = 4.67). The 0 scans
were plotted for the entire temperature range as well as the variation of the distance with
the temperature for peaks A to C as represented in and Figure 195 a) and b),

respectively.
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Figure 194: Radially integrated patterns of 110 for a) 25 °C, b) 45 °C, ¢) 60 °C and d) 80 °C.
Table 22: d values calculated for the 20 scans represented on Figure 194,
30°C 45°C 60 °C 70°C
Peak A B Cc A B C A B C A B C
20 1947 653 467 191 649 450 1881 645 420 1842 649 391
d(A) 456 1354 1892 465 13.62 1964 472 1370 21.04 482 1362 22.60
24
— peak A
224 — peak B
20 /‘A/—/ —peakC

30 40 50 60 70 80
T(°C)

Figure 195: Radially integrated scans with temperature b) variation of distance with temperature.

Looking at Figure 195 a) it is possible to see that there is a shift in the 20 values for

peaks A and C, as well as a slight decrease in intensity with the temperature see Figure

194.

194



We can observe a slight increase within the intermolecular distances of the mesogens
(black line) the silsesquioxanes however do not change much. On the other hand there is
a clear increase in the “layer spacing” Figure 195 b).

The y-scans are represented in the plots of Figure 196, Figure 197 and Figure 198, for
peaks A, B and C respectively.

The y-scans for the pseudo Bragg reflection on the wide angle region Peak A show that
the intensities are situated in the meridian region at approximately 85° and 265° at 25
°C confirming the tilt observed in the 2D pattern for the wide angle region. Since this
tilt is mainly observed for the diffraction peaks situated above the equator, see Figure
193 Program 1 and Il at 25 °C, this tilt is not considered to be related with the phase
structure. As the temperature increases a shift to smaller angles occurs and the intensity
of the peak around 250° (Figure 196 a) to d)) diminishes. This might be because of the
nature of the sample used. It is possible that with rising temperature the fibres melt and
move position if this is the case X-rays will hit sample as well as air, explaining the
difference in intensities observed, for example for the isotropic diffractogram (Figure
196, 60 °C).
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Figure 196: Azimuthally integrated plots of peak A for compound 110 for several temperatures, the plots

show that the splitting of the peak for temperatures above 25 °C these intensities have merged.
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The y-scan for Peak B at 25 °C show features resembling the one previously found for
cybotactic clusters. The first peak of this plot Figure 197 a) shows a splitting that
corresponds to = 41° from the meridian. Nevertheless in the second peak of the same
plot this feature is not as prominent therefore the peak was integrated with single
Gaussian curve and a maximum intensity recoded at 263°. These features seem to be
lost with temperature and peak two (in plots a) to d) Figure 197 around 262°) gets
sharper, which might be a consequence of some leakage from the beam stop, the central
region of Figure 193 both at 25 °C and at 80 °C, corresponding to the mesophase and
isotropic state, were expanded and are shown in Figure 198. It is noticeable a stronger
reflection at angles close to 270° (that fit with the angles observed in the plots) occurs.
This is highlighted by an arrow and it also seems that with temperature this feature
becomes sharper, covering perhaps the splitting of second peak in the x-scans at 25 °C,
Figure 197.
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Figure 197: Azimuthally integrated plots of peak B for compound 110 at several temperatures, top figure

shows at 25 °C a splitting of the peak. Above this temperature the intensities have merged.
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Fibre direction

Figure 198: Amplification of the small angle region of the diffractograms of compound 110 at 25 °C top
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Figure 199: Azimuthally integrated plots of peak C for compound 110 at several temperatures.

Peak C is situated in the meridian region suggesting a layered structure. In the plots of

Figure 199 it is evident that the peaks position does not change much with temperature
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and that the peak at = 260° is considerably sharper and more intense when compared
with the one situated around 90°.

When comparing compounds 109 and 110, they differ mainly in the ratio of azobenzene
derivative to cyanobyphenyl units (64% : 36%, 109 and 25% : 75% 110- (azobenzene to
Cyanobyphenyl)), the difference in the 2 0 value related with peak C changes from = 25
A at 30 °C in 109 to ~ 19 A at 25 °C for 110. This might suggest that in this latter
compound, peak C is actually related to the length of the cyanobiphenyl (= 17 A) and
that the peak associated with the azobenzene mesogen is not apparent, due to the fact
that this is present in much lower concentrations in the system. The calculated value of
~ 19 A indicates the lack of interdigitation between the cyanobiphenyl units, which
could explain the absence of the formation of local diffuse smectic layers by these units
within the lamellar nematic phase.

It seems that the higher content of cyanobiphenyl derivative in 110, promotes the
formation of cybotactic clusters by the silsesquioxane cores. However, despite the
elevated content of cyanobiphenyl there was also no suggestion of the formation of
local smectic layers in this compound. So it seems that the ratio between azobenzene
and cyanobiphenyl promotes the formation of cybotactic clusters comprising the
inorganic-organic silsesquioxane cores, while the length of the cyanobyphenyl
mesogen, including the spacer, determines the formation of smectic layers-like within
the lamellar nematic phase.

The correlation length of the molecules was calculated and the obtained value was ~ 33
A, corresponding to ~ 1 molecular length.

The molecular volume calculated for this compound is 3882 A®. The estimation of the
diameter is based on a simple model of a cylinder. Since the d spacing obtained from
the diffraction studies of = 19 A is too small to accommodate a full extended molecule,
whose calculated length was 44 = A. It is proposed that the length used in the
determination of the molecular unit parameter, should be twice the layer spacing
obtained by XRD, this is ~ 37.84 A. Considering this value, the diameter of the cylinder
can be calculated, 3882 A® / 37.84 = 102.6 A? and than (102.6/m)" and the value
obtained is =11.42 A. Although this value is smaller than the minimum value needed of
12.12 A is not too distant that such arrangement could not form a possible molecular

packing.
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44.2
Figure 200: Representation of the molecular unit cell of 110.

The difference between the full length of the molecules 44.2 A and the molecular
footprint used (37.84 A), can be accommodated by interdigitation of the cyano groups
(= 2.5 A) since 44.2 A — 37.84 A = 6.36 A which in turn this value leaves 3.18 A at
each side of the unit cell represented above. Together with some disorder of the alkyl
spacers including perhaps some gauche conformation the cylinder model proposed

above, seems to be in agreement with the X-Ray data obtained.

Figure 201: Representation of molecular packing of 110 considering the model proposed.

The molecular packing is represented in Figure 201, and it takes into account some
interdigitation of the cyanobiphenyl units as discussed before. Regarding the phase
structure, it is proposed that 110 has a lamellar nematic phase, has discussed previously,
with weak interdigitation of the cyanobiphenyl groups and cybotactic clusters formed
by the silsesquioxane cores with a tilt of 41°.

Compound 111

111 was assigned as a monotropic liquid crystal, and for that reason the X-ray
diffraction experiments were made on cooling. In the figure below we can see the 2D
diffraction patterns for the isotropic (180 °C) and the liquid crystalline phase (120 °C or
115 °C) and finally the diffractogram of the crystalline state (110 °C).
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Figure 202: Diffractograms of compound 111 at different temperatures.

Compared to previous experiments the alignment in this sample is not as good, which is
due to the fact that it was much more difficult to produce fibres from this material. This
Is a consequence of the temperature behaviour of the sample, as it is crystalline and
even when fibres were pulled from the liquid crystalline state they tended to break quite
easily (due to the absence of a glassy state), making them difficult to use.

From the isotropic to the LC phase, Figure 202, it is possible to identify that peak B
becomes quite sharp, and despite being very weak, a sharp peak in the small angle
region appears. At 110 °C the figure is typical of a crystal structure with many sharp
rings.

In terms of 0 scans the results are depicted below.

200



150 4 150

a) 115 °C 7.14 b) 120 °C
140 7.16 140
130 130
120 120
. 1104 _ 1104
3 18.44 3 !
S 100 S 1004 18.45
904 570 904 2.73
80+ 804
70 70 4
60 T T 60 T T
0 10 20 0 10 20
20 20
1504 c) 180 °C
6.86
140
130
120
— 17.28
5
g 110
100
90 4
804
T
0 10 20

Figure 203: Radially integrated patterns of 111 for a) 155 °C, b) 120 °C and c) 180 °C.

The integration parallel to the magnetic field is presented above (Figure 203). In the LC
phase a sharp peak that could correspond to the first order diffraction of the smectic
phase is observed at a 20 = 2.70 and d of 32.73 A, considering that the full length of a
molecule is slightly bigger (35 A) that the calculated value it seems that the existence of
weak interdigitation between the mesogenic groups is present. However the small value
of intensity is very surprising. This peak is absent in the isotropic state. Peak B (see
Table 23) is related to the distance between silsesquioxanes and compared to values
obtained previously, this is slightly smaller. Finally peak A is associated with the

molten chains in a liquid crystalline sample.

Table 23: Calculated distances for the 20 values obtained at 115 °C.

Peak A B C

20 1844 716 2.7
d(A) 481 1235 3273
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x-scan of peak A are shown in Figure 204.
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Figure 204: Azimuthally integrated plots of peak A for compound 111 at several temperatures.

It seems that there is a tilt in the reflection of the wide angle region from the isotropic to
the LC phase of approximately 10°.

The yx-scans for peaks B and C are represented in Figure 205 and Figure 206
respectively. The lack of symmetry between 0 to 180 y and 180 to 360 y is evident and
was already discussed however in this case, due to a high signal to noise ratio as well as
a small number of counts, it makes it impossible to draw clear conclusions on the phase

structure of this compound.
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Figure 205: Azimuthally integrated plots of peak B for compound 111 at several temperatures.
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Figure 206: Azimuthally integrated plots of peak C for compound 111 at several temperatures.

The correlation length was calculated and the value obtained was 328 A corresponding

to roughly 11 molecular lengths.

The XRD data could not fully confirm the phase structure, as the sample could not be

aligned, however all data obtained are in line with the formation of a SmA phase.
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Series 11 is characterised by a shorter alkyl spacer of the cyanobiphenyl. Some changes
of the structure of the lamellar N phase were observed such as the absence of smectic
features, observed in Series I. The high content of cyanobiphenyl leads to the formation
of cybotactic clusters of the silsesquioxane groups. In the absence of azobenzene

mesogen, the formation of smectic phases is present.

XRD discussion of Series Il

R(H3C)28i/O;SE/O\3i/O\Si(CHg,)ZR
Series |11 oo o M
R(HSC)ZSIII\O—‘Si’—/‘O \
. /Si\oJrSi\o\,Si’o\Si(CHe,)zR
R(H3C),Si—0O" i N 7TSi(CHa),R
O\ ,O q ,O 3)2
R(H3C)2Si\o/3|\o/Si\O—Si(CH3)2R

! CN
R :E/\/\O

e =16 A =9.4A
: =389 A ) : =15A :
% of mesogens Calculated ratio
Compound determined by HNMR of mesogens Phase transitions
96 99 96 99
104 100 - 8 - Tg 9 N 56 Iso
112 43 56 3 5 Tg 20 N 37 Iso
113 45 55 4 4 Tg 10 X 310" Iso
114 - 100 - 8 Tg 31SmA 121 Iso

" Highest temperature at which the compound was heated in the DSC and no endothermic peaks were observed

Figure 207: Scheme of series 111.
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Compound 112

Fibre direction
Figure 208: Diffractograms of compound 112 at different temperatures.

The XRD diffraction patterns for compound 112 acquired in a heating program from 25
°C to 115 °C were collected every 3 °C, and the exposure time was 1800s. In Figure
208 diffraction patterns collected in the mesophase at 25 °C, at 37 °C (corresponding to
the onset temperature on the DSC data and therefore at the transition temperature to the
liquid crystalline phase) are portrayed. The diffractograms show an aligned sample. 2D
diffraction pattern for 49 °C and 97 °C are both above the clearing point and in the
isotropic state, as suggested by the circular diffuse reflections.
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Figure 209: Radially integrated patterns of 112 for a) 25 °C, b) 37 °C, c¢) 49 °C and d) 97 °C.

In order to determine the mesophase structure an analysis of the data at 25 °C will be
made. The XRD data for these systems shows the existence of three diffraction peaks,
which are discussed next. In the wide angle region, the broad peak (peak A) 26 = 19.20
and d = 4.62 A, corresponds to the lateral distances between the liquid crystalline
groups. In the small angle region there are two peaks attributed to the distances between
two silsesquioxane cores, 13.48 A (20 = 6.56) and the length of the aromatic cores,
23.50 A (20 = 3.76). In Figure 210, the variation of the radially integrated plots with
temperature is represented. The 20 values do not change dramatically with temperature,

however the intensity of the peaks decreases, reflecting a decrease in order.

206



1@u)

I (a.u)

260

240

220

200

180

160

140

120

100

——25(C)

Figure 210: Dependence of 0 scans with temperature.

The azimuthally integrated plots for peaks A, B and C are represented in Figure 211,

Figure 212 and Figure 214.
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Figure 211: Azimuthally integrated plots of peak A for compound 112 at several temperatures.

Azimuthally integrated patterns of peak A are represented above. At 25 °C two peaks

are situated in the meridian region, meaning that the molecules are aligned

perpendicular to the magnetic field, in the direction of the fibre as observed for 104, for

example. With an increase in temperature these peaks tend to broaden and merge but

contrary to what is expected for an isotropic sample, there seems that at 97 °C, well

above the clearing point, the liquid crystalline groups, associated with peak A, still have

preferred alignment along the meridian. Taking into account that compound 104
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showed a strong alignment memory, it is possible that this material has the same

behaviour, explaining the apparent alignment along the meridian at 97 °C, Figure 211.
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Figure 212: Azimuthally integrated plots of peak B for compound 112 at several temperatures.

Regarding peak B (Figure 212) it is also situated in meridian region and a significant

difference both in the shape and intensity of the peaks at ~ 90° and =~ 260°, is observed.

The peak at approximately 90° is broader and less intense than the peak situated at

approximately 270°. An expansion of the small angle region of the diffractogram at 25

°C is represented in Figure 213 and shows a more intense region at about that angle,

which could explain the differences in the peaks. This feature could correspond to some

leakage of the beam stop.

Figure 213: Amplification of the small angle region of the diffractogram of compound 112 at 25 °C.
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The scattering distribution for peak C along y is represented in Figure 214.
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Figure 214: Azimuthally integrated plots of peak C for compound 112 at several temperatures.

The intensities of peak C are also distributed along the meridian region and no
intensities at other angles are apparent. These results resemble the results obtained for
compound 104 where a lamellar nematic phase with cybotactic clusters formed by the
mesogenic units was proposed. In this compound, features of the lamellar nematic phase
are present, yet the formation of cybotactic clusters does not occur. When compared
with 106 which contains 48% of cynanobiphenyl units with an undecyl spacer, the
formation of cybotactic clusters of SmC-like layers of the silsesquioxane cores, would
be expected. Since this compound has a content of 56% of cyanobiphenyl units, the lack
of the formation of cybotatic clusters by the silsesquioxane cores can be attributed to the
short propyl spacer. From the examples discussed up to now, it should be emphasized
the variety of phase structures presented by this series of compounds, where cybotactic
clusters were observed either for the mesogenic groups 104 or for the silsesquioxane
cores.

The molecular correlation length is =~ 61.3 A calculated using the Scherrer’s equation

and it corresponds to the length of one and a half molecules.
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The molecular volume calculated for this molecule is 5636 A® and the layer spacing
obtained by XRD experiments is 23.5 A corresponding to the length of the azobenzene.
As the size of the length of the molecule is = 37.2 A (2 cyanobiphenyl units 2 x 13.3 +
Si-O-Si spacer 6.2 + silsesquioxane core 4.4 A) is larger than the layer spacing, a
cylinder with twice the length of the layer spacing (47 A) will be considered. The
associated diameter calculated is =~ 12.4 A (5636 / 47 = 120 AZandr = (120 / n)l/2 ~
6.18 A, d =12.4 A) which is large enough to accommodate the minimum value
calculated for two stacked aromatic rings 12.24 A.

Figure 215: Proposed molecular packing for compound 112.

As suggested before, for compound 112, when the molecules have a higher content of
cyanobiphenyl, the volume of the molecule becomes more homogeneous and the central
part is no longer so bulky therefore they fit better in a cylinder unit. The lamellar

nematic arrangement of the molecules would be as represented in Figure 216.

Figure 216: Proposed molecular arrangement on the lamellar nematic of compound 112.

Compound 113

The liquid crystalline behaviour 113 was discussed before; the X-ray studies were also
performed in order to investigate the phase structure of this compound. The preliminary
results obtained show a high ordered phase structure, very distinct from the lamellar

nematic phase presented by the compounds discussed so far. This is surprising yet it
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should be taken into account the GPC results discussed in Part | of the discussion.

Investigations to clarify the phase structure of this compound are still ongoing.

Compound 114

Figure 217: Diffractograms of compound 114 at different temperatures.

In the above figure the diffractograms for compound 114 can be seen. The
diffractograms were collected at room temperature, just above the isotropization
temperature and approximately 20 °C above clearing point correspond to temperatures
of 25 °C, 105 °C and 125°C, 165 °C, respectively.

Comparing the diffraction patterns, there is a variation with increasing temperature. The
wide angle region seems to change from a diffuse scattering, typical for the liquid
crystalline state (Figure 217, 25 °C) to a set of diffuse quasi rings with stripes, see
Figure 217 at 105°C). In order to emphasize this amplification of the wide angle region
for temperature 25 °C and 105 °C are presented below (Figure 218).
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Figure 218: Amplification of the wide angle region of 114 at 25 °C and 105 °C.

Changes in the small angle region are also noticeable, the second order reflection
associated with a smectic phase has disappeared and a sharp ring is now visible, the
reflections situated in the equator are now also rings. In terms of the 6 scans these

changes are clearly visible in Figure 219.
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Figure 219: Radially integrated patterns of 114 for a) 25 °C, b) 105 °C, ¢) 125 °C and d) 165 °C.

The peak at 20 value of 7.45 becomes sharp and more intense, (plots a), b) and c¢) of
Figure 219) two other peaks seem to develop in the wide angle region; it seems that this
peak has a detailed structure that disappears at 165 °C (Figure 219). From 125 °C to 165
°C, some peaks in the small angle region disappear. These data seem much more in line
to what is expected for an isotropic sample, the sharp peaks corresponding to the layer
spacing of the smectic phase become broader and less intense.

At 25 °C the X-ray spacings found are listed on the table below.

212



Table 24: Calculated distances for the 20 values obtained at 25 °C.

Peak A B C D E

20 1934 1771 745 610 279

279 459 501 11.87 1449 31.67

Peaks E and D are related with the first and second order pseudo-Bragg reflections
associated with the smectic layer thickness and indicate a high degree of smectic order
in the sample. However for a smectic phase a higher value of intensity was expected. In
fact the intensity values are in the same order of the ones obtained previously for the
nematic phases.

Since peaks A and B are mainly in the equator, 0 scans in the direction perpendicular to

the magnetic field were also plotted and the results are shown below (Figure 220).
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Figure 220: Radially integrated patterns of 114 for a) 25 °C, b) 105 °C, ¢) 125 °C and d) 165 °C, integration

of the equator region.

The peak corresponding to the first order has almost disappeared at 25 °C but it seems
to be more visible at 105 °C (in the mesophase) and at 125 °C (just above isotropisation
temperature), while the second order reflection is not visible at any temperatures, which
IS expected. Peaks related to the distances between two siloxane cubes and lateral
distances between aliphatic chains are present throughout the entire temperature range.
As observed in plot a) Figure 219 at 25 °C there are two peaks in the wide angle region,
distances of 4.67 A and of 4.36 A, while at 105 °C and 125 °C the peak in the wide
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angle region seems to have a detailed structure that disappears giving rise to a single

peak at 165 °C.

x-scans from peaks A to E were plotted and are presented in the figures below. Peak E is

situated in the meridian region as shown in the plots in Figure 221.With increasing

temperature there is a decrease in intensity however in plot d) there is a big difference

between the peaks with values of approximately 90° and 267°.
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Figure 221: Azimuthally integrated plots of peak A for compound 114 at several temperatures.
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Peaks D and C are very close (see Figure 217 at 25 °C and Figure 219 a)) despite

having different orientations (peak D is situated in the meridian and peak C is mainly

situated in the equator) yet because of their proximity, they were integrated together due

to software reasons and the resulting y-scans are represented below, in Figure 223. In

Figure 222 is a magnification of the small angle region and peaks C and D are

highlighted.
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Figure 222:
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Figure 223: Azimuthally integrated plots of peak C and D for compound 114 at several temperatures.

The distribution of the intensities in the equator region is confirmed at 25 °C, with

increasing temperature a loss in alignment seems to occur, as the sample becomes

isotropic.
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Figure 224: Azimuthally integrated plots of peak D for compound 114 at several temperatures.
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An attempt to isolate peak D and perform the azimuthally integrated plots was made but

not successfully see Figure 224, where a preferential alignment in the equator area is

present.

Lastly the y scans of the wide angle region show that they are preferentially situated in

the equator as expected for a SmA phase.
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Figure 225: Azimuthally integrated plots of peak A and B for compound 114 at several temperatures.
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Noticeable is some sharpening of the intensity in the wide angle region as shown in
Figure 218. These accounted intensities are large and not close to the noise level, so this
ought to be taken into consideration.

However a possibility could be that the mesogenic groups acquire more rotational
flexibility with increasing temperature, leading to some antiparallel formation as
depicted in Figure 226, resulting in small differences in the lateral mesogenic distances.
The model previously discussed for 108 is suitable for this material. The details of
which were already discussed, and the model is represented with the dimensions related

with this molecule.

- ¢ )
| Minimum value of 4.4 A
31.67A < ] == Considers that the Si-O-Si
unitis fully extended
L
H—I
14A

Figure 226: Molecular packing proposed for 114.

The correlation of the molecular length was determined as described before and the

calculated value was 343 A that corresponds to 8 molecular lengths.

In this series, three compounds were investigated, 112 which has a lamN phase
resembling the one shown by 104. Compound 113 shows a different behaviour from
any of the compounds synthesized, with a very high clearing temperature observed. The
XRD studies of this compound are still ongoing and clarification of its phase structure is
expected to be achieved in the near future. Compound 114 shows a SmA phase, typical

for cyanobiphenyl substituted silsesquioxanes.
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XRD discussion of Series 1V
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Figure 227: Scheme of series V.

Compound 115

The phase structure of 115 was studied by X-ray diffraction and the results obtained

from two experiments will be presented. The first experiment used a fibre sample and a

heating program was carried out. The temperature was raised by 5 °C and data collected

every 5°C for a period of 1800s. The starting temperature of this program was 45 °C

and the final temperature recorded was 170 °C; this is Program |. After completion of

Program I, Program Il was initiated this involved a cooling program starting at 170 °C.

The temperature was decreased 20 °C and data collected for 1800s, every 20 °C until

the final temperature 30 °C was achieved.
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Figure 228: Diffractograms of compound 115. Top: Program | and bottom: Program I1.

In Figure 228 above 2D diffraction patterns collected from both programs are shown.
On the top of Figure 228, data collected from the mesophase (45 °C) and from the
isotropic state (170 °C) during Program | are depicted. On the bottom of Figure 228, the
data shown was collected during Program II, and reveals the mesophase at 30 °C and
the isotropic state at 170°C. From the 2D diffraction patterns it is clear a difference in

the patterns is seen and the results collected by both programs will be discuss next.

Program |
The 6-scans for compound 115 in the mesophase and in the isotropic state, collected

during Program |, are shown in Figure 228 a) and b) respectively and they were

integrated along the magnetic field.
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Figure 229: 8-scans for compound 115, obtained from data collected from program I.

The presence of three reflections is expected and the calculated distances are shown in
Table 25.

Table 25: Calculated distances determined by X-ray diffraction for compound 115.

Program |
45 °C 170 °C
peak A B C A B C

20 1955 519 410 1777 492 324
d(A) 454 1703 2155 499 17.96 27.27

Despite the existence of three peaks both in the 2D diffraction patterns and in the 20-
scans, the calculated distance for peak B of = 17 A, 20 = 5.19, was surprising as this
value is much larger than the value expected for the distance between two neighbouring
silsesquioxane cores. In the compounds discussed so far, the values obtained for the
distance between two silsesquioxane cores was around 13 — 14 A, associated with a 20
value of approximately 6.3 — 6.8. As a result, it seems that peak B is not related with the
distance between two silsesquioxane cores.

Compound 115 comprises two mesogens in a 1:1 ratio, attached to the silsesquioxane.
The system is represented in Figure 227 where the length of both mesogens is also

represented.

It is possible that both peaks B (20 = 5.19, d = 17 A) and C (20 = 4.10, d = 22A) are
related with diffraction from both mesogens represented in Figure 227. The assignment
of any of these peaks is not straight forward; however, in previous systems the
diffraction peak related with the azobenzene mesogen was associated with distances
between 24 and 30A. It seems that peak B (20 = 5.19, d = 17 A) is related to the length
of the cyanobiphenyl substituent and peak C is attributed to the length of the
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azobenzene substituent. The observation that calculated distance is smaller than the full

length of the mesogen, implies the existence of interdigitation between the alkyl chains.

Peak A is characteristic of liquid crystalline systems and is related to the distance

between two neighbouring mesogenic units, 20 = 19.55, d ~ 4.5 A. In the isotropic state,

the 20 values are slightly smaller which is not surprising since the degree of order

decreases in the isotropic state.

The absence of a peak related to the silsesquioxane cores is very surprising. The

distribution of the intensities of the diffracted peaks are represented in Figure 230 for

the mesophase and for the isotropic state.
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Figure 230: Azimuthally integrated plots for peaks A to C in the mesophase (45 °C) and in the isotropic state

170 °C) for program I.
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The x-scans show that all the peaks are situated in the meridian region. It also seems
that in the isotropic state some alignment of the molecules related with the mesophase is
retained; see plots in Figure 230 at 170 °C.

Taking into account previous discussions, and the observation of a marbled texture by
POM, Figure 131), it seems that this sample has a lamellar nematic phase. In which
both mesogens are organized perpendicularly to the magnetic field as described for 104,
for example. The layer structure is suggested by the distribution of the intensities in the

meridian region.

Program II:
The 2D diffractograms for program Il are shown in the bottom of Figure 228. An initial

comparison between the diffraction patterns obtained for both programs shows clear
differences. Contrary to the previously discussed results of Program I, the preferred
orientation for the diffracted peaks is not predominantly distributed in the meridian
region but is now spread between the meridian and equator regions.

The Azimuthally integrated plots in Figure 231 correspond to: a) Integration using a y
interval from 0 to 360°, b) integration perpendicular to the magnetic field, c) integration

parallel to the magnetic field.
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Figure 231: 0-scans for compound 115, obtained from data collected during Program II.
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The calculated values for the peaks of plot c¢) Figure 231 are depicted in Table 26
below.

Table 26: Calculated values for the peaks in the parallel integration data collected at 30 °C.

Program 11
30°C

peak A A B C
20 1945 1834 543  3.79
d(A) 456 484 16.28 23.32

In the wide angle region there are now two peaks corresponding at = 4.6 A and = 4.8 A
which are attributed to the distances between the mesogenic units, and are associated
with liquid crystalline behaviour. The existence of two peaks could be related with the
fact that there are two mesogens present in this compound in a 1:1 ratio and
microsegragation might occur at a molecular level. Surprisingly a peak corresponding to
the distance between two silsesquioxane cores is still absent.

The radially integrated plots for the peaks at 30 °C are shown below. Peaks A and Al
are situated in the equator region contrary to what was observed in plot a). Peak B is
still in the meridian region and Peak C is now distributed along the equator, in contrast
to what was observed during Program I, see Figure 232.

As peaks B and C were attributed to mesogens containing cyanobiphenyl and
azobenzene groups, respectively, it seems that they are placed perpendicularly to each

other resembling what was observed for compound 106.
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Figure 232: Radially integrated scans for compound 115 at 30 °C. Data collected during Program Il

Comparing the results obtain by program | and program Il it seems that the initial
lamellar nematic phase was lost when fast cooling occurred. This could be because the
molecules did not have time to rearrange in the preferred lamellar phase. This lost of
order was already observed for 104. However in this case the degree of disorder seems
to be much higher as for a typical nematic phase. This could be related with the
“design” of the cyanobiphenyl mesogen, where the ester group may allow some
freedom.

Using Scherrer’s equation, the correlation length was calculated, the obtained value was
~41.11 A which corresponds approximately to one molecular length.

The calculated molecular volume is 10332 A2 and the layer spacing is 21.55 A, smaller
than the full length of the extended molecule of 50.6 A (2 cyanobiphenyls, 2 x 20 A +
silsesquioxane core 4.4 A + Si-O-Si groups 2 x 3.1). Considering a unit cell of 43.10 A,
the calculated diameter for a cylinder model would be = 17.5 A, as represented in

Figure 233.
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Figure 233: Representation of the molecular unit cell of 115.

Considering the model presented above accommodates the dimension of the molecule.
The azobenzene mesogens interdigitate and in the XRD diffraction patterns there is no
electron density corresponding to the cyanobiphenyls, therefore a packing of the

molecules as shown below is proposed.

Figure 234: Representation of the molecular packing considering the above model.

Compound 116

The 2D patterns obtained from X-ray diffraction studies are shown in Figure 235 at 25
°C and at 190 °C. The samples are not well aligned as the diffraction intensities are
rings at both temperatures. The differences between the two diffractograms are related
to peak A, where the ring at 25 °C gives rise to a diffuse scattering. Some changes in

peaks B and C are also observed, but these are minor.
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Figure 235: Diffractograms of compound 116 at the mesophase (25 °C) and in the isotropic state (190 °C).

The radially integrated scans are shown in Figure 236 and the associated distances are

shown in Table 27.
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Figure 236: Radially integrated patterns of 116 for a) 25 °C and b) 190 °C.

The radially integrated patterns plotted in Figure 236 are fairly similar, the largest
diference occurs in the wide angle region where the peak with 20 value of 19.95

becomes smoother and less intense at 190 °C. At this temperature, the wide angle region

suggests that this material is liquid crystalline.

Table 27: Calculated distances for plot b in Figure 236.

30°C

peak A A, D B C
20 1841 1734 820 7.06 546
dA) 482 511 1078 1252 16.19
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Figure 237: Dependence of 0-scans with temperature. a) For the entire temperature range collected and b)
Variation of d (A) with temperature.

Figure 236 and Figure 237 show that with decreasing temperature the wide angle peak
becomes sharper, as the material is more ordered at lower temperatures.

As it was not possible to align XRD sample in the magnetic field or as fibres, due to a
very high viscosity which possibly had affected OPM studies as well, phase
identification was not possible.

The persistence of sharp and persistent reflections in the small angle region suggests the
formation of a high ordered LC phase, though there are not sufficient peaks present to

differentiate between a smectic (eg SmA or SmB) and columnar phases.

In series IV the addition of a benzyl ester did not affected the the presence of a lamN
phase which was confirmed. The fast cooling of compound 115 showed the formation
of a less ordered normal nematic phase. The phase structure of compound 116 could not
be identified clearly, however the data points towards the formation of a smectic phase.

A summary of the molecular assemblies and phase structures of the compounds

investigated is presented in the next pages.
Series |
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Compound Molecular assembly Phase structure Comments

* Interdigitation of mesogens
occurs.
104 * Formation of cybotactic
clusters of SmC-like layers of
the mesogens.

* Formation of SmC-like
cybotactic clusters of the
silsesquioxane core.

106

* Occurence of a local SmA-
like layer arrangement of the

cyanobiphenyls.

XRD studies were inconclusive as the material could not be aligned. 6-scans show 1t and 2"¢ order diffraction
105 peaks suggesting a SmA-like layer arrangement of the cyanobiphenyl as discussed for 106. Due to the a marbled
texture observed by OPM, a phase structure as observed for 106 is most likely.

n . ) * Interdigitation of the
cyanobiphenyl groups occurs.
108 v
* The molecules have a spindle-like
shape.

[

Series |1

Compound Molecular assembly Phase structure Comments

* Interdigitation of
cyanobiphenyl groups does
not occur.
109
* Arrangement of
cyanobiphenyls in a SmA-like
local layer does not occur.

* Formation of cybotatic
clusters of silsesquioxanes.
110 * No suggestion of the
occurrence of SmA-like layer

arrangement of the
cyanobiphenyl as discussed in
Series |.

111

XRD studies were inconclusive because the material could not be aligned . However all the data collected for this
material points towards the formation of a SmA phase similar to that proposed for 108.
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Series |1

Compound Molecular assembly Phase structure Comments

* Interdigitation of
cyanobiphenyl groups does

not occur.
112 '
* Arrangement of
cyanobiphenyls in a SmA-like
local layer does not occur.
113 Preliminary XRD results point to a high ordered phase structure. Investigations to clarify the molecular assembly in

this compound are still ongoing.

n n « Interdigitation of the

cyanobiphenyl groups occurs.

114 l. ”.‘ * The molecules have a spindle-like
;1 shape.

Series IV

Compound Molecular assembly Phase structure Comments

* Interdigitation of
cyanobiphenyl groups does
not occur.

* Arrangement of
cyanobiphenyls in a SmA-
like local layer doe not
occur.

* Formation of cybotactic
clusters is not observed.

* Fast cooling induces
disappearance of lamellar
structure.

115

XRD studies were inconclusive as the material could not be aligned. However all the data collected for this
116 ; : ] . )
material points towards formation of a higher ordered phase structure such as smectic or columnar phase.
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Di1SCUSSION-PART |11

7.7 - Discussion of photoorientation and SRG inscription

The work discussed here was carried out in collaboration Jarloslaw Tomczyk from the
group of Professor Joachim Stumpe of the Fraunhofer Institute for Applied Polymer
Research, in Potsdam, Germany, under the Dendreamers project (Marie Curie actions,
seventh framework programme).

A quantitative data analysis, which is out of the scope of this thesis, can be found in the
PhD thesis of Jarloslaw Tomczyk from Potsdam University, but in this discussion a
presentation of the data in a more qualitative way will be made as well as a detailed
description of the process.

The work presented here anticipated the synthesis of new photochromic liquid
crystalline materials and their full characterization that was made previously, finally the
application of the synthesised materials which will be described next.

The first step to study photoalignment is the preparation of thin films. In order to do
this, it is important that the materials have good film forming properties; that is
formation of homogenous films which is essential for photoalignment studies.

The films were prepared in two steps; first preparation of solutions of known
concentration, typically 3.9 x 10° mol dm™. The solvent chosen depends on the
solubility of the materials, and the ability to form films so that the solvent could be
easily evaporated after film preparation. In the present case the solvent used was 1,1,2-
trichloroethane. The yellow solutions (due to the azobenzene molecules) were clear,
therefore homogeneous, and the concentration chosen was adequate for the preparation
of the films. If the initial solutions are too concentrated difficulties in obtaining a
homogeneous spread of the solution arises, impinging on the quality of the films
obtained. The second stage in the process of forming thin films using a glass substrate is
the preparation of the substrate. The substrate was carefully cleaned (with ethanol) in
order to remove grease and dust that would in later stages of the work disturb the
interaction of linearly polarized light with the materials.

Finally, the films were prepared by a spin coating technique involving deposition of the
dilute solution into the glass substrate that is then accelerated to the desired rotation rate
2000 rpm. Due to centrifugal force, the liquid will flow radially up to the edges of the
substrate and the excess will be thrown out of the edges. The thickness of the film will

keep decreasing until disjoining pressure (that results from attractive interactions
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between the two surfaces: liquid solution and solid substrate) effects cause the film to
reach an equilibrium thickness or until, as a consequence of evaporation, an extremely
viscous state is attained and it is solid-like.

In order to get the best possible quality for the thin films two deposition techniques
were used; one in which the sample is applied while the spin coater is off, meaning that
there is no initial acceleration, and the second on which the sample is applied after the
spin coater being switched on. In this case there will be an initial acceleration and the
samples were loaded when the spin coater was spinning at 2000 rpm and at constant
speed.

In Figure 238 a) and b) are depicted the steps described above for the preparation of the
thin films, in a) a clear and homogeneous solution used to prepare the thin films and in

b) the spin coater used with a glass substrate ready to be loaded.

Solution of known concentration prepared

using 1,1,2-trichloroethane as solvent

Non homogeneous samples are
Glass with thin film Clean suybstrate discarded.
A yellow colouration can be seen

Figure 238: a) and b) Steps for the preparation of the thin films. c) Shows two substrates, one is loaded and a
yellow colouration can be observed. The other is clean and transparent d) Example of a non homogeneous

sample.

For the preparation of these films the method chosen was the static method, where the
sample was loaded while the spin coater was off as it produced the more uniform
samples. The loaded samples could be identified by a yellow coloration, as depicted in
Figure 238 c), and after the production of films their quality was assessed. All the non
homogeneous samples, such as the one shown in Figure 238 d), were discarded and the
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resultant samples were kept for analysis. Ten good samples were produced from which
the best eight were analysed.

After loading the sample holders the UV/Vis spectra was traced, the apparatus
incorporated a Glan-Thompson prism with a computer-driven stepper that is rotated by
5° in the end of acquisition of each spectrum which was used for the angular-dependent
measurements of absorbance. This means that 36 UV/Vis spectra are recorded (from 0
to 180°) for each sample, corresponding to the different orientations of the sample. The
spectra presented in the Figure 239 correspond to an isotropic organization of the
molecules so the absorption behaviour of the sample is the same in all directions in the

plane of the film.
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Figure 239: UV/Vis spectra of the non irradiated sample.

The absorption maxima is at 356 nm corresponding to the m-m* transition of the
azobenzene. The samples were afterwards irradiated for 30 min at room temperature
with linearly polarized light of an Ar* laser (Innova4, Coherent) using the green line at
488 nm (100 mW/cm?). The UV/Vis spectra were recorded for the irradiated samples
and are depicted in Figure 240.
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Figure 240: UV/Vis spectra of irradiated samples.

Observation of the UV/Vis spectra for the irradiated samples shows that there is a
decrease in the absorption of the sample at (356 nm) from the parallel to the
perpendicular direction of the incident light (this is for the spectra corresponding from
0° to 90° (lowest absorption value and highest absorption value respectively)).

The different absorption values for the different directions are a consequence of

preferential direction of absorption, in this case the direction perpendicular to the

direction of the electric field vector (ﬁ of the incident linearly polarized light. This is a
significant difference compared to the samples prior to irradiation. It demonstrates that
there was a photoorientation of the azobenzene groups induced during the irradiation
procedure. The photoorientation phenomenon discussed in Chapter 11 was then observed
for this material and the dichroism, D, was calculated using equation 10.

A -A
_ Aperp~Apar
D= . 10
perp TApar

Where Aperp is the absorption value perpendicular to the polarization direction of the
irradiation light and A, is the absorption value parallel to the polarization direction of
the irradiation light. For the sample under discussion the dichroic value calculated was
0.7.

The angular-dependent absorbance spectra for the absorbance maxima A = 356 nm are
shown inFigure 241, and it demonstrates clearly that optical anisotropy was induced in
the material in question and it shows the maximum absorbance perpendicular to the
electric field vector of the incident light. This photoorientation process occurs due to a
cooperative orientation of the mesogens by trans-cis isomerisation of the azobenzene,

which is much higher than for amorphous materials.
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Figure 241: Polar plots of the absorbance at 365 nm in the initial film (black line) and after linear polarized

irradiation (488nm).

After photoorientation inducement, the thickness of the samples was investigated. This
process is carried out after acquisition of the above data since it is a destructive process.
A contact profilometer (Dektak 150, Veeco Instruments Inc.) was used to measure the
surface profile and quantify its roughness and thus its thickness. This equipment
measures in the nanometer range and consequently they are extremely sensitive to any
dust particles and vibrations, so for these reasons it was located in a clean room.

When performing these measures a thin scratch is made in the surface of the samples
the profilomter will measure the height of this depression as represented in Figure 242.
In order to obtain a good result, several measurements of the same sample were
acquired and an average result is obtained.

For the samples analyzed three measurements per sample were collected for all of the

eight samples the average thickness calculated were between 200 to 300 nm.

4 ..
| 200-300 nm
1

Figure 242: Representation of the measurements of the thickness of the samples using a profilometer.

Figure 242 shows how the profilometer works. The needle travels along the sample and
detects any change on the surface texture such as the scratch induced and in this way a

measurement of the thickness of the films is obtained.
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SRGS inscription

In addition to studies of light induced anisotropy with a single homogeneous beam
(measuring dichroism) this phenomenon can be studied by diffraction grating recording
which is characterised by the diffraction efficiency. In these cases the material is
exposed to a pattern irradiation, induced for example by the holography technique
shown in the Figure 243.

Ar* ion laser (488 nm)
PD+2™ He-Ne ion laser (633 nm)

HWP \’\M

PD+1%

Sample
PD O™

<

BS

HWP /‘// "

pD-2"

Figure 243: Experimental set up used to record SRGS.%®

An Argon-ion laser at the wavelength of 488 nm was used. The laser beam was
expanded and spatially selected in order to use only its homogeneous central part. The
beam was split into two parts of equal intensities, and the sample was irradiated with a
polarization interference pattern formed by the linearly orthogonally polarized beams.
The irradiation of the sample with this technique results in the induction of periodic
anisotropy. This is achieved by periodic changes of birefringence and dichroism being
evident by the appearance of light diffraction. In quantitative studies, the process of
grating formation is followed by monitoring the intensity of the first-order diffraction
suffered by a low power s-polarized probe beam at 633 nm over time. The diffraction
efficiency (ratio between the first diffracted intensity and the input beam intensity)
indirectly provides information about the optical anisotropy. A qualitative description of
the experimental results is possible and will follow.

In Figure 244 a thin film of compound 115 in a glass substrate is shown during
diffraction grating recording experiment. The photograph was taken while the sample
was being irradiated (45 min exposure). In Figure 244 the red dots to the left and to the
right of the central point correspond to the first, second and third order interference
diffraction fringes. The central red point, or zero order diffraction, corresponds to the
direct s-polarized beam (A = 633 nm), this is the beam that does not suffer diffraction.

So this beam is used to verify if diffraction gratings are being recorded, when this
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occurs, the laser suffers diffraction originating the red dots observed in the figure. If no
diffraction gratings are recorded, the incident red laser is not diffracted and only the

direct beam will be observed.

_9nd nd rd
-3 order 2" order + 2"d order + 3" order

+ 15t order + 15t order
\ \ \ oth order / / /

Figure 244: Recording of SRGS, where 1%, 2" and 3™ order diffractions can be observed.

When observing Figure 244 it is possible to see that the sample is not completely
homogeneous. Thus a homogeneous region of the sample was chosen to perform this
experiment.

The holographic technique described here consists of a laser beam that was split into
two linearly polarized beams of equal intensities with polarization planes of + 45 ° to
the plane of incidence.

Interference of these two coherent beams can occur constructively or destructively,
hence giving rise to a resultant wave with higher or lower amplitude respectively. The
polarization interference pattern formed will be inscribed into the sample and induce a
change in its surface, which was discussed in Chapter 1. So when the recorded sample
was observed in a polarizing optical microscope between crossed polarisers the

interference pattern was observed, see Figure 245.
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Figure 245: Sample observed by OPM after SRG inscription.

In azobenzene containing materials, surface relief grating occurs in addition to the
photoinduced anisotropy contributing to the diffraction.

An AFM image was collected using a NanoScope Illa controller from Digital AFM

Figure 246: Profile of the surface of the sample of 116 after SRGS inscription.

instrument was used to determine the roughness of the surface. In Figure 246 it is
possible to see that some gratings were recorded however it is also possible to observe
that these are not smooth profiled gratings. For the recording of SRGs, it is necessary to
have thicker films, between 600 and 800 nm, than the ones necessary for inducing
photoorientation, so that mass migration can indeed occur. Despite the sample being
prepared using the same procedure, the amount of material had to be increased. The
resulting film was not as homogeneous as the previous samples and not clear. This is a
drawback for the recording of SRGs since scattering of the light by the material will
occur, affecting the interference fringe between the recording and reference beams.

As discussed before, the materials were synthesised using a combination of different
mesogens that were attached to the silsesquioxane core. This strategy was used to
produce materials with specific thermal properties (such as a glass transition at room
temperature and a nematic mesophase) which are fundamental to retain both the induced

photoorientation and SRGs (glass transition at room temperature) and to facilitate the
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promotion of an amplification phenomenon that occurs when the material is heated in
the mesophase. The material investigated seems to be suitable for photoorientation
investigations yet the same cannot be said for the inscription of SRGs. It seems that the
co-mesogen approach is not adequate for this last purpose, since polydisperse materials
are obtained which can increase the amount of scattering observed. After these analyses
we can conclude that the material under investigation has very good film properties
suitable for promoting optical anisotropy as show by the circular dichroism value of 0.7.
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CHAPTER 8: CONCLUSION AND OUTLOOK

8.1 Conclusions

Several series of liquid crystalline photoactive supermolecular systems were
investigated which were based on a central silsesquioxane core. As the photoactive
liquid crystal group a laterally connected azobenzene based mesogenic system
promoting nematic phase behaviour was developed. The properties of the target
materials were modulated by using a series cyanobiphenyl based mesogens as co-
mesogens in co-polymerisation type of reactions. For these cyanobiphenyl based
mesogens the length of the hydrocarbon spacer and the extension of the aromatic core
was varied systematically.

The optimisation target for these systems was to achieve a glass transition above room
temperature and exclusively nematic phase behaviour. These goals were achieved.

The purpose of the investigation of nematic photoactive materials was to obtain systems
which can be built up in a modular manner and which are accessible by relatively short
synthetic routes. The goal was to obtain materials which can be used for photoactive
thin film technology, and where the know-how and technology has the potential for a
short pull-through to industrial uses.

The project involved the design, synthesis and characterisation of molecular materials
based on low molar mass mesogens attached to a cuboid silsesquioxane architecture.
The materials designed were optimized in iterative steps having in focus clear
parameters, such as transition temperatures, glass transitions and phase behaviour.

The photoactive properties of the prepared materials were studied by UV/vis studies in
solution and by *H-NMR studies and the dichroic behaviour of the materials was
investigated in thin films. Starting from non-oriented films a high photodichroism with
a value of 0.7 could be inscribed.

The liquid crystal properties of the materials were characterised by optical polarizing
microscopy, differential scanning calorimetry and temperature dependent X-ray
diffraction studies of magnetically and mechanically oriented fibres.

A very surprising result of these investigations was that the nematic structure of the
investigated systems was found to be much more complex than anticipated. Most of the
investigated systems form a lamellar nematic phase, which has rarely been observed
before and has so far not been detected for this class of photoactive materials. This

observation required extensive studies, of samples aligned in external magnetic fields
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and of mechanically uniaxial aligned samples as fibres at various temperatures
involving as well the study of realignment processes.

The phase structure these systems form is characterised by a subtle interplay of the
volume requirements and the chemical structure of the different mesogens attached to
the central core. The phase behaviour observed ranged from almost “typical” nematic
structures with SmC like cybotactic clustering, lamellar nematic phase behaviour, with
or without clustering to SmA like structures. In structural terms , the wide variety of
subtle structural variations of the nematic phase has not been observed before and
represents a clear and significant advancement in the knowledge of photoactive self-
organized soft matter.

Overall, this project involved, the design of materials and optimisation of their
structures focused on clear parameters, synthesis of the materials, their full chemical
characterisation, the investigation and characterisation of their photoactive properties in
solution and as dichroic thin films and the extensive investigation of the liquid crystal
phase behaviour of these materials and their modes of assembly using a wide range of

techniques.

8.2 Outlook

Speaking in terms of technological requirements, the achievement of materials with a
higher optical dichroism would be an attractive research target. Here the investigation of
amplification processes and mass transport processes of photoactive matter is still not
fully understood and is an attractive and relevant research target.

In practical synthetic terms the study of materials which could be crosslinked after
photoalignment would be an attractive technological target. Here the introduction of
photo-crosslinkable groups, sensitive to specific irradiation wavelengths would be
interesting.

In terms of wider scientific issues the investigation of the transition from the “normal”
nematic phase to the lamellar nematic phase in dependence of molecular composition to
the formation of higher ordered LC phases such as the SmA phase and columnar phases
observed for structural related materials, would be of high interest, especially in

conjunction the ability of switching between phase structures by irradiation.
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