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PhD Thesis

The combination of photochromic units and liquid crystal mesogens has
over the years been investigated intensively. However the focus of this
work has been on very few photochromic groups. The overall aim of this
work is to combine photochromic groups, that have not been used in
combination with liquid crystal phase behaviour inducing groups, with
the aim to generate new liquid crystalline photochromes. The imida-
zole based lophine group was functionalised symmetrically to induce lig-
uid crystalline properties. The modification of the lophine core involved
the introduction of a spacer using hydrocarbon and siloxane groups, a
mesogenic group and the variation of the spacing between the mesogenic
groups and the imidazole. The first room temperature liquid crystalline
triphenyl imidazoles were thus generated and the photochromic and lig-
uid crystal properties were explored using UV-Vis spectroscopy, optical
polarising microscopy, differential scanning calorimetry and X-ray diffrac-
tion methods. Additionally the synthesis and the functionalisation of
a diazocine unit, which is a derivative of the commonaly known trans-

azobenzene compound was explored.

The results of the work carried out was the synthesis of a set of novel pho-
tochromic liquid crystalline materials, with the alteration of the structure
and the method of linking the liquid crystalline mesogen and the pho-
tochromic unit. This reduced the transition temperatures to the isotropic
phase by 2°C and causing a shift in the absorption spectra if the irra-
diated species from 450nm to 550nm. It was also observed that the ir-
radiation and subsequent radicalisation of the hexaarybiimidazole group
did not alter the liquid crystalline properies but did induce a bulk colour

change in the material in the smectic A phase.
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Chapter 1 Introduction to liquid

crystals

1.1 General overview

The overall aim of the project was to investigate the effects of photochromism on
the liquid crystal properties of a novel photochromic core group. The combination of
liquid crystal (LC) mesogens with molecules that exhibit both photochromic proper-
ties and piezochromic properties has yet to be investigated. The core molecule which
shows both of these characteristics is the 2,4,5-triphenylimidazole molecule, the lig-
uid crystal arm is a functionalised cyanobiphenyl group attached via a combined

hydrocarbon-siloxane linker system.

1.2 A brief overview of Liquid Crystals, their

structure and phase properties.

Liquid crystals are a class of molecules which, upon heating, show a state of matter
that is neither isotropic liquid nor crystalline. Properties of molecules that exhibit
liquid crystal behaviour can be classed as crystalline like, with some of the positional
and orientational order of crystalline molecules.! In addition to this (limited order
positionally and orientationally) they also behave like liquid for example, they flow
like a liquid. There are many different forms of liquid crystal molecules which have

different properties and behave in different ways as shown in Figure 1.1.
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Crystalline Solid Liquid Crystal Isotropic Liquid

T

increasing temperature, decreasmg order —>

Figure 1.1. Schematic transition sequence for thermotropic liquid crystals.

Liquid crystals can be split into two categories: lyotropic and thermotropic com-
pounds. Thermotropic liquid crystals undergo the transition from a crystalline state
to a LC state when heated. Lyotropic liquid crystals, on the other hand, are formed
by mixing the lyotropic LC mesogen with an isotropic solvent.? Thermotropic LC’s
can be further subdivided by the phase structure. For most materials there is a clear
link between their anisotropic structure and the formation of a liquid crystalline
phase. Most rod-shaped liquid crystals form nematic and/or smectic phases. The
general definition of a nematic liquid crystal phase is that the molecules have orien-
tational order but no positional order. This means that the long axis of the molecule
is in the average direction of the orientation of the molecules for rod like mesogens,
an example, is shown in Figure 1.2. There has been much work focusing on the incor-
poration of low mass liquid crystal mesogens into polymers and elastomers, which
has the effect of altering the properties of the polymer. Rod shaped liquid crystals
have been used in many elastomers® because of the ability of the mesogen to respond

to many stimuli, such as strain, temperature, light, and electric fields.
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Figure 1.2. Basic representation of a Nematic liquid crystal phase based on 5CB

The direction of the LC mesogens is the term given to the averaging of the orientation
of the molecules in space in the LC phase. The properties and the shape of the
mesogens can give rise to different orientations such as molecules that have inherent
chiral properties, where the molecules will twist with respect to one another forming

a layer twisting director, these are known as the chiral nematic or cholesteric phase.

Smectic LC phases are different from nematic phases as they have orientational order
and one or two-dimensional positional order. They can be subdivided into categories
depending on the degrees of order that the molecules have, the most common of the
smectic phases are the A, B, C, F, and I phase (SmA,SmB, SmC, SmF, SmI). The
SmA phase is layered with the molecules having an average orientation of 90° with
respect to the layer normal. In the SmC phase the molecules are tilted with respect
to the layer normal, see Figure 1.3.! Both the SmA and the SmC phases have limited
positional ordering within the layers. The other common smectic phases have two-

dimensional positional ordering.
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Figure 1.3. Depiction of an SmA phase and a SmC phase.

An example of this is the hexagonal structure of the molecules positioned orthogonal
to the layer planes which is seen in the SmB phase or with a tilted hexagonal structure

as in the SmF or SmI phases.

1.3 Characterisation methods

There are many methods used to characterise both the molecules and the LC phases.
The main methods used for the general purity and molecular structure determina-
tion are 'H-NMR spectroscopy, mass spectrometry, and high performance liquid
chromatography (HPLC), they all report different properties of a molecule or a sam-
ple. The methods for the determination of the LC phase are DSC DSC(differential
scanning calorimetry) and OPM (optical polarizing microscopy) together with a hot
stage. OPM is a method for the initial determination of liquid crystal transitions.

OPM works by heating up the sample and using optical polarizers at 90° to one
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another. The transition from the crystal to the LC phase to the isotropic phase is

then observed by the user as a disaperance of birefringence see Figure 1.4.

Object
(Anisotropic Crystal)
Analyzer (A)

Polarizer (P) nq

Retardation

Polarized

Light
Sample - 44. Two Components
mckné’ss (t) I Resulting From

Birefringence

Figure 1.4. Representation of OPM setup

The sample is illuminated by linear polarized light. Once the polarized light has
passed through the sample, if the sample is a liquid crystal, the light is split into the
ordinary and extraordinary rays, which then pass through the second polarizer and
to the eyepiece. The splitting of the light into the ordinary and extraordinary rays
is due to the material having different refractive indices in different directions. This
causes the light passing through the material to have different speeds. This property
of the material gives rise to birefringence. The birefringence of the material can be
calculated using the formula An = n, —n,.! An is the birefringence of the material,
ne is the term for the refractive index of the extraordinary ray, finally n, is the term

for the refractive index of the ordinary ray.
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Nematic

Isotropic

Figure 1.5. Examples of LC textures and the isotropic phase on non aligned microscope
slides. A = nematic schlieren texture, B = smectic A focal conic fans, C = smectic C broken

focal conic fans, D = isotropic non berefingent.

This formation of the ordinary and extraordinary rays gives rise to the well known
LC birefringent textures, like the streak or thread like texture of the nematic known
as the Schlieren texture, see Figure 1.5 A. Depending on the LC phase a different
texture is observed. In the smectic phases there are often focal conic fans with areas
of non birefringence which is typical for the SmA phase, see Figure 1.5 B. The smectic
C phase has an similar texture to the smectic A phase, with focal conic fans though
giving non-orthogonal crosses and additionally the non birefringent areas now show
birefringence see Figure 1.5. The final image in Figure 1.5 is the isotropc phase where
there is no birefringence and the light does not pass through the sample. Once the
phase transition and the temperature are recorded, the next step is to confirm it by

using DSC see Figure 1.6.
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Figure 1.6. Basic representation of a DSC plot of a liquid crystal compound.

Differential scanning calorimetry (DSC) uses a method based on the thermal energy
required to induce phase change. The instrument is calibrated against a standard;
both internally and externally. The common external standard is indium, which has
known values, indium (6.37mg, 20pL aluminium pan) enthalpy 28.51J g~ and onset
of the melting temperature of 156.5985°C. The common internal standard is gold.
When a sample with liquid crystal properties is analysed, the increase in energy
needed to overcome the phase transitions on heating is shown on the plot as a peak,
on cooling it is shown as a negative peak, see Figure 1.6. The LC sample is heated
at a uniform rate against an internal standard, under an inert atmosphere to stop
oxidation of the sample under heating, see Figure 1.7. The LC sample and the gold
reference sample are heated at a constant uniform rate, at the point of transition
from the crystal to LC, and then the LC to isotropic, more energy is required to keep
the heating of the LLC sample and the gold internal sample is needed. This increase
in energy is measured and outputted as a graph of temperature against energy, see

Figure 1.6.
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purge gas Temperature diference cooling gas

Figure 1.7. The internal workings of a differential scanning calorimeter.

This value is then compared with known literature values of smectic and nematic
phase transitions to determine an unknown phase and confirm transitions observed
by OPM. The LC phase can be further verified using XRD (X-ray diffraction), the
sample is heated through the crystalline phase to the LC phase and the sample is
exposed to a beam of X-rays. The sample scatters the X-rays and this pattern is
recorded see Figure 1.8. This 2D pattern can then be translated into a 1D plot and
analysed using Bragg’s diffraction law: n\ = 2dsinf. The 1D plot is used to calculate

the pseudo lattice associated with the reflection patterns.
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Figure 1.8. Examples of A = Nematic phase at 190°C, B = Smectic A phase at 166°C, C
= Smectic C phase at 160°C.

The differences in the LC phases can be seen in the 1D and 2D diffractagrams
obtained from XRD experiments. Figure 1.8 shows the 1D and 2D plots of a nematic
phase, smectic A and smectic C respectively. The 2D plot of the nematic phase shows
two reflections, one in the wide angle area (WAX) and one in the small angle (SAX).
The reflections in the SAX region denote the overall average repeat units of the
molecular lenghts of the molecule, due to the low positional and orientational order
the reflections are diffuse. This is mirrored in the broadness of the 1D 26 plots below
the 2D scattering pattern see Figure 1.8. The second reflection is in the WAX area.
This reflection is attributed to the lateral intermolecular distance of the mesogens in
the LC phase. The second plot B is for the SmA phase. The SAX reflections of the
SmA phase compared to the nematic phase are narrower and sharper. This is due
to the increase in the order and the layers that are formed in the SmA phase, see
Figure 1.3. The second section in the SmA reflections is the WAX reflection. This
reflection, when compared to the nematic phase, is narrower and this is caused by the
increase in the orientational order and positional order of the system. The increase

in the positional and orientational order from the nematic phase to the SmA phase
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can be seen in the narrowing and sharpening of the 1D 26 plot.

The final reflection is of the SmC phase. This has a very similar reflection pattern to
the SmA phase, with narrow reflection in the WAX and SAX areas because of the
higher orientational and positional order in the LC phase. The tilt in the reflections
is due to the tilt in the SmC mesophase, the degrees of tilt in the phase can be
calculated from the tilt in the reflection. The narrowing of the WAX reflection can
be attributed to the increase in the positional order of the system. This can also be
seen in the 1D 26 plot. The differences in the reflections between the phases can be
used to back up the results from the OPM images of the LC texture and confirm
the phase, or help to determine the LC phase structure when the OPM image is

inconclusive.
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Chapter 2 Photochromism

2.1 Introduction to photochromism

Photochromism is a ‘reversible transformation of a molecular entity between two
forms, A and B, resulting in different absorption spectra, induced in one or both
directions by absorption of electromagnetic radiation. The spectral change produced
is typically, but not necessarily, of visible colour and is accompanied by differences in
other physical properties.” The first report of this effect was in 1867 by J. Fritzsche
and studied more indepth by I. Frisch in 1988.5 He observed the change in colour of a
tetracene solution in the presence of air and light and then the reversible change with
the exclusion of light. A similar effect was observed later on a painted gatepost which
was black in the daylight and white at night (the paint was zinc based) by E. Ter Meer
in 1876.% The main interest in these early years of the research on photochromism
was the speed of the relaxation reaction from the irradiated coloured form back to the
non-coloured ground state, as well as the degradation of the molecules. This early
work led on to further investigation based around some of the key photochromic
groups. These have been the basis of much photochromic research, due to their high
resistance to photo-degradation and the tuneability of the effective wavelength of

light and the speed of relaxation.

12
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Figure 2.1. Example of the main groups of photochromic materials in open and closed

form.

2.2 Main photochromic molecules and derivatives

The main groups of molecules that exhibit photochromic properties that will be
discussed are spiropyrans, spirooxazines, chromenes (which are also known as naph-
thopyrans and benzopyrans), fulgides and diarylethenes, see Figure 2.2. The rate
of relaxation, or thermal stability, is the rate at which the excited unstable pho-

tochromic compound switches back to the more stable confomer of the molecule.

13
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The number of cycles of irradiation and then relaxation the specific molecule can
withstand before any changes in the structure occur (leading to non-photochromic
products) is known as the photostability. The stability of different groups can be
altered by small changes in the structure of the molecule. For example going from
benzopyrans to naphthopyrans will often cause a bathochromic shift (shift in the
maximum of the absorption or transmittance to a longer wavelength). This can also
be achieved by the introduction of aromatic rings in the 3 and 3’ positions of the
molecule of the hydrogens in ortho position with bulky groups. This has the effect of
slowing the fade rate of the open form of the molecule and also causes a bathochromic
shift.

Much work has been done with photochromic molecules; one of the most well known
is with photoreactive lenses for spectacles, in optical devices, and data storage sys-
tems.”® Here a photochromic group such as a derivative of the illustrated diarylethene®
in Figure 2.1 is employed. This application uses the diarylethene derivative fully dis-
persed in a polymer matrix; this means it can be formed into different shapes and
thin films easily. It also means that different derivatives of the diarlyethene can be
dispersed in the matrix in a controlled fashion, thus creating a multi-colour chang-
ing material.” In more recent work with photoreactive contact lenses,'® the polymer
matrix that makes up the base of the contact lens is fabricated with channels in
which a photoreactive dye is placed. This creates contact lenses that change colour
when exposed to UV-light. Multi-coloured photochromic materials are made possi-
ble by the difference in the absorption of the individual photochromic groups such
as naphthopyrans'! and diarylethenes'? groups of the photochromic molecules. An-
other factor that also aids the versatility of these compounds is the effect of changing
the substituents on the ‘backbone’ of the molecule which in turn shifts the absorp-
tion of the mesogen.!® An example of this is the combination of diarylethene with a

naphthopyran, resulting in a biphotochromic system.!4

The main photochromic molecules are split into two groups. One is where the closed
form is the most stable form, see Figure 2.1. This is the case for the spiropy-
rans, spirooxazines, and the naphthopyrans. Here a weak bond proximal to a sp?
hybridized carbon is broken under irradiation and a planar more conjugated and
coloured yet thermodynamically unstable structure is generated. The diarylethenes

and the fulgides on the other hand undergo [4+2] light mediated electrocyclisation
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reaction.

hv, or A
hv, 3 | B (coloured)

1 | =LA (colourless)

Figure 2.2. Simplified representation of the excitation of the photochromic material.

Photochromic molecules go through an excited state when exposed to light. When
excited electrons move from the ground state 1 to the excited state 2, they can either
then relax to a lower state 3 which is coloured or return straight back to the ground

state 1.

2.3 Cleavage of HABI into two radicals.

The photochromic group that is of interest is based on 2,4,5-triphenylimidazole which
was first reported in the 1950’s. The 2,4,5-triphenylimidazole group (lophine) is
unlike the other photochromic groups shown in, Figure 2.1. When irradiated the

molecule splits from the dimer into two radicals, see Figure 2.3.
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o
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Figure 2.3. Radicalisation of imidazole dimer under irradiation and the formation of the

Ci
-

more stable isomer.

Homolytic cleavage is the formation of two smaller molecules from the parent molecule,
through the splitting of a pair of electrons between the two new species; this will
always form a radical molecule. Free radical formation can lead to atomic or molec-
ular species with unpaired electrons or an open shell configuration. The formation
of radical species often means that they are highly reactive, which means they play
a crucial role both in many chemical reactions and in industrial processes such as
radical polymerisation, combustion, and biochemistry. They also have a role in at-
mospheric chemistry in the formation of ozone. In 1900, M. Gomberg, often referred
to as the father of free radical chemistry, synthesised the first organic free radical
in the form of triphenylmethyl (TPM), whilst trying to form the highly crowded
hexaphenylethane. The triphenylmethane radical turned out to be hard to isolate
due to the highly reactive free radical, instead it was isolated as the peroxide product.

This discovery opened up the field of organic free radical chemistry.

Around 50 years after the start of free radical chemistry, an increase in interest in
hexaarylbiimidazole (HABIs) and its properties as a free radical was shown through
publications,'®!® and patents at DuPont industries. The reason for this surge of
interest in HABIs was the observation of a huge increase in the stability of the
free radical compared to earlier TPM free radicals due to the oxygen sensitivity of
TMP. Therefore the very short free radical half-life was of little interest in industry.
However the increase in the stability of the radical to oxidation had may industrial
uses for DuPont, for example: the potential uses of HABI as a photooxidant and as a

photoinitiator for polymerisation reactions. The increase in the stability of the free
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radical is due to the delocalisation of the free electron around the hetrocycle core of
the HABIs.

This behaviour sparked a large amount of research into the altering of the properties
of the HABIs and the speed at which they form a free radical when irradiated, and
in turn the speed at which they return to the dimer. This also led to the tuning
of the wavelength of light that causes the dissociation of the dimer. The altering
of the speed of dissociation and of reassociation was shown to be related to the
substituent; the position of the substituent on the aromatic rings, which can be
seen in Figure 2.5. The subsitution also effected the position of the bond forming
the dimer and with that the stability of the dimer. This was shown by work done
in the 1970’s by L.A.Cescon et al.'” Their work showed that there were two main

isomerisation products, see Scheme 2.1.

Species 54 isomer 1,2’ shown in Scheme 2.1 is the most stable of the two confomers
and species 55 at higher temperatures converts back to species 53 and then in turn to
the more stable form 54. Species 55 shown in Scheme 2.1 can be isolated by splitting
the dimer of species 54 at low temperatures and then allowing the association of the
free radicals to form at this lowered temperature, this does not result in quantative
formation of species 55, but the yield is very close to this. The differences in points
of attachment of the dimer was first proposed by D.M.White and H.Zimmerman
in 1963 who suggested that there could be six possible dimer structures. These

possible structures can be seen in Figure 2.4

R R R R R
e NS H f oy I
R N!\‘ R Rig A g ] N__N
IN,}—R NN R— ,’E . Y&R \;E
: RHR N R ’S/ NA(R
1-1' 2-2' 4-4' 1 -2' 1 -4' 2-4'

Figure 2.4. The six possible structures of hexaarybiimidazole.

The imidazole dimer is formed through oxidation of the monomer using ferrocyanate.
Once the monomer has been oxidised the radical is formed, this is indicated by the

appearance of an intense violet colour. This initial dimer is the piezochromic dimer
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which has low stability, this means that when it is dissolved in benzene the formation
of the intense violet colour indicates that the piezochromic dimer has dissociated and
radicals have been formed. The reformation of the dimer from the radical in solution
is discussed above. The reformed dimer was initially thought to be two isomers, 1,2’
and 4,4’ see Figure 2.4. This was explored by H.Tanino et al'® who proposed (based
on NMR data) that there was a third and fourth form of the imidazole dimer, see
Scheme 2.2.

Figure 2.5. substitution on a HABI radical.

This work involving substitution in the ortho, meta and para positions on the aro-
matic rings demonstrated the effect of the substitution on the association and dissoci-
ation of the dimers and radicals. This effect was explored using chlorine to substitute
in the ortho position on Arl, see Figure 2.5. The chlorine in the ortho position has
the largest effect on the dimer formation, when compared to the substitution of the
para position on Ar!. The difference in effect of substitution between the para and
the ortho positions was noticed for positions on Ar? and Ar3, the effect of the the
subsitution had a greater effect on the dimer formation in positions Ar? and Ar?
than in Ar'. This trend was also observed for bromine and methoxy substitution,

the rate was not noticeably altered by meta and para substitution.

This led to two hypotheses which were mainly investigated in the 1970’s and 1980’s.
Hypothosis A stated that the substitution of the Ar! resulted in an initially differ-
ent isomer product. Hypothesis B stated that the destabilising effect of the ortho
substituents was due to the inability of the radical to form a planar molecule. The
planar form has been shown to stabilise the radical and as previously mentioned,
results in an increase in delocalisation of the free radical and a lower transition state
of 54. These two hypotheses result in different products as the stable molecule and

the processes are represented schematically in three charts, see Figure 2.6.
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Scheme 2.1. Proposed HABI isomers L.A.Cescon et al.'?

o

Scheme 2.2. Additional confomers proposed by H.Tanino et a

l.18
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Figure 2.6. Depiction of energy diagrams for imidazole dimer association method with

energy on the y axis, reaction coordinate x axis.

Figure 2.6 is a simplified depiction of the energy required to form the two different
isomers 53 and 54 illustrated by Scheme 2.1.

The energy profile of the unsubstituted HABISs, see Figure 2.6, can be represented by
chart A, this is true for both the hypotheses.?’ The example of ortho-chloro HABIs
represented in chart B however, was not found to be supported by experimental
results from the literature as this would show a precedent for the stabilisation of
the coupling at the most hindered position when ortho-HABIs were involved. The
hypothesis indicated that the reduction of the energy required to form 2 from 1
in preference of 3. This can be seen by the reduction of the barrier from 1 to 2,
shown in Figure 2.6, chart B. This was shown to be not correct. This was based on
and supported by the kinetic studies of the low temperature association of the same

isomers form low temperature radicals.

Hypothesis (B) still fits the original chart A for the unsubstituted HABIs. Unlike
hypothesis (A) which is in line with the reaction process outlined in chart B to
represent the substituted HABI’s, hypothesis B is in line with the results for the
ortho-chloro subsituted HABIs in chart C. Chart C comforms with radical desta-
bilisation due to the inability of the radical 53, the ortho substituted rings to sit
coplanar. Hypothesis B unlike A indicates the reduction of the energy barrier going

from 53 to 55 thus making this the favoured association product. This conclusion
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was supported by X-ray crystallography as the restriction of rotation due to the
presence of the ortho group which does not allow 53 and the heterocyclic core to
sit coplanar. The conclusion drawn from these studies is that the introduction of
ortho substitution on Arl alters the dimer state in favour of 55 as it has the lowest

energy barrier as represented in chart A.

With further modeling it was also shown that unsubstituted HABIs 53 do sit copla-
nar to the heterocylic core and that 54 and 55 cannot simultaneously be coplanar
with the core. Furthermore, there is no appreciable gain of resonance stabilisation
of the dimer or radical species from 54 and 55. The kinetics of the equilibria show

that the ortho substitution at these points is not greatly effected.!”

There has been much discussion on the correct form of the dimer that recombines
upon relaxation of the molecule, notably by H. Tanino!® and over the years many
others.1%1%21 More recently this has been investigated by J.Abe et al.?* This more
recent work supports the earlier theories and observations. Building upon previous
work undertaken on the alteration of the dissociation and recombination speed there
has been revitalised interest in HABIs and the possibileties to alter the dissociation
and recombination speed through substitution?® or using magnetic fields.?* The ear-
lier work was improved upon by the incorporation of naphthalene backbones.? it
was found that the speed of the thermal relaxation of the radical back to the dimer is
dramatically reduced. This improvement of the association speed has led to further
alterations in structure through increased conjugation and the introduction of greater
steric crowding.?® This can lead to what is known as negative photochromism, which
is the reversible loss of colour upon irradiation and then the formation of colour with
the exclusion of light or thermally. An example of this negative photochromisum in-

duced by the increase in conjugation and steric crowding can be seen in Figure 2.7
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Figure 2.7. An example of negative photochromisum unduced through steric hinderance

and increased conjugation compaired to the similar HABI derivative.?®

The restriction of the mobility of the free radicals has been shown to lead to an
increase in association speed. This was shown by the introduction of a naphthalene
bridge?® shown in Figure 2.8, this shows two possible methods of restricting the move-
ment of the HABI radicals. It has however also been observed that through altering
this method of restriction, the isomer of the dimer that is formed after dissociation
can change from the previously mentioned naphthalene bridged materials. This is a
1,2’-isomer,?® but with the addition of a second ring on the bridging unit to form

1-phenylnaphathlene shown in Figure 2.8, the number of other isomers that HABIs
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can form are increased.?® The increase in the possible number of confomers formed
created a multistate photochromic bridged HABI derivative. Further effects on the
association speed were investigated, primarily the effect of increased pressure, as it
is known that increasing the pressure in a reaction causes the reaction to progress

faster.

O O

Figure 2.8. A= Naphathlene bridged HABI,?” B= 1-phenylnaphathlene bridged HABI.?¢

This principle was applied to the association of free radicals.?® The results show a
dramatic increase in speed with the increase in pressure form 0.1MPa to 400MPa.
Finally, there has been interest in improving the fatigue resistance of the HABIs, as
like all free radicals they can react with anything reactive in their vicinity. This is
the reason they are good radical initiators for polymerisation reactions. This was
achieved by changing one of the imidazole radicals with 4 H-cyclohexadienone ring.
The two radical species are linked using an aromatic ring. This compound and its
derivatives show higher fatigue resistance and improved performance when inserted
into a polymer matrix, when compaired to the original HABI material. The speed and
the colour of the irradiated form can be altered as well through the functionalisation

of the 4 H-cyclohexadienone ring.?

2.4 Cis-Trans Isomerisation

The main photochromic molecule that undergoes cis-trans isomerization is the azoben-
zene group. Azobenzene was first reported by E. Mitscherlich®*?! in 1834, it has

been used in many dyes due to its ability to alter the absorption through altering
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the functionalisation. The original synthesis of the azobenzene was carried out by

the formation of a diazonium salt from aniline.

©\NaN\© . d:b

hv, thermally

Figure 2.9. cis-trans Isomerisation of azobenzene.

There has been a large body of work concerning the synthesis of the azo link, see
Figure 2.9.3233 The most simple form of the azobenzene that can be formed is due
to the coupling of aniline and phenol to form aniline yellow. The reaction proceeds
via a diazomiun salt formation and the homocoupling of aniline derivatives through

34,35 The reaction of aniline and nitrobenzene also leads to the

oxidative dimerization.
same product via the formation of a nitroso intermediate. Many different reagents

and reaction conditions have been explored for the formation of the azo link.
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A = diazonium salt formation, conc. sulfuric acid, Kl, sodium nitrite.
B = azo formation, acetic acid, water, conc. sulfuric acid.

C = dehydrogonation, KF, aluminium oxide.

D = nitroso formation, molybdenum salt, peroxide.

E,F = zinc, ammonium chloride. Degradation of the nitroso group.

Figure 2.10. Classical methods for the synthesis of azobenzenes.

Considering the extensive knowledge gained over the 150 years this group has been
known, investigations into azo compounds is still a surprisingly active research area.
The use of metal catalysts such as bismuth®® or titanium (0)37 has been investigated.
The problem with using these materials is their cost and their toxicity. For the azo
coupling there has been interest in using more common and less toxic reagents such
as tin chloride®® and copper (I) oxide.?® Using copper (I) oxide has been reported
to show increased yields on highly substituted materials, due to the mild reaction
conditions favorable to molecules with poor stability in harsh environments, when
compared to the more traditional methods.*® A large amount of research has focused

on the optimization of the properties of azobenzenes. Beyond dyes there is a wide
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range of applications reported for substituted azobenzenes in polymers, including
materials where the cis-tans isomerization of the azo group causes a growth and
shrinkage of a film and the uptake of molecules.#! There are also applications in
biological systems, an example is the control of the gliding mobility of microtubuals
by the introduction of an azobenzene molecule in the supporting layer.#? The reason
for the high interest in azobenzene and its derivatives is the stability of the compound
under multiple and long term irradiation relaxation cycles, there is very limited
fatigue and no side products are produced. The limitation of azobenzene derivatives
is that the stable conformer is the trans form and the cis form is relatively unstable
which can limit the uses and applications. The stability of the cis confomer can
be improved through substitution of the aromatic ring with sterically bulky groups,

the addition of electron withdrawing groups can also effect the stability of the cis

isomer.
cis excited state
energy trans excited state
€ cis
200 ®trans
KJ Mol 7] £ trans
Excitation 50
cis isomer -1
L — KJ Mol
trans isomer Relaxation

Figure 2.11. Simplified excitation and relaxation model for azobenzene with € denoting the

extinction coefficient and ® the photoisomerisation quantum Yields.*3

As illustrated by Figure 2.11. Irradiation of the ground state trans isomer of azoben-
zene results in isomerisation through the excited state where the double bond is
broken. The molecules rotate to the cis-confomer, the double bond reforms giving
the cis isomer. This excitation of the trans will not always form the cis confomer
but it can relax back to the ground state. The amount of isomerisation is dependent
on ® the photoisomerisation quantum yields. The thermal relaxation barrier K, for
this reaction, see Figure 2.11, is very low, which means this process is fast and the

cis form is less stable. Altering this value K, the energy required for the thermal
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relaxation, through functionalisation and fizing the geometry, where the molecule is
forced into the cis confomer is possible through the introduction of a linking unit.
The length of this linking unit denotes the effect on stability,** this can be further
expanded by linking two azobenzene moeties using linkers of different lengths.*®
The downside to the stabilisation of the cis form through functionalisation or fizing
can be the reduction of the photoisomerisation quantum yields of the trans to cis

transformation.

I

Figure 2.12. Simplified excitation and relaxation model for azobenzene with € denoting the
extinction coefficient and ® the photoisomerisation quantum yields.** The red indicting the
basic azobenzene, black to represent the functionalised azobenezene, the green representing

a fized azobenzene.

With the functionalisation of the azobenzene, see Figure 2.12, the K barrier is re-
duced which stabilises the cis form. The introduction of a fized (see Figure 2.13)
component to the azobenzene will further reduce the K barrier below that of the
trans form. The lower the K barrier, the higher the stability of the cis isomer. There
is a linear correlation to the length of the fizing unit.*** With further reduction
in the length of the bridging hydrocarbon chain, see Figure 2.13, the predominant

form becomes the cis isomer.
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Figure 2.13. Fized azobenzene using C7 hydrocarbon chain.

In the 1960s W. W. Paudler and A. G. Zeiler* published work on a bridged azoben-
zene often referred to as diazocine, where the most stable confomer is in the cis form.
This result showed the potential to open up new applications, see Figure 2.15. The
reported materials were difficult to synthesise. Since then there has been little work
involving the azocine molecule; the properties were characterised in more detail in
2009 by Herges et al*” 58 shown in Figure 2.14. Investigation of the azocine molecule
has progressed from the 1960s due to the work done by Herges et al focused on a
more viable method for the formation of the azo link. This group reported a method
using the oxidative-reductive capabilities of D-glucose in the presence of a base to
form the azo link. They reported diazocine derivatives which are functionalised sym-

metrically*® 60 and non-symmetrically*? 59, see Figure 2.14.
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Figure 2.14. 58 Original material, 60 Symmetrical substitution,*® 59 non-symmetrical

substitution.®?

The combination of the azobenzene moiety with liquid crystal mesogens has been in-
vestigated. One such area is the induction of a phase change by using the azobenzene
as a dopent added to the LC mesogens,? or as a single photochromic LC mesogen.®!
The combination of the bridged azobenzene with L.C moieties has yet to be explored.
Here, the aim is that the cis form will be in the isotropic phase and, upon irradiation

and the isomerization, to the trans form there will be a change to a liquid crystal

cis-trans
isomerisation

phase.

trans

Figure 2.15. (is-trans isomerisation of Diazocine molecule

The combination of photochromic molecules with LC mesogens is relatively un-

explored. There has been some work in the combination of napthopyrans®?® with

cyanobiphenyl LC mesogens. Related work has been carried out on the diarylethenes®

and the combination with LC mesogenic group based on the cyanobiphenyl moiety.

There has also been work using the photochromic molecule to induce LC phases.?*
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2.5 UV-Vis measurements of photochromic

materials

UV-Vis (ultraviolet-visible) spectroscopy works on the principle that each molecule
has a different absorption or transmittance based on the structure. The sample is
irradiated with a wide range light source, typically a mercury vapour lamp or a xenon
flash lamp. The light is monochromated using a prism and once the light is split into
the components it passes through an exit slit, this filters off the other wavelengths
and lets only specific ones through to irradiate the sample. The absorbance or the

transmittance is recorded by a detector.

Absorbance Spectrum of
Procion Fuchsia Dye
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Figure 2.16. Left depiction of the internal arrangement of the Varian Carry 50. Right: the

absorbance spectrum of procion fuchsia dye in solution.

The sample is irradiated by each of the wavelengths ranging from ultraviolet (110nm)
to near infrared (900nm). This can be used to produce a spectrum. The higher
the conjugation the greater the red shift of the spectrum. For molecular absorbance
spectroscopy a sample is irradiated over the full range of the spectrum, the light that
is absorbed by the sample is indicated by the peaks in the spectrum, see Figure 2.16,
and the transmitted light by the troughs. The peaks (absorbance) occur where the
molecule absorbs the light. This is linked to the excitation of the correct amount of

energy required to excite electrons from the ground state to the higher energy levels,
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see Figure 2.17. The transmittance (T) is defined as the ratio of P,/P the power
of the incident light and the power of the incident light after passing through the
sample. The absorbance A is equal to —log(P,/P). Therefore the absorbance A is
directly linked to the amount of energy required for the excitation of electrons. This
absorbance can be altered by the chemical structure of the irradiated compounds

structure as this changes the energy required for the excitation, see Figure 2.18.

=F

Excited state

Power of incident light
after passing through

Power of incident light the sample

Absorbance

Ground state ———f——
— —

Sample

Figure 2.17. Left Simplified diagram of the excitation of electrons from the ground state

to excited and the absorbance. Right correlation of Pp and P.
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Figure 2.18. Examples of the alterations of the structure of a molecule leading to a shift

in the absorbance.?®

2.5.1 UV-Vis instrumentation modification

The standard form of irradiation of photochromic samples is via a broad range mer-
cury vapour bulb or tungsten lamp. This broad light source is then monochromated
via a grating or prism and split into the component wavelengths. The monochro-
mated light then passes through a fibre optic cable to the sample. The main ex-
perimental issue related to this method is the low power of irradiation at a given
wavlength. Though the initial power output of a typical light bulb is around 40W.
After passing through the monochromator and the selection of the individual wave-
length, there is a reduction of a factor of 100 of the power in the middle of the range
(400nm-550nm) of the spectrum and even more in the low UV region (<400nm) and
close to the near IR (>550nm).
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Figure 2.19. The representation of the estimated difference in power needed for the cis-
trans isomerisation of the diazocine compared to the power needed for homolytic cleavage of
HABI. Wavelength 400nm, diazocine value known for LED 1A, 14V, HABI value estimation

based on 40W source lamp.

This type of irradiation is powerful enough for the imidazole dimers to cause the rad-
icalisation upon irradiation. When diazocines where investigated it became apparent
that the use of monochromated light from a 40W XeHg lamp was not sufficient, see
Figure 2.19. The isomerisation of a referance material required a stronger source of
irradiation. This became apparent with use of the diazocine reference material, after
comparing to the orginal work by Herges et al*” The solution to this problem was
the use of LEDs. The power output of the LEDs can be tuned from 600mW to 12W.
The UV-Vis spectrophotometer was modified to accommodate the LED and the heat
sink. The power of the LEDs was controlled using a power pack (Tenma 30V, 3A)
where the current and voltage can be controlled and altered to ajust for the different
LED light sources. There is no loss from the monochromation of the light source as
the LED’s operate at a specific wavelength eg. 365nm, 400nm, 430nm, 450nm, and
500nm with a spectral spread of 10nm. After the collection of the absorbance of the
sample in the ground state before irradiation, using the data the correct LED can

be chosen and the sample can be irradiated.
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2.6 Objectives of the project

The main objective of the project was to design, synthesise, and investigate new
photochromic liquid crystals. The first target was the functionalisation of the HABI
core. This was to be achived by decoupling the HABI core from the LC mesogen
using a range of spacers of varying structures. The photochromic and liquid crystal
properties were to be investigated by UV-Vis spectroscopy, DSC, OPM and XRD
studies. Correlations between the designed structure and the photochromic and lig-
uid crystal properties where to be made. Additionally the design, synthesis, and
functionalisation of a diazocine core with LC mesogens was to be investigated for

the LC properties.
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Chapter 3 Imidazole

3.1 Imidazole - previous work and background

The use of single molecule LLC photochromic mesogens is a rather under-investigated

93:56 and naphthopy-

11,14,57,58

area with the majority of the work limited to diarylethenes
rans,’>%* and the combination of these to form biphotochromic systems.
Derivatives of the compounds have been explored to induce rigidity and conjuga-
tion to the system upon irradiation. Most of the work on LC photochromes re-
lates to the manipulation of liquid crystal side chain polymers, where some of the
side chains bear photochromic groups. These materials would be LC-photochrome
co-polymers. Surprisingly the 2,4 5-triphenylimidazole has not been considered in
this single molecule structure. The single molecule structure refers to the combi-
nation of the photochromic mesogen with the LC mesogen, rather than the use of
LC mesogen or photochromic dopants to mixtures. The synthesis and properties of
imidazoles and its derivatives is well known and widely investigated but only for the
photochromic properties. The majority of the recent work has been carried out by
J. Abe et al??232759 This group have functionalised the referance imidazole core
shown here in Figure 3.1 with different derivatives to increase the relaxation from

the radical state to the dimer.'”
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©ﬂ/ ; O
R‘o 12 Q 24

R = LC mesogen and hydrocarbon spacer

Functionalisation of reference Optimisation of photochromic properties through
material with oxy-linked LC mesogens alteration of linking group - from oxy to alkyl.

Figure 3.1. Steps for the optimisation of properties, starting from the HABI reference
material through the design changes of 12 to 24.

J. Abe et al have done this using different functional groups,?” as well as the intro-

duction of a rigid back bone to restrict the movement of the imidazole radical.?3

3.2 Synthetic design of a photochromic LC
mesogen based around the HABI group.

The aim of this work was to design and synthesise a photochromic LC mesogen, based
around the HABI group shown in Figure 3.1. The design needs to take a number
of issues into consideration including the glass transition Tg of the material and the
LC mesogen. The LC mesogen of choice is a cyanobiphenyl group. This mesogen was
chosen due to the ability of the mesogen to induce LC phase behaviour. The ability
to induce LC phase behaviour comes from the rod like structure of the mesogen (this
can be seen in 5CB) and also gives a good comparison to other LC mesogens and as

this is a standard mesogen, to compare the detected solid state properties with other
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materials. The second consideration in the design is the glass transition of the final
compound. The desired glass transition is to be as close to room temperature as
possible, to reduce the possibility of the HABI radical reacting at high temperatures
in the LC phase. The low glass transition also eliminates the design issue that has
to be dealt with, the thermochromic properties that most photochromic materials
exhibit at high temperatures. The first option to introduce LC behaviour would be
the direct attachment of the aromatic LC mesogen to the photochromic core. This
however would result in a highly crystalline material and no LC phase behaviour
as the resulting photochromic LC mesogens have restricted movement and hence a
reduced ability to form an LC phase. This has been shown and explained in the
literature.! The introduction of an LC phase is achieved throught the reduction of
the glass transition and the introduction of liquid crystal phases can be achieved by
the decoupling of the LC mesogen from the central core via a hydrocarbon spacer
which is known to reduce the melting point of LC materials.®® The separation of the
central core from the LC mesogen also aids the formation of an L.LC phase as the L.C
mesogen has a greater degrees of freedom to form an LC phase. This decoupling of
the LC mesogen from the photochromic core via a hydrocarbon spacer was initially

60
L

explored by J. Hussey et al,”” see Figure 3.2.

The decoupling of the LC mesogen from the central core by the introduction of an
undecene hydrocarbon spacer attached via an alkoxy link reduced the overall rigidity
of the material sufficiently and no vitrification (Tg) could be detected. The material
was found to have a melting point of 150°C and showed no LC phase behaviour.
The lowering of the melting point, the introduction of a glass transition and the
induction of the LC phase was thus to be achieved by using a siloxane linker and
the lenghthening of the hydrocarbon spacer. The introduction of the siloxane linker
allows greater freedom of rotation of the Si-O bond compared to the C-C bond this
is known to reduce the Tg of polymers. This principle can be translated into the
linking of hydrocarbon spacers as, with the increased rotation at the siloxane link,
the melting point is lowered. This effect has been seen in photochromic systems with

lateral mesogens.*®
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Figure 3.2. The full structure of 61 from previous work by J.Hussey.
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Figure 3.3. The full structure of target material 12.
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Figure 3.3 shows the full structure of 12 with the LC mesogen and the photochromic
core decoupled from each other via a hydrocarbon spacer with siloxane linker. The
addition of the siloxane and the increase in the length of the hydrocarbon chain
was designed to reduce the melting point to be close to room temperature and
to stabilise the LC phase behaviour. The increase of the length of the hydrocarbon
spacer allows further decoupling of the LC mesogen from the HABI core. This allows
the hydrocarbon spacer to behave as a flexible chain to the LC mesogen, which is
known to stabilise LC phase behaviour and to induce especially Smectic phases®!

due to the microphase seperation.
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The final consideration of the design in the material is the photochromic properties.
The introduction of electron donating and withdrawing groups on photochromic
molecules alters their properties!” and, in the case of HABI, the dissociation and
recombination speed. The alkoxy linker to the hydrocarbon spacer to the HABI core
has an induction effect on the photochromic properties, reducing the association rate
of 12. With this in mind the structure was further altered and the removal of the
alkoxy link directly attached to the HABI core was replaced with a hydrocarbon
link resulting in 24 the full structure is shown in Figure 3.4. The removal of any
strong electron withdrawing or donating groups attached directly to the HABI core

will eliminate the potential association speed alterations.

The decoupling of the LC mesogen from the photochromic core also eliminates the
possibility of competing absorption in the UV region of the LC mesogen and the pho-
tochrome, therefore reducing the possibility of the anisotropic FRET (Fluorescence
Resonance Energy Transfer). This allows for better control of the electronic proper-
ties, in so far as the absorption from irradiation and the excitation of the electrons
is transfered. The extent of energy transfer is determined by the distance between
the donor (LC mesogen) and the acceptor (photochrome). This has the potential to
effect the photochromic properties, and through that the LC phase.

Donor
= Emission
<
£5
28
(o]
53 Acceptor
5 < Absorption
S <
= 0O
[N

Wavelenth

Figure 3.5. General depiction of spectral overlap for fluorescence resonance energy transfer.
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Figure 3.4. The full structure of target material 24.
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3.3 Synthesis discussion

The synthesis of the final materials was achieved via a modular approach, where the
functionalised HABI monomer mesogen was first synthesised. Separately to that the
liquid crystal mesogen was functionalised with a hydrocarbon spacer. The forma-
tion of the seperate modules required another step, in linking the separate modules
to form the final material. The core HABI group module was then further broken
down to the formation and functionalisation of the separate sections that make
up the HABI monomer. The first step in the synthesis of the HABI module was
the formation of the diketone 2 using a Friedel-Crafts acylation using oxalyl chlo-
ride as shown in Figure 3.6 step 1. 1,2-Bis(4-methoxyphenyl)ethane-1,2-dione was
deprotected to give the 4-hydroxyphenyl derivative 3 step 2. The next step, the at-
tachment of the 1-pentene chain, was attempted following a Mitsunobu procedure®?
see Figure 3.6 route A, using 4-pentene-1-ol, and DIAD and triphenylphosphine to
activate the alcohol. This did not work in satisfactory yields so an alternative route
was tried. The alternative route B, using a classical etherification of the alcohol with

1-bromo-4-pentene, see Figure 3.6, to yield 4.

O/ Br 4 \

cl | B

o ¥
Ygo Step 1 O Step2

C|1 X 1

\

Figure 3.6. The functionalisation and formation of the first HABI group monomer module.

The second step in the formation of the HABI module was the funtionalisation of
the 4-hydroxybenzaldehyde with 1-bromo-4-pentene, via a classical etherification.

The formation of the 2,4,5-triphenylimidazole dimer has been attempted by many
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approaches. The critical steps are the cyclisation of the aldehyde 6 and di-ketone 4,
the standard method is outlined by Harwood et al.%% This method uses acetic acid as
the solvent. This method can cause problems, when acid sensitive functional groups
are present limiting the scope of functionalisation. An alteration to this method is
the use of zinc oxide% in a solvent free reaction, the introduction of catalysts such
as indium chloride® has been reported, this was shown to have inconclusive results
and sometimes costly reagents. An alternative method was tried. This alternative
method for the synthesis of the imidazole by the combination of three aldehyde

molecules in the presence of HMDS (hexamethyldisilazane),6:¢7

see Figure 3.7, was
carried out following the reported literature procedure. This reaction was found to

be unsuccessful.

R=CsH1o R
Harwood et al®? e}

\ 100°C, 12hr, 40%
O
Microwave reactor, AN

150°C, 20min, 60%
O O HMDS 0%
\ ”

Figure 3.7. Synthetic routes tried for the formation of the HABI group monomer.

With the recent increase in the interest and use of microwave methods a relevant
report by Khmelnitsky et al®® discusses an increase in yield with faster reaction times,
with the same reactants and reagents used in the original method by Harwood et al.%
The synthesis of the imidazole monomer 9 was modified compared to the literature
method, using a higher yielding method with the aid of a microwave reactor.%%?
The reagents and reactants where dissolved mixed in a 10ml microwave reaction
vessel and sealed using a teflon rubber cap, the reaction was heated to 150°C under
827kPa for 20 minutes. The introduction of the high pressure increased the yield
from 40% to 60% see Figure 3.7. The use of a microwave reactor increased the yield
of the monomer formation and also decreased the reaction time. This reduction in

the reaction time would allow a larger number of test reactions to form variations on

the HABI group monomer to be carried out. This would be a viable way of forming
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many structural variations of the HABI group monomer in a short time. The increase
in the speed of the formation of the HABI group monomer would allow the formation
of a large structural variations to be tested to optimise the photochromic properties

of the HABI group.

R=Siloxane attached LC mesogen

R=CsH10 — R
R, e}
9 0 10
N
—SiH
\ 2
—SiH
Step 1

Step 2
R

Figure 3.8. Formation of the HABI-LC final compound, R denoting the hydrocarbon spacer
length and R’ the LC mesogen.

With the formation of the HABI monomer optimised through the utilisation of mi-
crowave reactions. The next step was the radicalisation and subsequent formation
of the HABI group dimer. The formation of the dimer 9 was lower yielding than
required at 70% using the traditional method outlined by Harwood et al.%® The low
yielding reaction to form 9, would introduce more impurities and therefor further
purification future steps, to yield a pure material. An alternate method used by J.
Abe et al,>" reported higher yields and therefore a reduction in the impurities present.
This was a change from the original method, outlined by Harwood et al, which in-
volved the addition of the potassium hexacyano ferrate to the cooled HABI monomer
solution. The alternative method reported by J. Abe et al, involves adding all the
reagents and stirring at room temperature for 16hr with the exclusion of light. The
downside to this method was that if the light was not completely excluded from the
vessel during the reaction the yield dramatically reduced, due to the formation of a

side product that is identified by the presence of an intense blue colour. The method
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reported by J. Abe et al was tried and with optimisation and full exclusion of light.
There was an increased yield from 70% to 90%, of the HABI dimer. The second step
in the modular building of the target was the attachment of the liquid crystal meso-
gen via the hydrocarbon spacer. It was decided that the best method of attachment
was via a siloxane linking group. The first route tried, shown in black in Figure 3.8,
was the attachment of the siloxane linker to the HABI core. This resulted in a very
poor yield and difficult work-up and purification. The main problem was the separa-
tion of partially reacted groups and the cross-linking of reacted groups. The second
route taken was the hydrosilation of the alkene on the LC mesogen shown in step
1 in Figure 3.8. The addition of the siloxane linker at the LC module of the final
material increased the ability to tailor in this approach. Reactive siloxanes could be
prepared and purified (step 2) which in the following step 3 could be reacted with
the HABI core. This method could be modified with different LC mesogens to alter
the final material to introduce different L.C mesogens. The products of this approach

were easier to purify and the reaction higher yielding.

Following the formation of the HABI monomer as well as the formation of the dimer
optimised and the route for the attachment of the LC mesogen. The second module
can be assembled. The formation of the liquid crystal mesogen shown in Figure 3.9
step B. Cyanobyphenyl is functionalised with and undecene spacer via a classical
williamson esterfification step B. The final step to form the liquid crystal mesogen
is the attachemnt of the siloxane linker. As mentioned previously this increased the
ability to taylor the 1C properties. The attachment of the siloxane was done via a
typical hydrosilation using 1,1,3,3-tetramethydisiloxane and Karsteds catalyst. The
crude product was purified using columb chromatography. The resulting material
was stored in the fridge to reduce the possibily of homo-coupling of the siloxane

linkers.
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(O yon
Step A
N= O O (0] X
Step B ‘ 8
- O O o Si\/o,|SiI-\|

Step C

Figure 3.9. Formation and functionalisation of the LC masogen

The last part in the formation of the liquid crystal mesogen functionalised HABI
moiety is the combination of the two modules that have been synthesised. This
was achieved by hydrosilation of the siloxane functionalised LC mesogen to the core
module. The reaction was carried out in the same way as attaching the siloxane
linker to the LC mesogen using 1,1,3,3-tetramethyldisiloxane and Karstedt’s catalyst

in xylene. The final material 12 can be seen in Figure 3.10

The final material 12 shown in Figure 3.10 was analyised using OPM to idenify
initially the transition temperatures and the presence of liquid crystal properties.
The photochromic properties were also analysed using UV-Vis spectroscopy. The
conclusion drawn was that the removal of the ethoxy linker between the hydrocarbon
spacer and the HABI core in 12, improved the association speed of the HABI radical
as it would remove the increase in radical stabilisation that is caused by the presence

of the oxy group.

Figure 3.10. Final photochromic LC material.
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A similar effect can be observed in napthopyrans when electron-donating groups are

introduced into the system.”®"!

©ﬂ/ ; O
R‘o 12 Q 24

R = LC mesogen and hydrocarbon spacer

Functionalisation of reference Optimisation of photochromic properties through
material with oxy-linked LC mesogens alteration of linking group - from oxy to alkyl.

Figure 3.11. Functionalisation of the HABI reference material and optimisation of the

properties.

A possible solution to the problem is shown in Figure 3.11 with compound 24 . This
involves the removal of the oxy group linking the LC unit and photochromic core,
and the direct attachment of the hydrocarbon spacer to the phenyl ring. The syn-
thesis was one again broken down into modules the first being the HABI monomer
and the second the liquid crystal mesogen. The HABI monomer was futher divided
into the key componets to the formation of the heterocyclic core. With the alter-
ation of the method of attaching the hydrocarbon spacer arose a new set of issues
to overcome. With the removal of the oxygen linking the hydrocarbon spacer to the
central HABI core this altered the synthesis of the di-ketone. The addition of the
spacer via etherification was no longer a viable option, due to the lack of the oxygen.
With this the next logical step was the formation of the diketone via Friedel-Crafts
acylation using oxalyl chloride and bromobenzene, the major product formed would

be the ortho substituted due to the directing effect of bromine. The issue with this
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is the second step the attachment of the spacer, with the diketones present many of
the traditional methods of carbon carbon bond formation are not possible, such as
the use of a Grignard reagent, this would attack the ketons and form unwanted side
reactions. For the diketone two literature reported routes were avalible. The first
utilises a Friedel-Crafts acylation, using but-3-en-1-ylbenzene and oxalyl chloride,
this is shown in Figure 3.12. This method proved to be low yielding, identity of the
product was only verified using 'H-NMR. The second method was to couple two
4-(3-buten-1-yl)benzaldehyde molecules 19 using potassium cyanide”™ shown in Fig-
ure 3.12 step 1. This was found not to produce satisfactory results. Additionally the
use of potassium cyanide made the work-up and purification more complicated due
to the toxic nature of the potassium cyanide. Therefore it was decided to synthesize

the diketone 18 through an alternative route.

19

but-3-en-1-ylbenzene

Figure 3.12. Attempted methods for the fomation of the diketone.

The alternative route is shown in Figure 3.13 and Figure 3.14. It can be broken down
into sections. The attachment of the alkene and the the formation of the intermediate
tolane 17 and then the formation of the diketone. The first step in building the
tolane 17, was the attachment of the alkene chain using a Grignard reagent and
bromobenzyl bromide to give 14, seen in Figure 3.13 step 1. The formation of the
tolane can then be started, firstly by the attachment of trimethylsilyl acetylene to
14 to form 15 via a Sonagashira reaction in step 2. The following step required the

deprotection of the alkyne which involved the removal of the trimethylsilane from 15
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to produce 16 shown in Figure 3.13 step 3. The trimethylsilane was removed under
basic conditions to yield 16 in a near quantative yield; step 3. The product 16 of
step 3 was extracted into dichloromethane and dried over magnesium sulphate, the
resulting oil was used with no further purification. The final step in the formation of
the tolane was the coupling of 14 synthesised in step 1 shown in Figure 3.13 with
the previously synthesised material in step 3 compound 16. The tolane derivative
17 shown in Figure 3.13 step 4. The tolane produced in step 4 was analysed for
liquid crystal properties and it was found that it exhibted a SmA phase from 103°C

to 107°C. This is in line with results from other tolanes™

T™S

Br Br ‘ |
Step 1 Step 2

13 14 15

Step 3 Step 4 Step 5

17

Figure 3.13. Synthetic steps for the formation of the tolane, the first section.

This tolane 17 shown in Figure 3.13, was then oxidised to form the diketone 18
shown in Figure 3.15. There are few reported literature methods for the oxidation
of alkyne bonds to ketones. The use of [(NHC)Au!]- a catalytic amount of (NHC
= N-heterocyclic carbene) in acid free conditions, is a very promising method, with
the need for a very low catalytic loading and with reported good yields.”™ Another
method is the hydroborination of alkynes using pyridine borane. The advantage
of this method is in the low temperature conditions as it is carried out at room
temperature. The problem with the above mentioned methods, the N-heterocyclic

carbene and the pyridine borane is that they only report conversion of the alkyne to
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a single ketone. The desired method needs to convert the alkyne to diketone. With
this in mind the chosen method outlined by Ang Gao et al™ " used DMSO as the
solvent and Cu(II)Br/Pd(OAc), as the catalyst, to convert the tolane derivative 17
to the diketone shown in Figure 3.14 step 6. The yield of the final diketone 18 was
through optimisation 45%. With the formation of the diketone in step 6 optimised,
the next challenge is in the formation of the 4-(3-buten-1-yl)benzaldehyde the route

taken is oulined in step 7 and 8.

4

=
O Step 6 (5/
17 || oAy, 18
Y

e

\ J

Figure 3.14. Synthetic steps for the formation of the HABI monomer.

The first step in the formation of this module of the HABI monomer is the attachment
of the butene spacer chain via a Grignard reaction. The allyl magnesium bromide is
commercially available. The allyl magnesium bromide was added dropwise to a so-
lution of 4-bromobenzyl bromide in tetrahydrofuran at room temperature. This is a
higly selective reaction due to the difference in reactivity of the bromo groups on the
benzene ring. The next step, the formation of the aldehyde to complete this module

of the HABI monomer. The product from step 8 14 shown in Figure 3.14, was first
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lithiated using n-butyllithium at -78°C under an inert atmosphere, to this solution
dimethyl fomamide was added dropwise. The solution was then quenched and the
crude 4-(3-Buten-1-yl)benzaldehyde 19 was purified via column chromatograhy. The
method outlined above follows general literature reported aproaches.” ™ An alter-
native approach for the formation of 19 step 8 utilises a Grignard reagent”” rather
than a lithium reagent. The final stage in the formation of the HABI monomer is the
formation of the heterocyclic core. This was achieved in the same way as discussed

above in Figure 3.7.

Figure 3.15. Synthetic steps for the formation of the Diketone.

The HABI monomer was formed using ammonium acetate and acetic acid, in a
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microwave reactor for at 150°C with a pressure of 827kPa 20 minutes, shown in
Figure 3.15 step 9. With the HABI monomer formed the synthesis of the HABI
dimer can be performed and the completion of the photochromic module. The HABI
dimer was formed using the classical method potassium hexacyano ferrate, potassium
hydroxide and ethanol to form 21 step 10. This method was optimised via the use
of a microwave which reduced the reaction time from 12hrs to 20 minutes. The
final section in the synthesis of 24 shown in Figure 3.17, is the formation of the
LC model. The LC mesogen cyanobiphenyl was coupled to 1-bromo-4-pentene 22,
via a Williamson etherification shown in Figure 3.15 step 11. The LC mesogen
with the attached spacer was then functionalised with the siloxane linking group via
a hydrosilation of 1,1,3,3-tetramethyldisiloxane using Karstedt’s catalyst, with the

terminal alkene of the functionalised LLC mesogen step 12 Figure 3.15.
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Figure 3.16. ' H NMR of the 6-4ppm range illustrating the before and after hyrosilation

and loss of the terminal double bond.

The final step in the formation of 24 seen in Figure 3.17 is the joining of the two mod-
ules, the photochromic core and the functionalised liquid crystal mesogen with the
linking siloxane group shown in Figure 3.15. The two modules where combined via a
hydrosilation of the siloxane functionalised liquid crystal mesogen with the terminal
alkene groups on the hydrocarbon spacers of the HABI dimer. The reaction was
quenched with water and extracted into dichloromethane, the solvent was removed
under reduced pressure and the resulting crude material was purified via recrystal-

isation form hexane. This resulted in the final compound 24 shown in Figure 3.17.
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The full extent of the hydrosilation of the LC mesogen and the photochromic core
can be seen from the loss of the multiplet peaks in the 6-4ppm (ppm) range , this is
shown in Figure 3.16.

Figure 3.17. Final structure of 24.
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3.4 Synthetic Routes

Scheme 3.7 and Scheme 3.8 where not discussed, in any detail as the steps outlined
in Scheme 3.7 did not yield the deired product and alternative routes where utilised.
The synthesis of an alternative LC mesogen outlined in Scheme 3.8 was also not
discussed as the desired properties where obtained in using the originaly planned

LC mesogen shown in Scheme 3.3

(@)
B 5 b /O
MO@ 6
OH
OO

=) s

A = Anisole, aluminium chloride, 0°C, Ny, 4hr. 33%

B = HBr in glacial acetic acid, reflux, 12hr. 68%

C = bromopentene, potassium carbonate, butanone, 100°C. 5hr 90%

D = bromopentene, potassium carbonate, butanone, 100°C. 5hr 90%

E = 11-bromo-1-undecene, potassium carbonate, butanone, 100°C. 7hr 60%

Scheme 3.1. Synthesis of HABI intermediates 4, 6 and LC mesogen 8.
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0] 4 0]
j R N7 NH
(@)

B.1

/NH

A = NH4OAc, Acetic acid, 100°C 12hr. 40%

A.1 = NH4OAc, Acetic acid, 150°C, 20min microwave, 60%
B = K3Fe(CN)g, KOH, water, EtOH, 5hr. 70%

B.1 = benzene, water, microwave, 2hr. 80%

Scheme 3.2. Formation of HABI monomer 9 and the HABI dimer 10.
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O-Or=
(@]

o5 (O~ =
0ol —
HSI\ O (e

11

A

12

Ly ®
/SI\O/SI 0

A = Karstedt's catalyst,1,1,3,3-Tetramethyldisiloxane, toluene, 40°C 90%
B = Karstedt's catalyst, toluene, 40°C 15%

Scheme 3.3. Hydrosilation of the HABI dimer 10 and the siloxane functionalised LC meso-
gen 11.
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™S
Br Br | |
A B C
Br 13 14 15
/ \
/
! C
D E
l
16 O 17
\
\
Br Br /O
F G
Br 13 14 19
= =

A = Ether,allyl magnesium bromide, RT 90%

B = Cul, NEt3, TMS-acetylene, Pd[(CgHs)3P]4. 80°C, 12hr 95%
C = KF, DME/water, RT. Cul, NEt3 80°C, 12hr 85%

D = Cul, NEt3,Pd[(CgH5)3P]4. 80°C, 12hr 34%

E = DMSO,Pd(OAc),CuBr, 80°C, 12hr 45%

F = Ether,allyl magnesium bromide, RT 90%

G = n-BuLi THF -78°C, DME, water RT 60%

Scheme 3.4. Modified synthesis of HABI intermediates 18, 19.
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=
O\
A, A1

N“ "NH

g J 2

22
OH o

N .Si—
\
. . SiH
A = NH4OAc, Acetic acid, 100°C 12hr. 50% TS
A.1 = NH4OAc, Acetic acid, 150°C, 20min microwave, 60%
B = K3Fe(CN)g, KOH, water, EtOH, 5hr. 90%
B.1 = benzene, water, microwave, 2hr 90%
C = K>COg,butanone, 80°C. 99%
D = Karstedt's catalyst,1,1,3,3-tetramethyldisiloxane, toluene, 40°C, 99%

Scheme 3.5. Formation of the HABI monomer 20 dimer 21 and the siloxane functionalised

LC mesogen 23.
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By

N
N/

- O
—_— O
N
U\
R H)/ 24
O Ssi”
R \ (I)
R SLH
HZC\
A= 23 21 Karstedt's catalyst, toluene,40°C. 30%

Scheme 3.6. Hydrosilation of the HABI dimer 24 with LC mesogen.
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OH
@) 0]
A
: 5 ) =
© 3
g " AN
OH Z
_0
B
19
4
_0
19
=
(@]
= D
Br Br
28 29

A = DIAD, pentanol, triphenyl phosphine, THF, RT, 16hr, 0%

B = HMDS, iodine, acetonitrile, 100°C, 4hr, 0%

C = potassium cyanide, ethanol/water, 100°C 3hr, 0%

D = bromobenzaldehyde, ethylene glycol, p-toluenesulfonic acid, 167°C, 38hr, 0%

Scheme 3.7. Alternative routes for the formation of HABI intermediates.
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HO Br
HO
A B
i 0
OH 51
30
Y, % 32

N N

Il Il
i ® ()

C
D
g (1w
o)
33
32 5 5
/
g 0
O\
St

A = 1-bromo-4-pentene, potassium carbonate, potassium iodide, butanone, 100°C, 16hr, 99%
B = THF, phosphorus tribromide, 0°C-RT, 3hr, 40%

C = cyanobiphenyl, potassium carbonate, butanone, 100°C, 16hr, 40%

D = 1,1,3,3-tetramethylsiloxane, Karstedt's catalyst, toluene, RT, 16hr, 90%

Scheme 3.8. Alternative LC mesogen.
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3.5 Experimental

Synthesis of 1,2-bis(4-methoxyphenyl)ethane-1,2-dione 2

A mixture of anisole (10.8 mL, 100 mmol) and anhydrous aluminum chloride (33.3g,
250 mmol) was cooled to 0°C under nitrogen and to this oxalyl chloride (6.97g, 4.71
mL, 55.2 mmol) was added. Upon addition the solution turned deep red and solid.
The mixture was then removed from the ice bath, left to warm to room temperature
and then left under nitrogen overnight. To the mixture ice and water was added until
the formation of HCI stopped. The mixture was then extracted with dichloromethane
and the aqueous layer was removed, the organic layer was then washed with 2M
hydrochloric acid and then washed with brine and dried over anhydrous magnesium
sulphate. The solvent was removed yielding a red solid, which was recrystallized in
the minimum amount of ethanol. The yellow crystals were then filtered off under

vacuum and washed with ethanol.
Yield 4.9¢, 33%.

'H-NMR (400 MHz, Chloroform-d) 6 7.94 (4 H, d, J 9.0), 6.96 (4 H, d, J 9.0), 3.88
(6 H, s).

'H-NMR matched literature data.5°
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Synthesis of 1,2-bis(4-hydroxyphenyl)ethane-1,2-dione 3

To 2 (4.01g, 0.020 mol) whilst stirred, a solution of HBr (70%) and glacial acetic acid
(70 mL) was added. Once the solution had all been added drop-wise, the solution
was heated to reflux 155°C for 16 hours. The mixture was then cooled and ethyl
acetate was added. The organic layer was extracted then washed with brine twice
and then washed with a saturated sodium carbonate solution. The organic layer was
dried over anhydrous magnesium sulphate. The solvent was then removed under
reduced pressure to yield a light brown solid. Toluene was added in excess to the
solid to dissolve the remaining glacial acetic acid, and then removed under reduced

pressure.
Yield 3.29¢, 68%

'H-NMR (400 MHz, Chloroform-d) & 7.76 (4 H, d, J 8.9), 6.84 (4 H, d, J 8.9), 2.34
(2 H, s).

'H-NMR matched literature data.?!
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Synthesis of
4’-(undec-10-en-1-yloxy)-[1,1’-biphenyl]-4-carbonitrile 8

7

4’-Hydroxy-4-biphenylcarbonitrile 7 (5g, 0.0256 mol) with 11-bromo-1-undecene (18.1g,
17 mL, 0.078 mol) was dissolved in butan-2-one (50 mL) the solution was stirred
until complete dissolution of the compounds. To this solution potassium carbonate
( 7.69g, 0.128 mol) was added and this solution was then heated to reflux for 7 hours
(the solution was monitored by TLC in dichloromethane to check the progress, this
showed one spot). The solid was filtered off under reduced pressure and the solvent
removed for the filtrate under vacuum. The solid was recrystallized from hexane with

the precipitate being the clean product
Yield 5.32g, 60%.

'H-NMR (400 MHz, Chloroform-d) § 7.69 (4 H, d, J 8.7), 7.52 (2 H, d, J 8.9), 6.99
(2 H,d, J8.9), 581 (1 H, dddd, J 17.9, 10.2, 7.2, 6.1), 5.05 — 4.87 (2 H, m), 4.00 (2
H,t,J 6.6),2.10 - 1.97 (2 H, m), 1.92 — 1.74 (2 H, m), 1.51 -~ 1.24 (12 H, m).

69



3 Imidazole

Synthesis of
1,2-bis(4-(pent-4-en-1-yloxy)phenyl)ethane-1,2-dione 25

OH

3 (2g , 8.40 mmol), pentanol (2.16g, 3 mL, 0.0253 mol) and triphenylphosphine
(6.61g, 0.0253 mol) were dissolved in THF at room temperature. DIAD (Diisopropyl
azodicarboxylate) (5.09g, 0.0293 mol) was added slowly. After being stirred at room
temperature for 16 hours the solvent was removed under reduced pressure. The crude
material was TLC’ed which showed that only the starting material was present and

no reaction had occurred. The pathway was abandoned.
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Synthesis of 4-(pent-4-en-1-yloxy)benzaldehyde 6

5 0
: > /Y

)

~

OH

4-Hydroxybenzaldehyde (2g, 0.014 mol) was mixed with bromopentene (7.322g, 5.82
ml, 0.492mol), potassium carbonate (11.33.281g, 0.082 mol) in ethyl methyl ketone
(100 mL). This solution was stirred at reflux for 5 hours, the progress of the reaction
was monitored via TLC every hour to check the progress. The solution was removed
from the heat and the carbonate filtered off. The solvent was removed under vacuum.
The crude material was purified using column chromatography using DC : hexane
(1:10) as the eluent.

Percentage Yield 1.77g, 90%

'H-NMR (400 MHz, Chloroform-d) § 9.82 (1 H, s), 7.77 (1 H, d, J 8.9), 6.94 (2 H,
d, J 8.8), 5.81 (1 H, ddt, J 16.9, 10.2, 6.7), 5.08 — 4.94 (2 H, m), 4.00 (2 H, t, J 6.4),
2.21 (2 H, q, J 7.4), 1.87 (2 H, dt, J 13.6, 6.5).

13C-NMR (101 MHz, Chloroform-d) § 190.86, 164.23, 137.52, 132.05, 129.87, 115.55,
114.83, 67.60, 30.04, 28.24.

mass spectrometry- Theoretical: 245, 246, 247, 248. Observed: 245, 246. accurate
mass Theoretical: 245.1536, 191.1065 Obeserved: 245.1536, 191.1067. [M +[M + H +
CyHg|+]
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Synthesis of
1,2-bis(4-(pent-4-en-1-yloxy)phenyl)ethane-1,2-dione 4

OH

3 (0.5g, 2.1008 mmol) was mixed together in ethyl methyl ketone (20 mL) with
bromopentene (1.26g, 1 mL, 0.4033 mmol) and potassium carbonate (1.742g, 0.126
mol). The solution was heated at reflux over night. The solution was removed from
the heat and left to cool to room temperature. The carbonate was then filtered off and
the solvent removed under vacuum, the crude oil was recrystallization from hexane
with an excess of dichloromethane. The solid precipitate that formed when cooled
at -4 °C overnight was the starting material 3; the solid precipitate was filtered of

and the filtrate was reduced under vacuum to yield the pure material.
Percentage Yield 0.71g, 90%

'"H-NMR (400 MHz, Chloroform-d) § 7.86 (4 H, d, J 8.9), 6.89 (4 H, d, J 8.9), 5.76
(2 H, ddt, J 16.9, 10.2, 6.6), 5.04 — 4.89 (4 H, m), 3.97 (4 H, t, J 6.4), 2.16 (4 H, q,
J6.9),1.83 (4 H, p, J 6.6).

13C.NMR (101 MHz, Chloroform-d) § 193.62, 164.47, 137.47, 132.42, 126.21, 115.59,
114.80, 67.64, 30.02, 28.19.

Masss pectrometry- Theoretical: 379, 380, 381, 382. Observed: 377, 378, 379, 380,
381. accurate mass Theoretical: 379.1904. Obeserved: 379.1905.
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Synthesis of
4’-((11-(1,1,3,3-tetramethyldisiloxanyl)undecyl)oxy)-[1,1'-
biphenyl]-4-carbonitrile

11

11

==z

A
=Z

A

~

Si—

SiH

8 (2g, 0.006mol) was dissolved in dry toluene (70 mL), to this the Karstedt’s catalyst
(40 pL) was added and anhydrous air bubbled through for five minutes, to this solu-
tion the 1,1-3,3-tetramethyldisiloxane (32 mL) was added. The solution was stired
over night in an inert atmosphere at room temperature. The solvent was removed
under vacuum and the resulting solid was purified by column chromatography with
DCM : hexane, 1:1 as eluent.

Percentage Yield 2.5g, 90%

'H-NMR (400 MHz, Chloroform-d) § 7.69 (4 H, d, J 8.6), 7.52 (2 H, d, J 8.8), 6.99
(2 H, d, J 8.8),4.67 (2 H, q, J 2.8), 4.00 (2 H, t, J 6.6), 1.86 — 1.74 (2 H, m), 1.46
(2H, q, J7.1,6.4), 1.40 ~ 1.23 (14 H, m), 0.52 (6 H, t, J 7.7), 0.16 (6 I, d, J 2.8),
0.06 (1 H, ).

The results were found to be in line with the previous data.’® Due to the high

reactivity of the siloxane group the material was used with no further analysis.
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Synthesis of 2-(4-(but-3-en-1-yloxy)phenyl)-4,5-bis(4-(pent-4-
en-1-yloxy)phenyl)-1H-imidazole
9

U
o

4 (0.9g, 2.625 mmol) with 6 (0.5g, 2.66 mmol) and ammonium acetate (2.2g, 26.25
mmol) was dissolved in glacial acetic acid under sonication. This solution was then
transferred to a microwave reactor heated at 150 °C at 827kPa for 20 minutes, then
cooled to 40 °C for 5 minutes. The solution was then added drop wise to a concen-
trated ammonia solution (in excess), the precipitate was removed and dissolved in
dichloromethane, a TLC in ethyl acetate: hexane, 1:3 indicated there were impurities.
The solvent was removed and then purified by column chromatography with ethyl

acetate : heaxane, (1:3) as the eluent.
Percentage Yield 0.57g, 60%

'H-NMR (400 MHz, Acetone-d6) & 8.02 (4 H, d, J 8.9), 7.49 (2 H, d, J 8.7), 7.00 (4
H, d, J 8.9), 6.95 - 6.86 (2 H, m), 5.90 (3 H, ddt, J 17.0, 10.2, 6.7), 5.07 (3 H, dd, J
17.2,1.9), 4.98 (3 H, dd, J 10.2, 2.0), 4.04 (6 H, dt, J 12.9, 6.4), 2.25 (6 H, q, J 7.4),
2.05 (3 H, q, J 2.2), 1.93 — 1.82 (6 H, m).

mass spectrometry- Theoretical data: 534, 536. Observed data: 534, 536, 537. [M|
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Synthesis of 2,2’,4,4’,5,5’-hexakis(4-(hex-5-en-1-
yloxy)phenyl)-2H,2’ H-2,2’-biimidazole
10

10

4 \

9 (0.051g, 0.0932 mmol) was dissolved in potassium hydroxide (0.40g, 7.28 mmol)
solution in ethanol (6 mL). This solution was gently heated, left to cool then added
drop wise to a potassium ferricyanide(III) (0.2g, 0.607 mmol) solution in water (30
mL) at 5 °C, not allowing the temperature to rise above 10 °C. The precipitate was
removed and washed with cold ethanol: water (50 mL) 1:1 solution. This was then

dried under reduced pressure.
Percentage Yield 0.071g, 70%

"H-NMR (400 MHz, Chloroform-d) ¢ 8.28 (4 H, d, J 8.7), 7.69 (4 H, d, J 8.9), 7.35
(4H,d, J88),7.02 (4H,d, J88),679 (4H,d,J89), 667 (4H,d J89),598
5.70 (6 H, m), 5.17 — 4.90 (12 H, m), 4.19 — 3.58 (12 H, m), 2.45 — 2.05 (12 H, m),
2.01 - 1.74 (12 H, m), 1.75 - 1.65 (12 H, m).
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Synthesis of 12
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10 (0.0834g, 0.016 mmol) was dissolved with the Karstedt’s catalyst (20 pL) in dry
toluene (20 mL), air was then bubbled through the solution for five minutes and
11 (0.493g, 0.192 mmol) was added drop wise. After stirring at room temperature
for 16 hours the solvent was removed under reduced pressure and the crude product
purified by column chromatography in 4:1 (hexane : ethyl acetate). This was followed

by recrystallized in neat hexane to give the product.
Percentage Yield 0.045g, 15%

'H-NMR (400 MHz, Acetone-d6) § 0.07 (19 H, d, J 5.1), 0.35 — 0.95 (10 H, m), 1.38
(28 H, d, J 60.5), 1.76 (8 H, dd, J 14.0, 7.4), 2.86 (11 H, s), 3.65 — 4.30 (8 H, m), 6.89
(3H,d, J82),7.00(5H,t,J8.3),7.49 (0 H, s), 7.64 (4 H, d, J 8.7), 7.78 (5 H, s),
8.05 (1 H, d, J 8.7).

13C-NMR (400 MHz, Acetone-d6) & 0.15, 18.21, 25.99, 29.15, 33.36, 67.91, 115.13,
127.07, 128.37, 132.66, 205.32.

Elemental analysis- predicted for CoysH348N10015Si19 ~C-72.53, H-8.22, N-3.52% experimental-

C-72.26, H-8.47, N-3.27%

Mass spectrometry - 1994 m/z for the monomer. 4064 m/z for the dimer + ammo-

nium acetate NH,;OAc.
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Synthesis of (4-(pent-4-en-1-yloxy)phenyl)methanol 31

HO
HO

OH 31

30

7

4-Hydroxybenzylalcohol (5.5g, 0.0436 mol), bromopentene (5g, 0.0335 mol), potas-
sium carbonate (23.5g, 0.1675 mol) and potassium iodide (catalytic amount) were
dissolved in ethyl methyl ketone and heated to reflux for 16 hours. Once collected,
the solid was filtered off and the solvent removed under vacuum. The crude mate-
rial was purified via columb chromatography using ethanol : hexane (1:100) as the

eluent.
Percentage Yield 5.02g, 60%

"H-NMR (400 MHz, Chloroform-d) ¢ 1.80 (2 H, p, J 6.6), 2.16 (2 H, q, J 6.9), 3.88
(2 H, t,J 6.4), 448 (2 H, s), 4.90 — 5.03 (3 H, m), 5.78 (1 H, ddt, J 16.9, 10.2, 6.6),
6.79 (2 H, d, J 8.6), 7.18 (2 H, d, J 8.5).

13C-NMR (101 MHz, Chloroform-d) § 158.44, 137.88, 133.62, 128.59, 115.25, 114.47,
67.25, 64.42, 30.15, 28.45.

mass spectrometry- Theoretical data: 15, 216, 217, 218. Observed data: 213, 214,
215, 216, 217. [M + Na)+.
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Synthesis of 1-(bromomethyl)-4-(pent-4-en-1-yloxy)benzene
32

HO Br

7 /

31 32

31 (3g, 0.0156 mol) was dissolved in dry THF (40 mL) and cooled to -5 °C, to this
solution phosphorus tribromide (6.21g, 2.2 mL, 0.0234 mol) was added dropwise over
20 minutes, after 5 minutes the solution was left to cool to room temperature. The
organics were extracted with DCM and washed with brine and water, then dried over
magnesium sulphate. The solvent was removed under vacuum. The crude material

was purified via columb chromatography using DCM : hexane (1:10) as the eluent.
Percentage Yield 1.56g, 40%

'"H-NMR (400 MHz, Chloroform-d) § 7.30 (2 H, d, J 8.9), 6.87 (2 H, d, J 9.1), 5.93
~5.77 (1 H, m), 5.12 - 4.97 (2 H, m), 4.51 (2 H, s), 3.97 (2 H, t, J 6.4), 2.31 — 2.19
(2 H, m), 1.93 — 1.82 (2 H, m).
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Synthesis of
4’-((4-(pentyloxy)benzyl)oxy)-[1,1'-biphenyl]-4-carbonitrile 33

N

N
~N

Br; O
O
32

o 33

4

32 (0.54g, 2.11 mmol), cyanobiphenol (0.62g, 3.176 mmol) and potassium carbonate
(1.5g, 10.55 mmol) were dissolved in ethyl methyl ketone and heated to reflux for 16
hours, once cooled the solid was filtered off and the solvent removed under vacuum,
the resulting crude product was purified via column chromatography with 2:1 hexane:

ethyl acetate as the eluent.
Percentage Yield 0.311g, 40%

"H-NMR (400 MHz, Chloroform-d) § 7.68 (2 H, d, J 8.4), 7.63 (2 H, d, J 8.4), 7.53
(2H,d,J8.7),7.37 (2 H,d,J86), 7.07 (2 H, d, J 8.8), 6.93 (2 H, d, J 8.5), 5.87 (1
H, ddt, J 16.9, 10.2, 6.6), 5.68 — 5.45 (2 H, m), 5.04 (2 H, 5), 4.11 — 3.89 (2 H, m),
1.97 — 1.84 (2 H, m), 1.54 — 1.33 (2 H, m).
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Synthesis of 4’-((4-((5-(1,1,3,3-
tetramethyldisiloxanyl)pentyl)oxy)benzyl)oxy)-[1,1’-biphenyl]-

4-carbonitrile

34
N N
| |
g — O -
O O
033 o
/
O
SiH
/N

33 (0.2g, 0.54 mmol) was dissolved in dry toluene (70 mL), to this the Karstedt’s cat-
alyst (5 pL) was added and anhydrous air was bubbled through for five minutes. To
this solution the 1,1,3,3-tetramethyldisiloxane (2.9¢g, 3.81 mL, 0.021 mol) was added
and the solution stirred overnight in an inert atmosphere at room temperature. The
solvent was removed under vacuum and the resulting solid was purified by column

chromatography using DCM : Hexane, 1:1 as the eluent.
Percentage Yield 0.244g, 90%

'H-NMR. (400 MHz, Chloroform-d) § 7.68 (2 H, d, J 8.2), 7.63 (2 H, d, J 8.3), 7.53
(2H,d, J8.6),7.36 (2 H, d, J 8.5), 7.06 (2 H, d, J 8.7), 6.92 (2 H, d, J 8.5), 5.03 (2
H,s), 3.96 (2 H, t, J 6.6), 1.90 — 1.70 (2 H, m), 1.54 — 1.39 (2 H, m), 1.43 — 1.32 (6
H, m), 0.64 — 0.49 (6 H, m), 0.06 (1 H, s).
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The results where found to be in line with the previous data.’® Due to the high

reactivity of the siloxane group the material was used with no further analysis.
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Synthesis of 2-(4-bromophenyl)-1,3-dioxolane 29

o O
O\j
Br Br
28 29

4-Bromobenzaldehyde (1g, 4.56 mmol), ethylene glycol (3.46g, 3.1 mL, 55.81 mmol)
and p-toluenesulfonic acid (catalytic amount) were dissolved in dry toluene (20 mL)
heated to 167 °C and the water removed using a Dean Stark trap for 16 hours. Once
cooled the organics were extracted into ethyl acetate and washed with water and then
sodium bicarbonate and brine. The organic layer was then dried over magnesium
sulphate. The magnesium sulphate was filtered off and the solvent removed under
reduced pressure. 'H NMR showed that no reaction had occurred. The approach

was abandoned.
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Synthesis of 1-bromo-4-(but-3-en-1-yl)benzene 14

Br Br

Br 13 14

4-Bromobenzyl bromide (2g, 0.008 mol) was dissolved in dry diethyl ether (10 mL).
To this solution allyl magnesium bromide (10 mL, 1M, 0.08 mol) was added dropwise
under an inert atmosphere. The reaction was stirred for 3-4 hours and then quenched
with water. The quenched reaction mixture was extracted with diethyl ether, washed
with water and brine and dried over magnesium sulphate. The solvent was removed
under vacuum and the crude product was purified using column chromatography,

hexane: ethyl acetate, 10:1 as the eluent.
Percentage Yield 1.1g, 65%

"H-NMR (400 MHz, Chloroform-d) § 7.42 (2 H, d, J 8.3), 7.08 (2 H, d, J 8.5), 5.85
(1 H, ddt, J 16.9, 10.2, 6.6), 5.12 — 4.97 (2 H, m), 2.69 (2 H, t, J 8.2, 7.2), 2.44 - 2.31
(2 H, m).

BC-NMR (101 MHz, Chloroform-d) § 140.85, 137.69, 131.43, 130.32, 119.65, 115.40,
35.38, 34.85, 1.14.

GC retention time - 7.48

Mass spectrometry- Theoretical: 210,212,211, 213, 214. Observed: 207, 210, 212, 210,
213. accurate mass Theoretical: 210.0044, 212.0044. Obeserved: 210.0050, 212.0031.
[M]
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Synthesis of 4-(but-3-en-1-yl)benzaldehyde 19

Br o’

14 (5g, 0.0238 mol) was dissolved in dry THF (90 mL) and cooled to -78 °C in an
inert atmosphere. n-butyllithium (10.61 mL, 2.5 M) was added over ten minutes
and the solution was then stirred for an hour. To this DMF (Dimethylformamide)
(2.5 mL) was added drop wise, the solution was then stirred for an hour and the
reaction temperature was allowed to rise. Once at room temperature the reaction
was quenched with water (70 mL), the organics were extracted with diethyl ether.
The organic layer was washed with water and then brine and dried over magnesium
sulphate. The solid was filtered off and the solvent removed under vacuum, the crude
product was purified via column chromatography using dichloromethane: hexane, 1:1

as the eluent.
Percentage Yield 2.284g, 60%

'H-NMR (400 MHz, Chloroform-d) ¢ 9.92 (1 H, s), 7.76 (2 H, d, J 8.1), 7.31 (2 H,
d, J 8.3), 5.80 (1 H, ddt, J 16.9, 10.2, 6.6), 5.06 — 4.91 (2 H, m), 2.75 (2 H, t, J 7.8,
7.1),2.37 (2 H, q, J 7.6, 7.3, 6.8).

13C-NMR (101 MHz, Chloroform-d) § 192.06, 138.09, 137.29, 130.27, 129.96, 129.84,
129.20, 128.61, 128.46, 128.40, 128.32, 125.84, 115.56, 114.93, 35.58, 35.44.
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Synthesis of 2,4,5-tris(4-(but-3-en-1-yl)phenyl)-1H-imidazole
26

19 N“ "NH
— 26
g (» O

19 (0.16g, 1 mmol) was mixed with (HMDS) Bis(trimethylsilyl)amine (0.1771g, 0.23
ml, 1.1 mmol) and added to a solution of iodine (0.253g, 1.1 mmol) in acetonitrile (3
mL). The solution was heated to reflux for 4 hours. Once cooled to room temperature,
the solution was washed with sodium thiosulphate and then extracted with diethyl
ether and washed with water and brine, then dried over magnesium sulphate. The
solvent was removed under vacuum and the crude product checked by TLC against

the starting material, this showed no reaction. The approach was abandoned.
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Synthesis of
1,2-bis(4-(but-3-en-1-yl)phenyl)-2-hydroxyethan-1-one 27

=

: §
O
19 OH

=

19 (1g, 6.25 mmol), potassium cyanide (0.25g, 3.93 mmol) were dissolved in ethanol:
water (15 mL: 15 mL) and heated to reflux for 5 days, once cool the solution was
extracted with chloroform and washed with plenty of water and brine, then dried
over sodium sulphate. The solvent was removed under vacuum and the crude product
was purified via column chromatograpthy using dichloromethane: hexane. 'H-NMR

showed no product was formed. The approach was abandoned.
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Synthesis of ((4-(but-3-en-1-yl)phenyl)ethynyl)trimethylsilane
15

T™S

o I

14 15

14 (0.5g, 2.369 mmol), copper iodide (0.0134g, 0.071 mmol) and trans-dichlorobis
triphenylphosphine palladium (II) (0.049g, 0.071 mmol) were placed in a reaction
vessel, the atmosphere evacuated and then refilled with dry nitrogen. To this tri-
ethylamine (degassed) (12 mL) was added and the solution heated to 50 °C and
trimethylsilylacetalene (1.16g, 1.63 mL, 11.845 mmol) was added drop wise and the
solution was heated to 70 °C for 16 hours. Once cool the solvent was removed
under vacuum and the crude product purified by column chromatography unsing

dichrloromethane: hexane (1: 10) as the eluent.
Percentage yield 0.17g, 31%,

"H-NMR (400 MHz, Chloroform-d) 6 7.39 (2 H, d, J 8.0), 7.11 (2 H, d, J 7.9), 5.82
(1 H, ddt, J 16.9, 10.2, 6.6), 5.07 -~ 4.92 (2 H, m), 2.70 (2 H, t, J 7.6), 2.35 (2 H, q,
J7.0),0.25 (1 H, s).

13C-NMR (101 MHz, Chloroform-d) § 142.62, 137.78, 132.04, 128.47, 120.62, 115.31,
105.41, 77.46, 77.14, 76.82, 35.40, 35.34, 0.14.

GC retention time- 9.17

Mass spectrometry- Theoretical: 228, 229, 230, 230, 232. Observed: 228, 229, 230.
accurate mass Theoretical: 228.1334. Obeserved: 228.1338. [M]
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Synthesis of 1-(but-3-en-1-yl)-4-ethynylbenzene 16

T™S

15 16

15 (0.1665g, 0.730 mmol) was dissolved in DMF (4 mL) .to this solution potassium
flouride in a minimum amount of water (0.169g, 2.921 mmol) was added drop wise
and the solution stirred at room temperature for 2 hours. The organics were then
extracted with ethyl acetate and washed with water and brine and dried over mag-
nesium sulphate. The solvent was removed under vacuum. The product was used

with no further purification.
Percentage yield of 0.11g, 95%

"H-NMR (400 MHz, Chloroform-d) ¢ 7.35 (2 H, d, J 8.1), 7.09 (2 H, d, J 7.9), 5.77
(1 H, ddt, J 16.9, 10.2, 6.6), 5.02 — 4.88 (2 H, m), 2.97 (1 H, s), 2.66 (2 H, t, J 7.8),
2.36 - 2.26 (2 I, m).

13C-NMR (101 MHz, Chloroform-d) § 142.95, 137.76, 132.21, 128.59, 119.62, 115.36,
83.90, 77.49, 77.17, 35.37, 35.31.

GC retention time- 6.97

Mass spectrometry- Theoretical: 158, 157, 158, 159. Observed: 158, 157. accurate
mass Theoretical: 156.0939. Obeserved: 158.0946. [M]

38



3 Imidazole

Synthesis of 1,2-bis(4-(but-3-en-1-yl)phenyl)ethyne 17

16 17

O{Q

16 (1.06359g, 6.849 mmol) 14 (4.356g, 20.54 mmol), copper iodide (0.093g, 0.205
mmol) and trans-dichlorobis(triphenylphosphine palladium (II) (0.1452g, 0.205 mmol)
were placed in a reaction vessel and the atmosphere evacuated and then refilled with
dry nitrogen, to this triethylamine (degassed) (24 mL) was added and the solution
was heated to 70 °C for 16 hours. Once cooled to room temperature the solvent was
removed under vacuum and the crude product purified by column chromatography

using dichloromethane: hexane (1:10) as the eluent.
Percentage yield 0.66g, 34%

'H-NMR (400 MHz, Chloroform-d) § 7.48 (4 H, d, J 8.0), 7.19 (4 H, d, J 7.9), 5.88
(2 H, ddt, J 16.9, 10.2, 6.6), 5.14 — 4.99 (4 H, m), 2.79 — 2.70 (4 H, m), 2.46 - 2.37
(4 H, m).

BC-NMR (101 MHz, Chloroform-d) § 140.88, 137.71, 131.47, 130.36, 128.63, 119.70,
115.45, 89.17, 35.42, 34.88.

Mass spectrometry- Theoretical: 287, 288, 289, 290. Observed: 286, 287,288,289. [M +
H]
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Synthesis of 1,2-bis(4-(but-3-en-1-yl)phenyl)ethane-1,2-dione
18

17 (0.79g, 2.79 mmol) was dissolved in DMSO (3 mL) with palladium (II) acetate
Pd(OAc), (0.1877g,0.279 mmol) and copper bromide CuBr (Copper bromide) (0.06g,
0.297 mmol) and heated to 120 °C for 20 hours. Once the reaction had cooled to room
temperature the solution was extracted with ethyl acetate and washed with water,
then brine, and dried over anhydrous sodium sulphate. The solvent was removed
under vacuum and the crude product purified by column chromatography using

hexane: dichloromethane (10: 1) as the eluent.
Percentage Yield 0.34g, 45%

'"H-NMR (400 MHz, Chloroform-d) ¢ 7.89 (4 H, d, J 8.1), 7.39 — 7.29 (4 H, m), 5.82
(2 H, ddt, J 16.9, 10.2, 6.6), 5.12 — 4.91 (4 H, m), 2.84 - 2.68 (4 H, m), 2.39 (4 H, q,
J7.9,71).

BC-NMR (100 MHz, Chloroform-d) & 194, 149, 137, 131, 130, 129, 115, 77, 76, 35,
34.

Mass spectrometry- Theoretical: 319, 320, 321, 322. Observed: 311, 319, 320, 321.
accurate mass Theoretical: 319.1698. Obeserved: 319.1697. [M + H]
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synthesis of

4’-(pent-4-en-1-yloxy)-[1,1’-biphenyl]-4-carbonitrile 22

N N
Il Il

OH @)

22

>

4’-Cyano-4-biphenol (5.5g, 0.0436 mol), bromopentene (5g, 0.0335 mol), potassium
carbonate (23.5g, 0.1675 mol) and potassium iodide (catalytic amount) were dis-
solved in ethyl methyl ketone and heated to reflux for 16 hours. Once cooled the
solid was filtered off and the solvent removed under vacuum. The crube material
as purified via column chromatography using dichloromethane : hexane (1:1) as the

eluent.
Percentage Yield 5.02g, 60%

'H-NMR (400 MHz, Chloroform-d) § 1.92 (2 H, p, J 6.9), 2.27 (2 H, q, J 7.3), 4.02
(2 H, t, J 6.4), 4.98 - 5.15 (2 H, m), 5.87 (1 H, ddt, J 16.9, 10.2, 6.6), 6.99 (2 H, d,
J8.7),7.52 (2H,d, J 86), 7.60 - 7.71 (4 H, m).

BC-NMR (101 MHz, Chloroform-d) § 159.81, 145.36, 137.78, 132.66, 131.44, 128.43,
127.17, 119.21, 115.43, 115.20, 110.15, 67.41, 30.18, 28.46.

Mass spectrometry- Theoretical: 281, 282, 283, 284. Observed: 281, 282, 283. accurate
mass Theoretical: 281.1654. Obeserved: 281.1650. [M + N Hy+]
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Synthesis of
4’-((5-(1,1,3,3-tetramethyldisiloxanyl)pentyl)oxy)-[1,1’-
biphenyl]-4-carbonitrile

23

o 23
) 22
|
HO
s

22 (2g, 7.604mmol) and Kastedt’s catalyst (in xylene, Pt 2%) (40pL) was dissolved
in toluene (70mL). Air was bubbled through the solution for 5 mins, to this solution
1,1,3,3-tetramethyldisiloxane (53mL, 0.3041mmol) was added and the solution was
heated to 40°C for 16 hours. The solvent was removed under reduced pressure and

used with no further purification.
Percentage Yield 7.3g, 95%

'"H-NMR (400 MHz, Chloroform-d) § 7.65 (dd, J = 13.4, 8.4 Hz, 4H), 7.52 (d, J =
8.9 Hz, 2H), 6.98 (d, J = 8.5 Hz, 2H), 3.99 (¢, J = 6.1 Hz, 2H), 1.93 — 1.72 (m, 2H),
1.54 ~ 1.34 (m, 2H), 0.94 (t, J = 7.0 Hz, 6H), 0.65 - 0.46 (m, 6H), 0.07 (s, 1H).

The results were found to be in line with the previous data.’® Due to the high

reactivity of the siloxane group the material was used with no further analysis.
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Synthesis of 2,4,5-tris(4-(but-3-en-1-yl)phenyl)-1H-imidazole
20

=
0
~
N“ "NH
— 20
< «y O

19

18 (0.1907g, 0.59 mmol) with 19 (0.095g, 0.59 mmol) and ammonium acetate (0.129g,
5.9 mmol) were dissolved in glacial acetic acid (5 mL) under sonication. This solu-
tion was then transferred to a microwave reactor and heated at 150°C at 827kPa
for 20 minutes, then cooled to 40°C for a further 5 minutes. The solution was then
added drop wise to a concentrated ammonia solution (in excess), the precipitate was
removed and dissolved in DCM, a TLC in ethyl acetate: Hexane, 1:3 indicated there
were impurities. The solvent was removed and then purified by column chromatog-
raphy using DCM and the eluent, then the product was flushed off using methanol

and recrystallised from methanol to yield the product.
Percentage yield 21.8%

"H-NMR (400 MHz, Chloroform-d) § 7.82 (2 H, d, J 8.1), 7.47 (6 H, d, J 7.4), 7.16
(41, d, J 7.8), 5.86 (3 H, ddd, J 16.6, 10.4, 6.1), 5.13 — 4.94 (6 T, m), 2.78 — 2.64 (6
H, m), 2.44 — 2.34 (6 H, m).

130 NMR (101 MHz, Chloroform-d ) § 171.32, 149.91, 137.25, 130.30, 130.16, 129.24,
115.68, 35.61, 34.92.

Mass spectrometry- Theoretical: 459, 460, 461. Observed: 459, 460, 461. [M + H|
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Synthesis of 2,2',4,4’,5,5’-hexakis(4-(but-3-en-1-yl)phenyl)-

2H,2'H-2,2’-biimidazole
21
/ \
Eg
NN O

=
N“ "NH
20

20 (0.1091g, 0.0238 mmol), potassium hydroxide (1.586g, 28 mmol), (potassium hex-
acyano ferrate) K3Fe(CN)g (2.34g, 7.14 mmol) were dissolved in benzene (11 mL)

\

\
\_/
21
/

and water (11 mL) the solution was stirred for 2 hours. The cooled solution was ex-
tracted with ethyl acetate and washed with water (2x) then brine (2x). The solvent
was then removed under vacuum to yield a solid. The solid was then crystalised from

hot hexane, the product was used with no further purification.

'H-NMR (400 MHz, Chloroform-d) ¢ 7.14 (20 H, dd, J 20.7, 6.0), 6.70 (4 H, d, J
7.7), 5.81 (6 H, dd, J 16.9, 6.6), 5.10 — 4.86 (12 H, m), 2.66 — 2.52 (12 H, m), 2.49
(12 H, t, J 8.0, 7.5).

Confirmed by Mass spectrometry - 460 [M + 2H™], 916 [M].
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Synthesis of LC substituted HABI compound 24

21 (0.0828g, 0.0903 mmol) was dissolved with the Karsted’s catalyst (5 pL) in dry
toluene (20 mL), air was then bubbled through the solution for five minutes and
to this solution 23 (0.7081g, 1.807 mmol) was added drop wise. After stirring at
room temperature for 16 hours the solvent was removed under reduced pressure and
the crude product purified by column chromatography using 4:1 (hexane : ethyl
acetate) as the eluent, this was followed by recrystallized in neat hexane to give the

product.
Percentage Yield 0.1g 20%

'H-NMR (400 MHz, Acetone-d6) § 7.84 — 7.74 (24 H, m), 7.74 - 7.62 (24 H, m), 7.27
~7.10 (16 H, m), 7.08 ~ 6.99 (8 H, m), 4.08 — 4.00 (12 H, m), 2.52 — 2.48 (12 H,
m), 1.85 ~ 1.74 (12 H, m), 1.58 — 1.34 (12 H, m), 0.96 — 0.89 (18 H, m), 0.68 - 0.56
(18 H, m), 0.11 (12 H, t, J 2.3), 0.08 (72 H, s). (overlapping due to oligomeric type

structure.)

BC-NMR (101 MHz, Acetone-d6) & 205.37, 132.69, 128.40, 127.11, 115.14, 67.89,
29.62, 29.42, 29.23, 29.04, 28.85, 28.66, 28.46, 0.59. (overlapping carbon peakes)
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Mass spectrometry- observed: 3297, 3300, 3305. [M + H]
(half the molecular weight due to splitting during the analysis)

Mass spectrometry- Theoretical: 1589, 1590, 1591. Observed: 1589, 15890, 1591.
[1/2M + H]
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3.6 HABI Results

Two novel LC photochromic single molecule materials were synthesised and the
properties of the materials were optimised. An LC phase was introduced and the
photochromic properties were improved. The siloxane linking the mesogen and the
HABI core was introduced to lower the melting point, it is well known in the litera-
ture that siloxanes have this effect. The lengthening of the hydrocarbon spacer was
also increased to lower the melting point. The LC mesogen that was chosen was a
cyanobiphenyl group, this was chosen as it has good LC phase inducing behaviour.
The molecule was found to be liquid crystal at 48.3 °C exhibiting a SmA phase, see
Figure 3.18. 12 is the first reported liquid crystal photochromic compound based on
the HABI core show in Figure 3.18, with a fine but typical smetic A texture and this
assignment is confirmed by the differential scanning calorimetry data. The DSC plot
also shows that there is no crystal phase present and that a SmA phase at 48.3°C
is formed with a transition to the isotropic phase at 60°C with an enthalpy value
of 5.43Jg~1. The DSC trace shows a broad transition peak, shown in Figure 3.18,
this is due to the large polymeric, oligomeric structure of the molecule. This broad

transition on the the DSC is typical for oligomeric structures.

From the optical polarising micrograph recorded at 48.3°C using crossed polarisers
shown in Figure 3.18 the typical focal conic defect textures of the smectic A phase can
be seen with areas which are non birefringent, they are indicative of a homeotropic
alignment under cross polarisers. They are indicative of areas where on average the

moleculare long axis of the mesogens are parralel to the beam of light.
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Figure 3.18. Right : DSC trace of 12 AH 1.68J g~ !, area 23 78mJ, onset 44.54°C, peak
52.38°C , Left : OPM image of the LC phase, Smectic A, 48.3°C, 100x magnification.

The OPM images of 12 are in accord with the XRD data. The XRD data was
collected from samples in capillaries (0.8pm) and alligned by an external magnet
with a field strengh of 0.5T. The strength of the standard permanent cobalt-selenium
magnets that are used to align liquid crystal samples, has a strong enough field to
align nematic phases but typically not a smectic phase. The samples are in a micro
furnace and the temperature is controlled with an accuracy of 0.5°C.5283 The data
collection is carried out using a 2D image plate. A typical diffractogram is shown
in Figure 3.19. The external magnetic field applied to the sample is vertical. The
data shows that the sample is poorly aligned and this is attributed to the viscosity
of the sample. The 2D allows us to calculate a pseudo 1D plot, this is shown in
Figure 3.20.
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Figure 3.19. 2D XRD plot of 12, taken at 48°C.

The 1D plot of 12 gives rise to three diffraction intensities, see Figure 3.20. In the
small angle one reflection (A) can be seen, which is associated with the layer spacing
of 31.2A. In the wide angle the second intensity is seen (B), this can be attributed to
the siloxane linker of 6A. The siloxane group diffracts because of the higher electron
density of the groups, than the hydrocarbon chains a microphase separation occurs.
The broad pireodisity that can be seen in the wide angle region has a value of 4.6A,

which is associated with the intermolecular lateral distance of the molecules.
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Figure 3.20. 1D XRD plot and table of 12, taken at 48°C.

The photochromic properties of 12 were analyzed using UV-vis spectroscopy. The
data was collected using a Varian Cary 50 UV-Vis spectrometer, and the sample was
irradiated perpendicular to the sample via a mercury vapour light source monochro-
mated to the desired wavelength. The red trace on see Figure 3.21, is pre-irradiation
and has a strong absorption in the 330-360nm region, post-irradiation the green
trace shows the appearance of the absorption at 430nm region and the reduction of

the 350nm peak.

100



3 Imidazole

1.0

0.8

0.6

Abs

0.4 F o\

0.2 / \

0.0 . : — T
300 400 500 600
Wavelength (nm)

Figure 3.21. UV-Vis plot, red trace before irradiation, after irradiation with 365nm

light (mercury vapor lamp).

The structure of 24 was altered. This is shown in Figure 3.22 to improve the LC
phase behavior and photochromic properties. The removal of the oxygen linking
the hydrocarbon spacer to the HABI core resulted in an alteration to the pho-

tochromic properties, which can be seen by a red shift in the absorption spectrum

post-irradiation.
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Figure 3.22. Structures of 12 and 24.

This effect of the alteration of the absorption spectra and the association speed, of
the radical species back to the dimer HABI. It is well reported in the literature that
the alteration of the structure of HABI can greatly alter the photochromic properties

as well as the absorption spectra.

102



3 Imidazole

\_/
N =N

U
A

HABI refernce
absorption 325nm
t12 12hr+

\

&

O O
\ \
N N
O Wi O W
PABI1 absorption 750nm PABI2 absorption 780nm

tp 2x10s t12 10.1x103s

DR
o O

1,8-NDPI-TPI absorption 450nm
t1/2 260x103s

ev

Figure 3.23. Some examples of the affect of altering the structure of HABI, and this effect
of the absorption spectra and speed of association of the radical species.1,8-NDPI-TPI,?”
PABI 1-2.84

This can be seen in Figure 3.23 with the alteration of the structure from the reference
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HABI with a ¢!/2 of more than 12 hours to the 1,8-NDPI-TPI,?” where the t!/2 has
been dramatically reduced to 2.6x107%s. This reduction in the association speed
is due to the alteration of the structure with the introduction of a naphthalene
bridge. The second affect as shown in Figure 3.23 is the introduction of electron
donating groups like the oxy group in PABI 2.%* The introducion of the electron
donating oxy group has a visible effect on the association speeds between PABI 1
and PABI 2, PABI 1 has a t'/2 of 10x10~3s the induction effect of the oxy group is
stabilising the radical species. 12 shows an absorption at 430nm, with the changes
to the structure the absorption of the radical species shifted to 550nm red trace

shown in Figure 3.24.

2.0+ 3.0

550-580nm

0.5
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Figure 3.24. UV-Vis plot, of 63 trace before irradiation, red after irradiation with

365nm light (mercury vapor lamp).

The alterations in the structure from 12 to 63 shown in Figure 3.22 also changed
the LC properties. There was a change in the transition temperature from the LC
phase to the isotropic phase from 48.3°C 12 to 51 °C in 24. The 24 still exhibits a
smectic A phase phase structure, see Figure 3.25. The DSC plot still exhibits the
broad transition due to the polymeric type structure with enthalpy values of 1.67
Jg L.
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Figure 3.25. Right : DSC plot of 24, Left : OPM image smectic A, 43 °C, 100x magnification.

The OPM image, shown in Figure 3.25, of a smectic A phase shows the same typical
focal conic fans with areas of non birefringent which are due to homeotropic align-
ment. This texture, unlike 12, is much finer. The textures shown in the OPM images
are backed up by the XRD plots. For magnetically aligned samples there is no tilt of
the mesogen relative to the layer normal director. This confirms the Smectic A phase
structure. Figure 3.28 shows the layers that are formed in a smectic phase, the value
is different to the estimated molecular length of 38.4 A, as there is some interdigita-
tion of the cyanobiphenyl mesogens occurs. The second value see Figure 3.28 at 20.5
A, is associated with the length of the anti parallel cyanobiphenyl mesogens, this
distance is related to the siloxane group linking the hydrocarbon spacer chains at
72 A, Finally, from the plot one can also see that the distance between the molecules
is on average 4.7 A. This repeat distance of 24 is similar to the lengths found for 12.
With the irradiation of 12 and 24, there was no alteration of the liquid crystal phase
upon irradiation. The formation of the radicals does not induce such an alteration
of the structure, therefore there is no increase or decrease in the order of the system.
In contrast to that, the destabilisation of liquid crystal phase behaviour has in the
literature been reported for diarylethenes. The increased rigidity of the system alters

the liquid crystalline behaviour, this can be seen in Table 3.1.%¢
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[An example of a LC dierylethene.|

Figure 3.26. An example of a LC diarylethene.%6

Table 3.1. The effect of structure change in diarylethenes through electrocyclisation on the

liquid crystal transition temperatures.>®

Compound R,R’ | Transition Temperatures °C
I R,R’ Tg -10.4 [N 14.2] Iso
11 R,R Tg 2.6 [N 54.3] Iso
Ips R,R’ Tg -1.9 (N 14.3) Iso
TIps R.R Tg 7.4 (N 51.3) Iso

Upon irradiation there was a bulk change in the colour of the material in the liquid
crystal phase. The irradiation of the HABI dimer and the formation of the radical
species of 12 and 24 did not show an alteration in the transition temperatures. This
could be attributed to the fact that there is a change in the rigidity of the material
which would alter the packing of the molecules in the liquid crystal phase. It was
not possible to measure the irradiated form by XRD studies due to the use of UV

to irradiate the material.
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Figure 3.27. XRD date for alligned sample of 24.
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Figure 3.28. 1D plot and table of detected intensitis of 24.
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3.7 HABI 12 and 24 isomer predictions

The HABI dimer structure has been determined through ¥*C NMR investigation

reported by S. Delbaere et al.?? The six possible isomers are shown in Figure 3.29.

L S I S
7 N N
AL NN N N R‘Q/\|N I
RN R R R R R R N R R
IH NN RN NR TSR N
RN pRy RN Ny i
R R R = N
R R R
1-1" 2.2' 4-4' 1-2' 1-4' 2-4'

Figure 3.29. The six possible isomers of the HABI dimer reported by S. Delbaere et al.??

The work carried out by S. Delbaere et al, confirmed the six possible structures of
the HABI dimer. This was achieved using alterations of the *C ppm values of the
carbons in the hetrocyclic core of the HABI. The shift in the peaks from the 3C

spectra shows the point of connection of the dimers. this is shown in Table 3.2

Table 3.2. 3C NMR chemical shifts of the stable HABI isomers (n.o - not observed).??

HABI Isomer C2-C2 C4-C4° C5-C5’
1-2° 149.0, 112.6 138.4, 166.2 132.2, 166.2
2-2’ 110.7, 111.1 168.6, 168.6 168.6, 168.6
4-4’ 171.3,171.3 n.o 194.1, 194.1

The work showed that there was a large difference in the ppm value between the
1,2’-, 2,2’- and 4,4’- isomers shown in Table 3.2. It is known that the 1,2’- isomer is

the dominant form for the HABI; this isomer is known to be the most stable form.
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Figure 3.30. Structue of 12.

Using the ¥C data and the XRD data, see Figure 3.20, the structure of 12 shown
in Figure 3.30 is hypothesised to be 4,4’- isomer. This fits the XRD data with the
hydrocarbon spacers compressing to give the smectic layer distance of 31.6A. The
XRD data does not show any interdigitation, see Figure 3.20, this is in line with the
argument that only the 2,2- isomer is present. The ¥C NMR shows the 160 ppm
and 109 ppm peaks which could correlate to the 2,2’- isomer shown in Figure 3.31.
This model would also account for the lack of interdigitation which is seen in the
XRD spectra of 12.
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Figure 3.31. Representation of the liquid crystal packing of 12 based on the XRD data,
black line - smectic layer boundary, purple - smectic layer length 31.24, green line - length

of the siloxane linker 6A, red line - intermolecular distance 4.6A

The model for the packing of 24 differs from 12 as there is a second reflection for
the smectic layer. This is associated with the interdigitation of the LC mesogens see

Figure 3.33. The differences in the packing structure is shown in the XRD values
shown in Table 4.1.
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Table 3.3. XRD defraction values comparison for 12 and 24 (n.o - not observed).

Compound
assigned spacing 12 24
smectic layer 31.2A 384A

local anti-parallel mesogens n.o 20.5 A
sioxane group 60A 72A

intermolecular distance 46 A 43 A

The XRD data shows the overall smectic layering is similar to that found for 12.
The occurance of reflection relating to a lattice of 20 A, for 24 is indicative of
interdigitated species, see Figure 3.33. The formation could be rationalised due to the
occurnce of 1,2’- and 2,2’- isomers of 24 which would account for the interdigitation
isomers shown in Figure 3.33. The presence of this is also seen in the *C NMR, the
peaks at 160 ppm and 110 ppm can be attributed to the 2,2’- isomer which is in line

with the literature values.??

hussey/jhs46_28.833 s
S 3

8
|

130.99
109.98

1 1T L P W _Ml A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T "
10 200 160 155 150 145 140 135 130 1256 120 15 110 (70 )65 60 55 50 45 40 35 30 25 20 15 10 5 0
Ppm;

Figure 3.32. 13C NMR spectrum of 24

The 1,2~ isomer can be seen from the presence of 145ppm and 130ppm peaks. The

presence of both of these isomers could be due to partial irradiation of the sample
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before the NMR causing a partial radicalisation and recombination, giving the 2,2’-
isomer and the 1,2’- isomer. The reduction in the length of the hydrocarbon spacer
could also contribute to the 1,2” and the 2,2’- isomers being stabilised through the
reduction of the steric interaction of the siloxane linkers. This would also support
the explanation of why the system 12 is only showing the 2,2’- isomer and no inter-

digitation.
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LC Mesogen

hydrocarbon spacer

siloxane linker

HABI core

1,2’-isomer 2,2’-isomer

Figure 3.33. Representation of the packing of 24 based on the XRD data, black line -
smectic layer boundary, purple - smectic layer length 20.54, green line - total smectic layer
length 38.6A, red line - length of the siloxane linker 7.2A, blue line - intermolecular distance
4.3A.
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3.8 Summary

Two novel photochromic liquid crystal compounds utilising HABI group were de-
signed, synthesised, investigated, and optimised. The construction is based on the
optimisation of the liquid crystal properties from earlier work. This was achieved
through the reduction of the length of the hydrocarbon spacer and the addition of
a siloxane linker. The photochromic properties were optimised through the removal
of electron donating oxy group attached to the HABI core. The changes are shown

in Figure 3.34

Figure 3.34. Final compounds 12 and 24.

The first final material 12 showed room temperature liquid crystal phase behaviour
exhibiting a Smectic A phase with an isotropisation temperature of 44.5°C with and
enthalpy value of 1.68 Jg!, with a wide transition range to the isotropic due to

the oligomeric type structure. The packing structure in the liquid crystal phase was
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determind using XRD diffraction. This gave a smectic layer spacing of 31.2 A and
intermolecular distance of 4.6 A, the siloxane link due to the high electron density also
gave a diffraction pattern and length of 6.0 A. The XRD pattern showed there was no
interdigitation and this combined with the *C NMR data the 2,2’-HABI isomer can
be predicted to be the predominant isomer. The absorption spectra showed a red shift
compaired to the reference material HABI with the A max at 430nm. The conclusion
of 12 as a photochromic-LC material was a bulk colour change in the material with
no effect to the liquid crystal properties and an increase in the recombintion time
compaired to the HABI referance material (The inrease in the recombination time

was observed but not calculated). The structure of 12 was altered to 66.

Material 24 was altered, as shown in Figure 3.34, to optimise the photochromic
properties. This was achieved through the removal of the oxy group linking the
hydrocarbon spacer to the HABI core, the oxygen was acting as an electron donor
and stabilising the radical monomer. This also caused a further red shift in the
absorption spectrum and altered the absorption maximum from 430nm for 12 to
580nm for 24. The removal of the oxy linking group, the hydrocarbon spacer and
the reduction of the length of the hydrocarbon specer between the HABI core and
the LC mesogen from 12 to 24, increased the liquid crystal phase range from 44°C
to 55°C. Compound 24 still exhibits a Smectic A phase with transition enthalpy to
the isotropic of 1.68J g~! with a wide transition range similar to compund 12. The
packing structure of the liquid crystal phase was determined using XRD diffraction,
the scattering pattern of 24 was roud to be similar to 12 with a smectic layer
seperation of 38.4 A, siloxane group lenght of 7.2 A and a lateral molecular distance
of 4.3 A. The difference betwen compounds 12 and 24 is the appearance of another
scattering intensity with a value of 20.5 A, this was attributed to local anti-parallel
mesogens. This length of 20.5 A shows that there is interdigitation of the liquid
crystal mesogens and end-on-end stacking of the mesogens giving rise to the 20.5 A
length. The presence of the interdigitation could be associated with the presence of
a second isomer of the HABI dimer, the 1*C NMR. data shown in Figure 3.32 shows
the presence of the 2,2’-isomer and the possible presence of the 1,2’-isomer due to
the occurance of peaks at the 145ppm and 130ppm peaks in the *C' NMR spectrum.
This along with the presence of interdigitation points to the presence of the both the

isomers. The appearance of the second isomer could be attributed to the reduction
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of the hydrocarbon spacer between the HABI core and the LC mesogen, which could

have an affect on the association of the radicals formed after association.
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Chapter 4 Diazocine

4.1 Diazocine - previous work and background

H. Duval et al discovered in 1910 the diazocine molecule shown in Figure 4.1 (com-
pound 58), but it was not until 2009 that Herges, et al*” investigated the pho-
tochromic properties and then, in later work, the effects of substitution on these
properties.®® The effect of substitution was also studied through non-symmetrical
substitution.*® The effect of substituting the fundamental core azocine molecule with
amines resulted in a red shift on the absorption of the molecule. This is also seen in
the non-symmetrical substitution of the core material. There has been some investi-
gation into the synthesis of the diazocine molecule and the formation of the restricted
azo link. The methods outlined by Herges, et al and Wang, et al of new mild con-
ditions for the synthesis of symmetrical and non-symmetrical azobenzenes,>*® the

effectiveness of these methods was demonstrated on the diazocine molecule.

N=N
OH
. 0]
Azocine core J; .
SOINOT U "y
Ay = N - OH
H N=N H N=N
Symmetrical functionalisation Non-symmetrical functionalisation
60 59

Figure 4.1. 58 Original material,*® 60 Symmetrical substitution,*® 59 non-symmetrical

substitution.®?

The interest in this molecule for the synthesis of single molecule photochromic LC
mesogens arises from the isomerisation of the stable ground state cis isomer to the
trans isomer in the excited irradiated form. With this switch from the cis to trans

form there is an increase in the order of the compound as the molecule adopts a
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more rod like structure. This in turn will help stabilise the LC phase or introduce a
LC phase from the isotropic. With the aim to synthesise a molecule to exhibit LC
properties, the symmetrical compounds shown in Figure 4.1 were altered at the point
of substitution to the diazocine central core, the meta amine groups were removed
and replaced with halogens. The removal of the meta amines on the diazocine central
core was carried out so that the attachment of the LC mesogen could be done directly
and was the final planned step in the synthesis. The removal of the amine groups
and the direct attachment will increase the possibility of inducing a liquid crystal
phase throught the attachment of the LC mesogen. The aim of the removal of two
nitrogens in the final compound and the direct attachment of the LC mesogen is
to reduce the melting point of the material and increase the stability over multiple

heat-cool cycles.
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4.2 Synthesis discussion

The standard method for the formation of azo containing mesogens is via diazonium

8586 or the formation of nitrosobenzene derivative, and the reaction

salt formation
with N-hydroxyaniline (see Scheme 4.1) through the synthesis of a hydrazine and
then the dehydrogenation to the azo group.?” A selection of the traditional methods
are illistrated in Scheme 4.1. There are many more methods reported in the literature,
a comprehensive review of the methods for the formation of the azo link was carried
out by E. Merino.®® An issue with these methods are the harsh conditions, if they are
to be applied to the synthesis of diazocines. The strong acids could cause problems

with halogen groups present in 37 as the halogens can be removed from the aromatic

ring by the strong acid.

Througout the synthesis of 39 many problems were encountered. The formation of 36
followed the traditional nitration method.*® It started with heating 4,4’-ethylenedianiline
in conc. sulfuric acid with the slow addition of sodium nitrite. This reaction works
in a quantitative yield and an orange solid is formed. A problem occurs when the
acidic solution is over neutralised and made basic through the addition of ammonia.
Many side reactions were found to occur. A large number of routes where explored

to complete the synthesis of 39

The main problem with the aim of direct attachment of the LC mesogen to a dia-
zocine core lies in the reactivity of the halogen group. With this in mind, the for-
mation of a diazonium salt for the closure of the center ring system (see Figure 4.7)
was eliminated as the process of forming the salt would remove the halogen group
because of its reactivity. To overcome this problem different routes were attempted.
The formation of the central ring system (see Figure 4.7) was carried out using
D-glucose and potassium hydroxide 49. Then the halogen groups were attached
through the formation of a di-diazonium salt and quenched with iodine solution 50.

This was unsuccessful as during the salt formation the azo link was destroyed.
s@he
N
N=N
58
Figure 4.2. Red indicating center ring system
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A = diazonium salt formation, conc. sulfuric acid, Kl, sodium nitrite.
B = azo formation, acetic acid, water, conc. sulfuric acid.

C = dehydrogonation, KF, aluminium oxide.

D = nitroso formation, molybdenum salt, peroxide.

E,F = zinc, ammonium chloride. Degradation of the nitroso group.

Scheme 4.1. An overview of some of the traditional method for the synthesis of azobenzene
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With the traditional methods used to form azo links removed as a synthetic option, a
new synthetic scheme was derived with milder conditions used following the nitration
step 36 shown in Scheme 4.2. This new route was used, instead of the formation of
the azo link via a diazonium salt at the point of ring closure, or the formation of
the diazonim salt for halogen subsitution after the formation of the azo link, which
is known to be sensitive to strong acids or bases. The first step in the new method
was the removal of the amines in the 4 positions, which were replaced with iodines
using the formation of a diazonium salt.®? The only other substitutions in the 1 and
2 positions were not effected by this method. After the iodination on the 1,2-bis(4-
iodo-2-nitrophenyl)ethane, the next hurdle was the formation of the center ring and
azo link. This was explored through many different methods. One was the classic
hydrogenation using palladium on carbon and a gaseous hydrogen in a hydrogenator,

90-92

but this led to the removal of the iodines which is often observed.

(',\'13 NH;
T 9
| 39
| 38

Step 3

Figure 4.3. Routes for the formation of the amine groups.

The most successful route was by the hydrogenation of the nitro group on compound
37 using platinum on carbon (5%) and ammonium formate as the hydrogen donor®
shown in Figure 4.3 step 1. Formic acid can also be used as the hydrogen donor, but
this was found to result in lower yields. This was found to be a successful method for
the reduction of the nitro groups to amine groups. The problem that was detected
was that only a single reduction took place as shown in Figure 4.3 step 1 38. A

consequence was that the reaction mixture had to be worked up and purified before
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the singly reduced compound could be reduced again using the same method as seen
in Figure 4.3 step 1-2 to produce 39. The need for the two reactions to reduce both
of the nitro groups resulted in a significant loss in the yields as the conversion would
only go up to 50% completion which resulted in a net yield of 25%. The initial
hypothesis was that the ammonium formate was not soluble in the chosen solvent
THF so the reaction was tried in ethanol EtOH, this led to no product formation.
Following this result, a ratio of methanol and THF 2:3 was used and this increased
the reaction yields slightly. The method was further modified; the equivalents of the
ammonium formate where increased by a factor of 3, and the platinum on carbon
component was increased by a factor of 1.5, the ratio of methanol increased almost to
1:1, as did the overall volume of the solution. It was found that reducing the reaction
temperature from 100 °C to 75 °C eliminated the build up of aqueous soluble salt
on the condenser, which is suspected to be ammonium formate and some byproduct
of the reaction. With all of these changes the reaction was optimised towards the
original intention of full reduction of the nitros shown in Figure 4.3 step 3 with the
elimination of steps 1-2 and a direct route to compound 39 with a yield of 50%.

Cu (metal), pyridine,
Ammonium bromide

NH,
J i

Mercury (1) oxide,
I lodine

Figure 4.4. Atempted routes for the formation of the cental ring

Following the synthesis of 6,6’-(ethane-1,2-diyl)bis(3-iodoaniline) 39, the next hurdle

was the closure of the central ring. This was approched initally using two methods,

139

the first employing CuBr, this can be formed in situ 41°” shown in Figure 4.4 red

2% seen in Figure 4.4 green route. These two

route or CuBr can be added directly 4
methods both have the disadvantage of being low yielding and the products were

found to be difficult to work up. The second method has the advantage of a shorter
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reaction time and improved yields, however it requires the use of mercury oxide and
elemental iodine to form the azo link.” Even with the advantages of an easier work

up and reaction time this route did not yield the product.

The aim for the future is that following the closure of the central ring, see Figure 4.7,
the attachment of the LC mesogen can be formed directly through a substitution
reaction at the site of the halogen, in this case iodine. The LC mesogen was attached
using a classical Suzuki coupling. Due to the problems with the formation of the

halogenated diazocine shown in Figure 4.4.

Step 1
37
Step 2
L T
Z N=N AN

96

Figure 4.5. Alternative route for the formation of a functionalisable diazocine.

An alternative route was followed, outlined by Herges et al.”® The first step to yield
37 shown in Figure 4.5 follows the original route with the replacement of the amine
groups positioned para to the ethylene bridge with iodo groups to form 37. The
halogens in the para position are substituted in the second step shown in Figure 4.5
step 2, via the attachment of trimethylsilylacetlene via a Sonogashira coupling for
form 45. As the reactive position on the aromatic centers are now protected a ring
closure is now possible. This is achieved via reduction of the nitro groups using
barium hydroxide and zinc metal. This method closes the ring and at the same time
removes the trimethylsilyl protecting groups, as seen in Figure 4.5 step 3 to form

46. The final step is the addition of the LLC mesogen via a Sonogashira coupling to

126



4 Diazocine

produce 48. This final step was unsucessful and only produced homocoupled 46 in
a polymeric like structure. This was assumed to be due to the activation of both of

the alkyne protons in the copper cycle.
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4.3 Synthetic route

A = sulfuric acid, sodium nitrate, 80°C, 5hr. 99%

B = 16:1 water : sulfuric acid, sodium nitrite, coppper (elemental powder), KI. 6hr 23%

C = methanol , THF, ammonium formate,platinum on carbon 5%, 100°C. 3 days 20- 50%
D = methanol , THF, ammonium formate,platinum on carbon 5%, 100°C. 3 days 20-50%
E = 2 :3 methanol : THF, ammonium formate,Platinum on carbon 5%, 75°C. 3days 50%

Scheme 4.2. Synthesis of diazocine intermediates 64.
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|
‘ NH,

NH, N=N

0 ;

39
|
A = copper metal, pyridine, ammonium bromide, toluene, 100°C, 24hr 0%

B = copper (l) bromide, pyridine, toluene, 60°, 24hr 0%
C = mercury (ll) oxide, toluene, iodine, RT 1-5hr 0%

Scheme 4.3. Atempted routes for the central ring closure and LC attachment 65.
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37

43

A = Cul, EtsN, bis(triphenyl phosphine) palladium (1) chloride, toluene, trimethylsilylacetylene
40°C, 5hr, RT, 16hr 75%

B = barium hydroxide octahydrate, zinc, 110°C, 3hr 18%

C = tetrakis triphenyl phosphine palladium (0), DME, water, K-CO3 , 60°C.12hr 80%

Scheme 4.4. Revised method for the formation and functionalisation diazocine LC synthesis
46.
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Br
O 47 Vi 48
46

O ) O O

D _ _
= N=N N
F .'?' R S R

N o

D = Cul, Et3N, bis(triphenyl phosphine) palladium (1) chloride, toluene, trimethylsilylactylene
40°C, 5hr, RT, 16hr 0%

Scheme 4.5. Revised method for the formation of the halogenated diazocine final step.
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y N=N NH;
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H,oN N=N NH ! N !
49 50

HaN N=N NH, Br N=

NH,
O E ' ¥e)
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0 Q ! N=N !
e O :
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N\
37
A = sulfuric acid, sodium nitrate, 80°C, 5hr. 99%
B = D-glucose, potassium hydroxide, ethanol, water, 80°C. 30%
C = sulfuric acid, sodium nitrite, potassium iodide, copper (elemental powdered), 6hr, 0%
D = sodium nitrite, HBr in water (30%), copper bromide, 3hr, room temperature, 0%

E = sulfuric acid, sodium nitrite, potassium iodide, copper (elemental powdered), 6hr, 20%
F = D-glucose, potassium hydroxide, ethanol, water, 80°C. 0%

49 | 51
o)

0
36
NH

Scheme 4.6. Original method for the formation of the halogenated diazocine.
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4.4 Experimental

Synthesis of 4,4’-(ethane-1,2-diyl)bis(3-nitroaniline) 36.

NH»

36

NH>

4,4-Ethylenedianiline 67 (10g, 48mmol), was stirred in sulfuric acid (80mL) the so-
lution was heated to 60°C, to this sodium nitrate (8.8g, 102mmol) in sulfuric acid
90mL, was added drop wise. The solution was stirred for 6 hours, once cooled the
solution was poured onto ice water and neutralised using conc ammonia solution
(37%). The orange precipitate was filtered off under vacuum and washed with plenty
of water and dried in a dessicator over calcium hydroxide overnight. 36 was used

with no further purification.
Percentage Yield 14g, 99%

'H-NMR (400 MHz, DMSO-d6) 6 7.06 (2 H, d, J 6.2, 2.0), 6.99 (2H, d, J 3.2, 8.3),
6.78 (2H, dd, J 2.3, 8.3, J 2.6, 2.1), 5.58 (4H, s), 2.86 (4H, s)

BC NMR (101 MHz, DMSO-d6) & 149.90, 148.58, 132.85, 121.85, 119.21, 108.48,
33.25
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Synthesis of 1,2-bis(4-iodo-2-nitrophenyl)ethane 37

36 (10.93g, 36mmol) was mixed with water (250mL), conc sulfuric acid (20mL), the
solution was cooled and sodium nitrite (4.9g, 72.11mmol) in conc sulfuric acid (50mL)
was added drop wise. Once added, the solution was stirred at room temperature for
1.5 hours and then added to potassium iodide (18g, 108.1mmol) in water (100mL). To
this solution copper powder (0.136g, 2.16mmol) was added and the solution stirred.
The solution was slowly heated to 80°C for 20 minutes. The cooled solution was
then extracted with DCM (3x), the combined organic phase was then washed with
sodium thiosulphate (saturated solution). The organic phase was then dried over
magnesium sulphate and filtered under a vacuum and the solvent was removed by
reduced pressure. The crude product was purified using column chromatography
using DCM as the eluent.

Percentage Yield 6g, 23%

'H-NMR (400 MHz, tetrahydrofuran-d8) ¢ 2.49 — 2.71 (6 H, m), 6.23 (1 H, dd, J 8.1,
1.1), 6.97 (1 H, dt, J 8.1, 1.5), 7.33 (1 H, t, J 1.5).

BC-NMR (101 MHz, Chloroform-d) ¢ 142.19, 133.87, 133.31, 77.45, 33.71.

mass spectrometry- Theoretical: 562, 563, 564. Observed data: 562, 563, 564. accurate
mass Theoretical: 541.9058 Obeserved: 541.9057. [M + K|+
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Synthesis of 5-iodo-2-(4-iodo-2-nitrophenethyl)aniline 68

e 0

N

Cye (e
37 38

37 (6.5g, 11.56mmol), platinum on carbon (5% on carbon) (0.8g) was dissolved in
THF (100mL). The solution was stirred and ammonium formate (2.2g, 34.9mmol)
in methanol (20mL) the solution was heated to 100°C for 3 days. Once the solution
was cooled the platinum on carbon was filtered off through celite and washed with
THEF. The organics were extracted with DCM (3x), the organics were then washed
with water and brine. The solution was dried over magnesium sulphate and filtered
under vacuum, the solvent was then removed under reduced pressure. The crude

product was purified using column chromatography using DCM as the eluent.
Percentage Yield 2.5g, 50%

'H-NMR (400 MHz, tetrahydrofuran-d8) § 1.79 (2 H, dd, J 9.4, 6.6), 2.07 (2 H, dd,
J9.4,6.6),3.59 (1 H,s), 568 (1H,d,J7.9),580 (1 H,dd, J 7.9, 1.7), 6.03 (1 H, d,
J1.7),6.14 (1 H,d, J8.2),6.87 (1 H, dd, J 8.1, 1.8), 7.27 (1 H, d, J 1.8)

135



4 Diazocine

Synthesis of 6,6’-(ethane-1,2-diyl)bis(3-iodoaniline) 39

38 | 39

38 (0.44g, 0.8827mmol), platinum on carbon (5% weighting) (0.07g) was dissolved in
THF (20mL). The solution was stirred and ammonium formate (0.3g, 4.761mmol) in
methanol (4mL) was added to the solution was heated to 100°C for 3 days. Once the
solution was cooled the platinum on carbon was filtered off through celite and washed
with THF. The organics were extracted with DCM (3x) and were then washed with
water and then brine. The solvent was dried over magnesium sulphate and filtered
under vacuum, the solvent was then removed under reduced pressure. The crude

product was purified using column chromatography using DCM as the eluent.
Percentage Yield 80mg, 50%

"H-NMR (400 MHz, tetrahydrofuran-d8) ¢ 2.62 (4 H, s), 5.72 (2 H, d, J 7.9), 5.88
(2 H, dd, J 7.9, 1.7), 6.00 (2 H, d, J 1.7).

BC-NMR (101 MHz, Chloroform-d) § 142.19, 135.07, 133.87, 133.31, 77.77, 33.71.

mass spectrometry- Theoretical: 464, 465, 466. Observed: 463, 464, 465. [M + H|+
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Modified synthesis of 6,6’-(ethane-1,2-diyl)bis(3-iodoaniline)
39

37 (6.5g, 11.56mmol), platinum on carbon (5% weighting) (0.8g) was dissolved in
THF (100mL). The solution was stirred and ammonium formate (2.2g, 34.9mmol) in
methanol (60mL), The solution was sealed and the atmosphere evacuated. The solu-
tion was then heated to 75°C for 5 hours, the pressure was vented and the reaction
was left to stir at 75°C for 10 hours. The cooled solution was then filtered through
celite and washed with DCM, the organics were extracted with DCM and washed
with water and then brine. The solution was dried over magnesium sulphate and
filtered under vacuum and the solvent removed under reduced pressure. The crude

product was purified using column chromatography using DCM as the eluent.
Percentage Yield 3.67g, 50%

'"H-NMR (400 MHz, tetrahydrofuran-d8) § 2.62 (4 H, s), 5.72 (2 H, d, J 7.9), 5.88
(2|, dd, J 7.9, 1.7), 6.00 (2 H, d, J 1.7).

BC-NMR (101 MHz, chloroform-d) § 142.19, 135.07, 133.87, 133.31, 77.77, 33.71.

mass spectrometry- Theoretical: 464, 465, 466. Observed: 463, 464, 465. [M + H|+
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Synthesis of
(Z)-3,8-diiodo-11,12-dihydrodibenzo]c,g][1,2]diazocine 40

Route one

O NH; _
|m|
NH; N=N
() .

39
I

39 (0.11g, 0.2263mmol), ammonium bromide (0.022g, 0.2263mmol), copper (I) bro-
mide (0.039g, 0.216mmol) were mixed in dry toluene (2mL). The atmosphere was
evacuated and flushed with Oy (3x), the solution was then filled with Oy and heated
to 100°C. To this pyridine (0.0107g, 10.8pL, 0.138mmol) was added dropwise and
left to stir for 24 hours. Once cooled the organics were extracted with DCM and
washed with water and then brine, the solution was dried over magnesium sulphate
and filtered under vacuum, the solvent was removed under reduced pressure. The
crude product was purified using column chromatography DCM. No product was

yielded and thus not persued any further.
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Synthesis of
(Z)-3,8-diiodo-11,12-dihydrodibenzo]c,g][1,2]diazocine 40

Route two

O NH; _
|m|
NH; N=N
() .

39
I

39 (0.1g,0.00022mmol), mercury oxide (I) (0.7128g, 0.00033mmol) and iodine (0.08349g,
0.0003mmol) were all disolved in THF (5mL) under an oxygen environment, the so-
lution was stirred for 16 hours at room temperature. The organics were extrated
with DCM and washed with sodium thiosulphate, water, and brine. The organics
were dried over magnesium sulphate and filtered under vacuum, the solvent was re-
moved under reduced pressure. The 'H-NMR spectrum showed that no reaction had

occurd.
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Synthesis of
(Z)-3,8-diiodo-11,12-dihydrodibenzo]c,g][1,2]diazocine 40

Route three

O NH; _
|m|
NH; N=N
() .

39
I

39 (0.11g, 0.2263mmol), ammonium bromide (0.022g, 0.2263mmol), copper metal
(2.2mg) were all dissolved in dry toluene (2mL). The atmosphere was evacuated
and flushed with oxygen (3x), the solution was then filled with oxygen and heated
to 100°C, to this pyridine (0.011g, 10.8pL, 0.138mmol) was added dropwise and
left to stir for 24 hours. Once cooled the organics were extracted with DCM and
washed with water and then brine, the solution was dried over magnesium sulphate
and filtered under a vacuum, the solvent was removed under reduced pressure. The
crude product was purified using column chromatography, using DCM as the eluent.

The analysis of the isolated materials showed that no product had been formed.
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Synthesis of
1,2-bis(2-nitro-4-((trimethylsilyl)ethynyl)phenyl)ethane 45

37

37 (2.48g, 4.732mmol), copper iodide Cul (Copper iodide) (49mg, 0.25mmol) and
bistriphenylphosphine palladium dichloride (0) (134mg, 0.1911mmol), was disolved
in degassed NEt; (100mL) and THF (20mL) the solution was evacuated and the
atmosphere replaced with nitrogen (3x). To this solution trimethylsilyl acetylene
(0.973g, 1.4mL, 9.93mmol) was added dropwise. The solution was stirred at 40°C for
5 hours and then at room temperature for 16 hours. The solvent was removed under
reduced pressure and then dissolved in DCM:Hexane (1:1) and flushed through a
silica plug. the filtrate was combined and the solvent removed under reduced pressure
and the resulting solid recyrstalised from methanol. The precipitate was filtered

under vacumm and dried overnight.
Percentage Yield 2.56g, 66%

"H-NMR (400 MHz, Methylene chloride d2) ¢ 0.26 (18 H, s), 3.22 (4 H, s), 7.29 (2
H, d, J 8.0, 7.58 (2 H, dd, J 8.0, 1.7), 8.01 (2 H, d, J 1.7).

The data matched literature values.%
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Synthesis of
(Z)-3,8-diethynyl-11,12-dihydrodibenzo[c,g][1,2]diazocine 46

45 (226mg, 0.243mmol), barium hydroxide octahydrate (600mg in water (100mL),
0.952mmol) and zinc powder (500mg, 9.23mmol) were all added together and ethanol
(300mL) was added and the solution was heated to reflux for 3 hours, whilst hot the
solution was filted through a plug of celite. The filtrate was extracted with DCM
and dried over magnesium sulphate and filtered under vacuum. The solvent was
removed under reduced pressure and the crude product was purified via column

chromatography using DCM as the eluent.
Percentage Yield 10mg, 18%

'"H-NMR (400 MHz, Methylene chloride d2) § 7.14 (dd, J = 7.8, 1.7 Hz, 2H), 7.02 -
6.85 (m, 4H), 3.04 (s, 2H), 3.01 — 2.92 (m, 2H), 2.84 — 2.69 (m, 2H).

The data matched literature values®®
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Synthesis of
(Z)-3,8-diethynyl-11,12-dihydrodibenzo|c,g][1,2]diazocine
functionalised with 2’,3’-difluoro-4-heptyl-1,1":4’,1"-terphenyl
48

Br
O 47 VA 48
46
e, LI
O N Z N=N X
F 1 —— R R
N a_

F F
.

46 (0.0219mg, 0.0855mmol), copper iodide (0.00488g, 0.0257mmol) and bistriphen-
lyphosphine palladium dichloride (0) (0.018g, 0.025mmol) was dissolved in degassed
triethylamine (2mL) and THF (1mL). The atmophere was evacuated and replaced
with nitrogen (3x). To this solution 47 (0.115g, 0.2565mmol) in THF (1mL) was
added dropwise and then the solution heated to 80°C for 16 hours. Once cooled the
solvent was removed under reduced pressure and the crude product purified using
column chromatography DCM. The 'H-NMR spectrum showed that no product for-
mation had occurd. The presence of a polymeric film in the reaction vessel suggests

that polymerisation of 46 had taken place.

143



4 Diazocine

Synthesis of
(Z)-11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diamine 49

b,
o)
Q HoN N=N NH,
Vo
e :

36 (5.96g, 0.0797mol), D-Glucose (36g, 0.197mol) in water (110mL) was mixed with
ethanol (800mL) and heated to 80°C. To this solution potassium hydroxide (49g,
1.24mol) in water (100mL). The solution was heated at 80°C for 16 hours, once
cooled the solution was added to water and ice (500mL). The reaction mixture was
extracted into ethyl acetate and washed with water. The solution was then dried over
magnesium sulphate and filtered under a vacuum. The solvent was removed under
reduced pressure. The crude material was purified via column chromatography using

hexane : DCM (1:1) as the eluent. Yielding a pale yellow crystalline solid.
Percentage Yield 1.5g, 30%

'H-NMR (400 MHz, DMSO-d6) & 6.67 (2H, d, J 6.5, 8.2), 6.24 (2H, dd, J 6.5, 8.2, J
5.3,2.3), 5.97 (2H, d, J 3.5, 2.3), 5.15 (4H, br.s), 2.63 (4H, m)

BC.NMR (101 MHz, DMSO-d6) § 155.87, 146.76, 130.15, 115.18, 112.88, 103.11,
30.44
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Synthesis of
(Z)-3,8-diiodo-11,12-dihydrodibenzo]c,g][1,2]diazocine 50

HaoN l :N:N: ‘ *NH; ' N=N l

49 50

49 (2.47g, 0.07mol) was mixed with water (250mL), conc sulfuric acid (29mL), the
solution was cooled and sodium nitrite (2.72g, 40mmol) in conc sulfuric acid (10mL)
was added droppwise, once added the solution was stirred at room temperature for
1.5hr and then added to potassium iodide (12.113g, 73mmol) in water (10mL. To
this solution copper powder (0.136g, 2.16mmol) was added and the solution stirred.
The solution was slowly heated to 80°C for 20 minutes. The cooled solution was then
extracted with DCM (3x), the combined organic phase was then washed with sodium
thiosulphate (saturated solution). The organic phase was then dried over magnesium
sulphate and filtered under a vacuum and the solvent removed by reduced pressure.
The crude product was purified using column chromatography in DCM. The *H-

NMR spectrum showed degradation of the material and no product formation.
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Synthesis of
(Z)-3,8-dibromo-11,12-dihydrodibenzo|c,g][1,2]diazocine 51

H2NNH2 Br N=N Br

49 51

49 (0.1325g, 0.556mmol) was stirred with HBr 30% in water (2mL) to this solu-
tion sodium nitrite (0.153g, 2.2mmol) in water (5mL) was added dropwise. To this
solution coppper bromide (0.159g, 0.6mmol) was added and HBr (3mL) was added
dropwise and the solution stirred for 3 hours at room temperature. The organics were
extracted with DCM and washed with water and sodium thiosulphate (conc) solu-
tion. The organics were dried over magnesium sulphate and filtered under vacuum.
The solvent was removed under reduced pressure and the crude product was purfied
via column chromatography DCM. The 'H-NMR showed that the reaction did not
work. The 'H-NMR data did not corrolate with expected values see Figure 4.6

Compound 51 fraction 3 -3
J«M_w - e J\—A—‘A\_A_L_’/\\—A/L_L/L

Compound 51 fraction 2

ijuaﬁ : W_z

Compound 51 fraction 1
J“\ =1
M N

T T T 4 ;/ T T T T T T T T T T T T T T T T T T
75 70 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure 4.6. 'H-NMR spectrum of the columned fractions.
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Synthesis of
(Z)-3,8-diiodo-11,12-dihydrodibenzo]c,g][1,2]diazocine 52

37

37 (3.41g, 0.0713mol), D-Glucose (16g, 0.087mol) in water (110mL) was mixed with
ethanol (450mL) and heated to 80°C. To this solution, KOH (26g, 0.0499mol) in wa-
ter (100mL) was added. The solution was heated at 80°C for 16 hours, once cooled
the solution was added to water and ice (500mL). The organics were extracted with
ethyl acetate and washed with water. The organics were dried over magnesium sul-
phate and filtered under a vacuum. The solvent was removed under reduced pressure.
The crude material was seperated via column chromatography hexane : DCM (1:1).

The 'H-NMR showed that the product had degraded in the reaction.
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4.5 Results

The synthesis of a novel iodinated diazocine 49 was attempted, see Scheme 4.2 and

Scheme 4.3. The problem with the chosen route is in the formation of the central

a
Jn
N=—N
58

Figure 4.7. Red indicating center ring system

ring, see Figure 4.7.

The methods tried did not yield any of the target material. The formation of the
azo link befor the reduction and iodination of the nitro groups, proved to degrade
the previously formed azo link. The alternative approach uesd was the conversion
of the nitro groups to halgens, then form the azo link. This approache did not yield
the desired material. The original method for the formation of the central ring Fig-
ure 4.7, that was tried was taken from previous work by Herges.*® This used glucose
as the reducing agent of the nitro groups and the source of hydrogen. The glucose,
when in strong, hot, basic conditions, degrades to form hydrogen and lactate, for-
mate and other compounds.”™® It is also used in the reduction of aromatic nitro

% or azoxy compounds. The proposal for the mechanism

compounds to their amines
of the reduction of 1,2-bis(2-nitro-4-aminophenyl) ethane 36 follows the reduction
of one of the nitro groups to a nitroso and the other to a hydroxyamine. With the
formation of these two groups the azoxy compound is formed, then the final reduc-
tion and removal of the negatively charged oxygen takes place to form the final azo
product, see Scheme 4.7. This would support the low yield of the reaction due to
the stability of the intermediates and over-reduction of the nitro groups to amine
groups, see Scheme 4.7. The formation of the azo link from the di-amino di-iodo
intermediate proved to be very low yielding 40 or did not yield product at all. This
could be due to the stability of the iodo groups in the 2 position of 37 withdrawing
the electron density, which could be the reason for the low reactivity of the amines

in the 4 position. To overcome the problem with the low reactivity a different ap-

proach was taken, this followed a method used by Herges.”® 37 was functionalised
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D-Glucose

D-Glucose

+ +

H Glucose degradation under H lactate, formate....
lactate, formate.... basic conditions

Hydroxyl amine formation

Nitroso formation

Azoxy formation

N=N +

O_
N=N

Scheme 4.7. Proposed mechanism for the formation of diazocine using D-Glucose as the H

source and the reducing agent.
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with trimethylsilylacetylene using a modified Sonogashira method. Once function-
alised the central ring was formed using barium hydroxide and zinc 46, due to the
basic conditions this also de-protected the alkyne groups. With the formation of the
diazocine functionalised with alkynes, the next step was the attachment of the LC
mesogen via a Sonogashira coupling. This proved to be a problem, the reaction was
unsuccessful. Compound 46 homocoupled and there was no reaction with the LC
mesogen 47. The reason for this are illustrated in the reaction mechanism at the
formation of the copper complex highlighted in red with the alkyne see Figure 4.8.
At this point in the cycle, if there is too much copper iodide present the formation
of the copper complex could occur on both the alkynes. This means that both are

reactive and can take part in the rest of the cycle.

Ar——R
L
o R—X
. A L-Pd—-L . -
reductive elimination | oxidative addition
L
(n-2)L
R L
iy ()
L—Pld —Ar R—Pld—X
L L
. transmetallation
tran-cis
isomerisation ? Cu——Ar
L-Pd-L NR'gHX
| | CuX
Ar
R'sN + H——Ar

Figure 4.8. Sonogashira reaction mechanism. Red highlighted the copper cycle.

With this in mind, the mol % of the copper iodide should be reduced with the
aim of the formation of a single alkyne copper complex and the reduction of the

homocoupling.
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4.6 Photochromic properties of 62

The UV-Vis spectra depicted in Figure 4.9 show the isomerisation of the diazocine
when irradiated with a 365nm LED diode (13V, 1A). The cis state absorbed in
the 390nm region, with the irradiation and the isomerisation the absorption peak
at 390nm reduces and the apperance of an absorption at 480nm is observed. This
change is seen in the solution of yellow to red, this can be seen in Figure 4.10. With

the exclusion of light the compound returned back to the cis isomer.

0.8

irradiation with 365nm over 120mins

0.6

0.2

-0.2

Figure 4.9. UV-Vis spectra of 46 irradiated at 365nm for 120 minutes with scans every 8

minuets
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Figure 4.10. Solutions of 46 8x10~*moldm ™2 in acetonitrile before and after irradiation
at 365nm
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The half life was calculated for 46. the equation used was as follows

In2
tL=—-

=

this equals

0.693
k

o=

K is derived form the In of the difference in the absorption over time

(278 /)2.653)

k=
378

when the K value of 1.23x10™* s7! is inserted back into the first equation the ty is

calculated.

In2
l1 = ———
2 1.23210—4

t1 =5601s

e

The values for the K calculation are obtained for Figure 4.11 plot. The natural log
of X\ max is plotted against time. The values for k are taken form the line of best fit
highlighted in red.
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Plot of InAbs againts time
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Figure 4.11. ty of 46 In of the A max against time.
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Table 4.1. Data for the t% calculation of 46.

Compound
Absorption (a.u.) |lnAbs| Time (min)

0.269 2.780 56.70
0.241 2.710 53.95
0.217 2.653 50.40
0.197 2.616 47.25
0.179 2.572 44.10
0.165 2.518 40.59
0.150 2.453 37.80
0.135 2.386 34.65
0.122 2.295 31.50
0.111 2.200 28.35
0.101 2.103 25.20
0.092 2.000 22.05
0.086 1.109 18.90
0.081 1.801 15.75
0.076 1.718 12.60
0.073 1.625 9.45
0.070 1.528 6.30
0.067 1.423 3.15
0.062 1.314 0.00

The calculated b1 for 46 is 7.78 hours, this is different to the reported t1 of 19.6
hours by Herges et al.?® This could be due to the irradiation wave length 46 was
irradiated with 365 nm light, where as the literature uses light of 385 nm. This could

account for the difference in the t% of the same material.

4.7 Diazocine conclusion

The aim of the above work was to synthesize a single system photochromic liquid

crystal material based around the diazocine core unit. The original aim of the work
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was to attach the LC mesogen directly to the diazocine core. This was approached
by firstly forming the diazocine with amine functional groups and convert these
to a halogen. This approach saw the degradation of the azo link which forms the
diazocine moiety. The second approach to the formation of diazocine was based on
introduction of halogens for direct attachment of the LC mesogen. The reduction
and halogenation of the nitro groups was to be performed before the formation of
the azo link. This also proved problematic, as the formation of the azo group was
unsuccessful. In the final part of this work alkyne spacers were introduced to the
diazocine core following work reported by R. Hergers et al. The introduction of
this alkyne spacer allowed the formation of the azo link due to the higher stability
of the TMS protected alkyne group compared to the stability of iodo groups. The
issue with this method was the attachment of the LC mesogen via a Sonogashira
coupling. The presence of two alkynes in close proximity was not conducive to double
functionalisation. The conclusion of the work was that LC mesogens could not be
directly attached to the diazocine core but required a spacer group. The type of
spacer group needs further investigation to determine the best compromise between

synthetic access and targeted properties.
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Chapter 5 Summary

5.1 Conclusion

The aim of this work was to design, synthesise, and investigate novel photochromic
LC molecules. The first set of novel materials that were synthesised, were based on
HABI functionalised with cyanobiphenyl as the LC mesogen attached using a spacer
group. This was achieved with different methods of attachment: direct hydrocarbon
LC photochrome attachment. The properties of the first method of attachment made
in earlier work led to the alteration of the synthesis and the addition of a siloxane

linker between the HABI core and the LC mesogen this can be seen in Figure 5.1.

0-X 0
X
X Y / .
: O o -
\ / »\@ R
N (o]
X~ Q Previous work R\O

X = LC mesogen attached with

R = LC mesogen and hydrocarbon spacer
direct hydrocarbon spacer

with silxane linker

Figure 5.1. The evolution of the functionaliesd HABI.

The alteration of the structure and the incorporation of the siloxane linker reduced
the melting point of the material and led to the introduction of a LC phase. The
final material 12 was liquid crystaline at room temperature, with a transition to the
isotropic at 50°C. Compound 12 exhibited a Smectic A phase which was confirmed
using OPM and DSC with a enthalpy value of 1.68 Jg~! and finally confirmed using
XRD showing the layer spacing at 31.2A and a lateral intermolecular distance of

4.6 A, these values match typical values of organic molecules for a SmA phase. The
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second material was further altered form 12 to 24 shown in Figure 5.1. The further
changes in the structure of the final HABI-LC material 24 did not alter the liquid
crystal properties greatly; the transition to isotropic was slightly increased from 48°C
for 12 to 55°C. The XRD diffractogram showed a difference in the packing of the
material within the SmA phase. In 12 the XRD 26 plot showed three intensities at
31.2 A, 6.0 A and 4.6 A for the layer spacing, siloxane group, and the intermolecular
distance. The XRD 26 plot for 24 however showed a fourth intensity at 20.5 A. This
was attributed to interdigitation and end-to-end stacking of the the LC mesogens.

The packing structure of both the materials is outlined in Figure 5.2

N
LC Mesogen
hydrocarbon spacer
siloxane linker
HABI core
— - — — — A -

LC Mesogen
R N R RLUNR N_ R
>L7< 2,2-isomer N:{ RN g RO N RNy
R

R NRNR

hydrocarbon spacer

HABI core

X/siloxane linker

<]

1,2’-isomer 2,2’-isomer

Figure 5.2. Representation of the packing of the functionalised HABIs 12 and 24.

The alteration of the final HABI-LC material 24 through the removal of the oxy
linking group the hydrocarbon spacer to the LC mesogen to the HABI core has no
great effect on the liquid crystal phase behaviour or transition temperatures, however
it did alter the absorption spectra. The removal of this linker shown in Figure 5.1

caused a further red shift in the maximum absorption value of the radical species,
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5 Summary

and although not measured a reduction in the association of the radical material
back to the dimer. This decrease in the association speed was only noted visually.
The conclusion drawn form the two materials synthesised is that the alteration of the
absorption maximum and the association speed of the HABI-LC material is affected
by the functionalisation of the HABI core. The result of the work is that a new
photochromic LC single system material was synthesised, where upon irradiation a
bulk colour change in the material is achieved with no disruption of the liquid crystal

phase.

The final section of this work was the synthesis of diazocine functionalised with LC
mesogens directly to the photochromic core. The aim of the work was the introduc-
tion of a liquid crystal phase through the irradiation isomerisation of the diazocine
moiety from the stable cis isomer to the less stable but more rod like trans isomer.
The synthetic routes towards this group were optimised. The second part of the work
carried out and looked at the newly emerging diazocine. The combination of this
photochromic molecule with LC mesogens has not yet been investigated. This com-
pound was chosen for the isomerisation upon irradiation which unlike in azobenzene
which is trans-cis, for the diazocine it is cis-trans. This property opens up the pos-
sibilities of LC phase behaviour introduction or stabilisation upon irradiation. The
formulated route for the synthesis of a diazocine with points of direct attachment is
a new route different from the previously reported methods for the functionalisation
of the compound.*®* The proposed route however did not yield the final material
and was abanodoned. The direct attachment of the LC mesogen to the diazocine
core was altered and an alkyne spacer was introduced following the work by Herges
and his colleagues. The introduction of the alkyne protecting the reactive groups on
the central core allowed the formation of a functionalised diazocine with points of

attachment for the LC mesogen.
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