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Abstract

In order to study the effect of calamitic mesogenic unitson the self-assembly of
liquid crystalline phases in silsesquoxane supermolecules, various id and tri-
substituted silsesquioxane supermolecules have been prepare@hey contain
incompletely condensed silsesquioxanes substituted with a variety of alkyl
chains.These moieties contain various calamitic mesgenic units including two-
ring and three-ring terminally appended mesogenic units as well as laterally
appended mesogenic units. These mesogenic units were prepared using
hydrosilylation chemistry and the properties of these new compounds were
elucidated using polarized optical microscopy, diffezntial scanning calorimetry

and single crystal Xray diffraction techniques.

A novel octasilsesquioxane core has been prepared with two distinct moieties
covalently bonded to it in order to study the effect of a nonrmesogenic chiral
entity along with a cdamitic mesogenic groupon the selfassembly of this
mesogenic moiety in the liquid crystalline phase. This compound has been
prepared using standard hydrosilylation techniques and its properties have
been elucidated using polarized optical microscopy andlifferential scanning

calorimetry.
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1. Introduction

1.1. Introduction to Liquid Crystals

Liquid crystals are partially ordered fluid systems that are intermediate in
symmetry and structure between that of thecrystalline solid and the isotropic
liquid. The order in a crystalline solid is usually both positional and
orientational, in that the constituent molecules are constrained to occupy
distinct sites in a threedimensional lattice and to point their molecula axis in
specific directions, giving a structure with longrange positional and
orientational order in all directions.[1] Conversely, the molecules in an isotropic
liquid are able to rotate and flow freely with no positional or orientational
ordering. Liquid crystals are often viewed as an intermediate state of matter
between these two systems, having a degree of positional or orientational order
and yet retaining some degree of fluidity. A number of different liquid crystal
phasesexist; these phases ar&known as mesophases (derived from the greek
word mesoswvhich means between or intermediate). Liquid crystals can roughly
be divided into two distinct categories depending on how the mesophase
arrises. These are lyotropic liquid crystals and thermotropic liquid crystals.
Lyotropic liquid crystals are formed through interactions between a solvent
system and a material that is amphiphilic in nature such as a surfactant. Upon
the addition of a suitable solvent, these amphiphilic molecules setfirganize in
order to give a liquid-crystalline phase.[2] Thus, the mesphase behaviour of a
lyotropic material is dependent both on the concentration and on the
temperature of the solution. Conversely, thermotropic liquid crystals are
formed from either heating the crystalline solid or cooling the isotropic liquid
and so theformation of the mesophases are temperature dependent and in the
absence of solvent. Thermotropic liquid crystals will be discussed in more detail

later in this chapter.



1.2. Thermotropic Liquid Crystals

When a solid is heated there reaches a point wine the molecules lose their
translational order and can now rotate and move freely. This point is known as
the melting point, and, in most cases, this is the point where the crystalline solid
changes to the isotropic liquid. However, with materials that ehibit
thermotropic liquid -crystalline behaviour this process is more complicated. In
these materials there is a stepwise decay of order where the molecules
gradually lose their positional and orientational order. The stages of this
stepwise decay are terperature dependent, with each step being a transition
from one thermodynamically stable mesophase to another, and eventually to
the isotropic liquid. Thermotropic liquid crystals are usually formed by
materials that are endowed with specific structural andmolecular criteria;
these materials are usually dichotomous in naturegn asmuch as they have two
portions of their molecular structure that have contrasting structural or
chemical properties[3] e.g.a rigid anisotropic biphenyl group with a flexible
peripheral alkyl chain. The anisotropic character of a material such as this is the
origin of the stepwise decay of order, and although mesogens that are not
anisotropic in shape do existthey tend to form plastic crystals rather than true
liquid -crystalline phases[4][5] Thermotropic mesophases are stabilised by the
anisometric intermolecular forces (van der Waals, drogen bonding, etc) that
are a result of the anisotropic character of the materiallThe two most common
shapes for a mesogenic material to possess are rille (calamitic) and disk-like
(discotic), although a wide range of molecular shapes have been shown to
support liquid-crystalline behaviour, e.g. bent rods, pyramidatshaped
moleculesetc. A rodlike mesogen is longer than it is broad and so possess one,
unique, long axis. A discotic mesogen is disshaped, i.e. flat, and has one,
unique, short axis. Example structures of a rodike, a diseéshaped and a bet-

core mesogen can be seen indure 1.1.



Figure 1.1: A representative example of (a) roeshaped mesogen; (b) disc

shaped mesogen and (c) bent core mesogen.

Although rod, disk-like and bent core mesogens are three of the most common
shapes for mesogenic materials, a wide range of other shapes do exist and these

systems include bowdshapedand ABC triblock copolymerd6][7]

1.3. The Structure of Rod -Like Mesogens

In general, rodlike mesogenic materials consist of a single serigid core
attached to which are one, or two, terminal alkyl chains. It is usually the
anisotropic interactions between the cores, often consisting of phenyl rings
bridged through shat unsaturated groups that give rise to the liquidcrystalline
behaviour. The terminal alkyl chains tend to lower the melting point of the
material in order to allow the observation ofliquid -crystalline phases. In kKjure
1.2 is the structure of an examplanesogenic entity namely, 5CB. The structure
of 5CB consists o& cyanobiphenyl unit and a fivecarbon alkyl chain. As noted
above it is the interactions between these two distincentities that produces

liquid -crystalline behaviour, 5CB exhibits a nematimesophase.



Nc

Figure 1.2: Structure of a commonrod-like mesogen known as 5CB @pentyl-
4-cyanobiphenyl), consisting of a core made up of two phenyl rings and a

terminal pentyl chain.

The different types of molecular structue i.e.the semirigid, polarisable core
and the flexible alkyl chains lead to a dichotomous nature to the structure. This
means when molecules of this type selbrganise, they generally do so with the
semi-rigid cores tending to pack together and their flgible alkyl chains tending
to orient in the same direction, this leads to the system becoming nanophase
segregated.B] Of course, a large number of variations of this structural scaffold
are possible, e.g. replacement of the phenyl rings with cyclohexane rings,
insertion of an ester linking group between the two rings, replacement of the
alkyl chain for a fluorocarbon etc, all of which will impact upon the relative

stability and physical properties of the esulting mesophases.
1.4. The Mesophases of Rod-Like Thermotropic Liquid Crystals

As noted previously, a material is defined as a crystalline solid when it
possesses longange positional order in three-dimensions. As this materi&is
heated it will gain energy and the constituent molecules will eventually gain
enough energy to break free of their lattice sites, thereby resulting in a
transition to an isotropic liquid. In non-liquid crystalline materials this is a one
step process (T1 in Figure 1.3) buin liquid-crystalline compounds this is a
stepwise process. In the first step a smectiike crystal phase is formed (T2 in
Figure 1.3). This is not a liquidcrystalline phase but merely a crystalline solid
where the molecules are able to oscillate and rota about their axis,i.e.they
have gained some rotational freedom but still have lonrgange positional order.
As more and more energy is put into the system, at a defined temperature, the

molecules lose their longrange positional order and form a fluid smectic liquid-



crystalline mesophase where the molecules are arranged in diffuse layers but
still flow like a liquid (T3 in Figure 1.3). The step from the sealled plastic
crystal to the fluid liquid crystal in general happensdue to the anisotropic
nature of the rodlike mesogen, the lateral intermolecular forces are stronger
than the terminal intermolecular forces meaning the terminal forces break first
leading to a lamellararrangement of the molecules.[1]in the next step of the
process the moleculesdse their shortrange positional order leaving them only
with orientational order and the nematic mesophase, which possesses only an
orientational ordering of the constituent molecules, (T4 in Figure 1.3). Finally in
the last step of the process the moledes lose all order entirely and this is the
isotropic liquid (T5). It should be noted that a material will not necessarily

exhibit each of these distinct phases, for example, 5CB (Figure 1.2) exhibits only

a nematic phase.

NN 90000

900
11t 8888
s, N QY 0 i

Can rotate about it's axis

" aa% .

Noo

700 0 e 0 0> 000009

Q QO & Li.“s;f;?o“n;?zes;r::f 900000
%0 2 « 000000

o\ 000000

Nematic mesophase Smectic mesophase

No short-range order No long-range order
Orientational ordering Diffuse layer ordering

1 —

OO
OO

Q

Figure 1.3: Possiblemelting sequences for a liquidcrystalline material.



Thus, in a broad sense there are only two groups of mesophase that ke
mesogens form, these are the smectic and the nematic mesophases. The nematic
phase is the least orderedand the most fluid of the mesophases where the

i T1 AAOI AOG Attiordlabg-rangeCobder Ol o possess orientational
order i.e.the long axis of the rodlike mesogen statistically points in a preferred
direction, this is known as the director. Nemat materials can be designed so
that their orientation switches in response to an applied electric or magnetic
field; the different optical properties of these different orientations combined
with the fluidity enables these materials to be used in displaygplications.[1] A

diagram of thenematic phase is show below inigure 1.4.

A

n, director

Figure 1.4: lllustration showing the nematic phase, with the director labelledh.

The simplestnematic phase is the uniaxial nematic, named so as it is optically
uniaxial, possessing one degree of orientational rder and no positional
order.[8] An important quantity that is associated with the nematic phaseand
other liquid crystalline phases for that matter is the order parameter, which is

given the symbolSand is shown in equation 1.

1
S= 5(3c032q -1) o

In equation 1, [ is defined as the angle between the long molecular axis of
individual molecules and the director, usually labelledn. When Sis one the

equation describes a crystalline solid, whelsis zero the equation describes the



isotropic liquid. For the simplest nematic phase i.e. the unixaial nemati&

usually takes a value between 0.35 an@.70.[8]

Smectic mesophases have a lamellar (layeredjrscture and are more ordered
than the nematic mesophase. Smectic materials also exhibit mesophase
polymorphism i.e. there are different types of smectic mesophase, defined
mainly by the orientation of the molecules with respect to the layer planes and
the degree of inplane positional ordering of the system. The true smectic
mesophases consist of equidistant moleculalayers and are characterised by
the orientation of the molecules within the layers but with no inrplane, long
range positional order.[9 The smectic phases can be categorised by the
orientation of the molecules with respect to the layers and by the degreef
order in the system. In smectic A (SmA) and smectic B (SmB) phashe
molecules are parallel to the layer normal and are true liquid crystals in that
they have no longrange order[10] The smectic B phase differs from the smectic
A in that its molecules occupynodes of a 2D hexagonal lattice and bancreased
short-range order[9] In the smectic C (SmC) phase the molecules are tilted
slightly with respect to the layers but this is still a true liquid crystal phase, as it
has no longrange order. Analogais to it, the molecules in the smectic | (Sml)
and smectic F (SmF) phase are also tilted with respect to the layers but like the
smectic B phase the moleculesccupynodes of a 2D hexagonal lattice, with the
molecules tilted toward a vertex in the smecticl and toward an edge in the
smectic F phase. The smectic B, F angphases(known as hexatics) are also
characterised by the higher degree of order in the system but only have repeat
positional order over ~1500-6000 nm.[1] The smectic C, F and phasesalso
have anticlinic versions, where alternating layers are tilted in opposite
A E OA A O E $oft edystalliteipBased can be derived from the smectics and are
also hexagonally ordered but unlike the smectic B- and | phases the hexagonal
lattice positions are predictable over a longrange in three dimensions. The
crystal B, J and G phasere analogous of the smectiB, | and Fphasesbut with

long-range ordering of the hexagonal lattice.[1] The crystal E, K and H phases



are also analogous with the smeati B, | and F phases but have lost rotational

freedom.[2]
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Figure 1.5: lllustration showing the structure of the different smectic

phases.[1]

Not all materials will exhibit all the phases outlined above; most compounds
only exhibit certain phases andwill skip others entirely. Some materials only
exhibit liquid -crystalline phases on supercoolingj.e. below the melting point.
These are said to be metastable and the transitions are termed monopia.
Materials that form liquid-crystalline phases on coohg and on heating are said

to be thermodynamically stable and the transitions are said to be enantiotropic.
1.5. The Smectic A phase
The smectic A phase is the least ordered of all the smectic phases, with the

molecules having their overall long axis pgendicular to the layer plane The

structure of the smectic A phase is presented in Figure 1.6.



Layer

/ spacing

Figure 1.6: A represertation of the structure of the snectic A phase.

The gmectic A phase is a fluid smectic phase and $ioee molecules have some
rotational degrees of freedom, tlis can cause there to be a timdependent
titing of the molecules with respect to the layer plane.[12 The molecular
ordering of the layers typically exists over small distances in the order of 185
A.[15] Thus, this phase is characterised by it®we symmetry and is optically

uniaxial.
1.6. The Hexatic Smectic B Phase

The hexatic smectic B phase is characterised by the molecusscupying nodes
of a 2D hexagonal lattice structure. It is a true duid crystal phase as it
possesses no longange order, and thus is fluid. The molecules are packed into
what is formally short-range positional order however, the correlation length is
of the order of 100 A which is an order of magnitude larger than theoerelation
length in the smectic A phase.[2] The kal structure of the snectic B phase is

presented in Figure 1.7.

10
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Figure 1.7: lllustration showing the local structure of the hexatic mectic B

phase.

The phase is optically uniaxial and possesses true hexagonal symmetry, as the
molecules lie parallel to the director and perpendicular to the layer normal as in
the smectic A phase. Consequently, &an be difficult to tell the difference

between the two phases bypolarized optical microscopy.[13

1.7. The Smectic C Phase

The gnectic C phase is similam structure to the smectic A phase as it also has a
layered structure and no longrange order. However, it differs from the smectic

A phasein that the molecules possess a net average tilt with respect to the layer
normal. There are several different variations of the smectic C phase, two of

which are presented in Figure 1.8.

Director, n Director, n

AN

Figure 1.8: Local structure of the synclinic smectic C phase on the left and the

anticlinic smectic C phase on the right.
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The correlation length within the layers of the smectic C phase is around 15 A,
which is comparable with the smectic A phase but just less thaan order of
magnitude less than the smectic B phase.[]1Although the correlation between
the layers is small, the tilt direction is on average the same between successive
layers and so extends over a comparatively large distance. This means that

overall the smectic C phase i6&hsymmetric and isweakly optically biaxial.[14]
1.8. Chirality in Liquid Crystals

A molecule is said to be chiral when it is not supemposable on its mirror
image. Conversely, if a molecule is supémposable on its mirror image it is
called achiral. Chirality usually arises from four different substituents being
present on the same carbon atom. The nesuperimposable mirror images are
called enantiomers and are distinguished in name by th¢S) and the (R)-
prefixes which derote the way in which the substituents are arranged when
they are assigned according to their relative priorities. Th€R)- prefix denotes a

rotation to the right the (S)- prefix denotes a rotation to the left.

F

(R)- isomer
Br Cl

Figure 1.9: Newman projection of the hypothetical
bromochlorofluoroiodomethane looking down the axis of the highest priority
constituent molecule i.e. iodine. This molecule is an(R)- isomer due to the

rotation of priority being to the right.

There are two main ways of introdwcing chirality into a liquid crystal system;

the first way is to incorporate a stereocentre into some part of the molecule

12



during the synthesis. The seconds by doping a chiral dopant into the system.e.
doping a chiral material into a liquid crystalline host that is achiral, thereby

introducing chirality into the system.

1.9. The Chiral Nematic Phase

The chiral nematic phase is very similar to the nematic phase as the chiral
nematic phase also has no longange positional order, it does however have a
twist in its local structure in the form of a helix, which is due to the
incorporation of chirlaity into the system. This phase is also sometimes known
as the cholesteric phase due to the first molecules known to possess this phase
being derivatives of cholesterol.[15] The local structure of the cliral nematic

phase is shown in igure 1.10.

Figure 1.10: An illustration of the helix in the chiral nematic phase.
As noted previously, in the chiral nematic phase the asymmetry of the system

results in the director precessing around an axis, giving a helical

macrostructure. This helix has a temperaturaependent pitch, which is

13



described in equation 2, where pis the pitch and o is the helical wave number,

the sign of the helical wave number signiés the rotation of the helix.[19

PE ¢a TN 2)

The length of the pitch of the helix is defined athe distance between two points
where the angle of twist has made a complete 360° rotation. As well as the pitch,
the director can also be described mathematically as is shown in equation 3,

where the helical axis is the @axis.[16]

Nx = cos(pz+f) 3
Ny = sin(goz+f)

nz:O

The helical axis, termed (z) and the value df are both arbitrary, the states,n
and i n are equivalent, which means that the structuras periodic along the z
axis.[16]

1.10. The Chiral Smectic C Phase

Due to the asymmetric nature of having a non supamposable mirror image,
the macrostructure of the smectic C phase has a tilt that rotates around an axis
that is perpendicular to the layer planes. Hence, the phase is helicelowever, in
contrast to the structure of the helix in the chiral nematic phase, the pitch length
of the twist i.e. the distance between two points where there has been a 360°
rotation is typically in the order of micrometres in the chiral smectic C
phase.[14

14



Figure 1.11: An lllustration of the helix in a chiral smectic C phase.

The chiral smectic C phase has taken on increased importance in liquid crystal
research in recent times. This islue to work carried out by Meyer et. al.in the
1970s who showed that, from symmetry considerations, the chiral smectic C
phase exhibits bcal spontaneous polarization.]7] If the spontaneous
polarization can be reversed by application of an external magnetic field, then
the material is said to be ferroelectric.[L8] This was followed by the discovery of
surface stabilised ferroelectric liquid crystals by Clark and Lagerwathat shows
the promise that ferroelectric materials have in fastswitching, large viewing
angle displays. Chiral modifications of the other lied phases, such as the
hexagonal smectic | and F phases, can also shaosvrbelectric properties but

theseare studied less frequently due to their relativelyhigh viscosities.[13

1.11. Supermolecular Liquid Crystals
For many years liquid crystal research has been dominated by lemolecular

weight materials, which consist of a single monogenic unit. This is due in large

part to the industrial success of materials such as tlse in devices such as

15



displays. Supermolecular molecular entities are defined as giant molecules
made up of many covalently bonded smaller units, in the case of supermolecular
liquid crystals the unit is usually a mesogenic entity.There are many different
topologies that cangive rise to a wide range of supermolecular liquid crystal
entities. These include, lineasystems such as dimesogens,[19] bimesogens[20]
and trimesogens[2]] as well as other morecomplex systems such dimeric,[22]
cagelike[23] and dendritic.[24]

1.12. Linear and Laterally Appended Supermolecules

The simplest forms of supermolecular liquid crystal are the linear systems and
the simplest of these is the bimesogen. A bimesogen is made up of two identical
mesogenic entities that have been covalently bondetgether; this differs from
the dimesogen as this is made up of two different mesogenic units that can be
either similar or dissimilar. A higher order than this is the trimesogen, which is
made up of three mesogenic units covalently bonded together but @burse
there are higher orders than thisup to the polymeric scale. In Fgure 1.12 are

examples of a dimesogerg bimesogen and a trimesogen.[]22]

16



(0]
o)~ Oonn

o
Dimesogen
e r-oemo o
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Trimesogen

Figure 1.12. Examples of a dimesogerftop), a bimesogen(middle) and a

trimesogen (bottom) .

It has been found by Imrieet al. that the symmetrical dimers usually form a
smectic phase consisting either of the mesogens terminal chains interdigitated
or by forming a monolayer structure.[19 A diagram of these tvo possibilities is

shown in Figure 1.13.

(a) (b)

Figure 1.13: lllustration showing the possible smectielike configurations of the

liquid crystalline bimesogens[19]
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For dimesogens,as depicted in kgure 1.12, the two mesogenic unitsare
dissimilar. If the mesogenic units are dissimilar then the properties of the
mesogenic units may also be dissimilar, this causes the likeesogens to pack
together. As the dissimilar mesogenic unitsra covalently bonded togetherthey
cannot move apart from oneanother, this causes naneegregdion to appear in
the system.[25 Two examgdes of dimesogens are shown inigure 1.14 with

their thermal properties and phase classification.

\ O/\/\/

Cryst 116 N 217 °C Iso Liq

\ O/\/\/

Cryst 112 SmC 134 SmA 199 °C Iso Liq

Figure 1.14. lllustration showing the structures and mesophase behaviour of

dimesogeng19][26]

As @n be seen from kgure 1.14, the two compounds only differ by the terminal
alkyl chain on the left mesogen, but the mesophases formed by these two
compounds are completely different.There have be@ many other examples of
liquid -crystalline dimesogens, but these are out of the scope of this thef&/]
As well as having two distinctmesogens being terminally appended, it is also

possible to laterally append the mesogen[27][28] (Fig. 1.15)
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Figure 1.15. lllustration showing the structure of a laterally appendeddimer

and its transition temperatures and phase classification.

The compound in kgure 1.15, as well as its twgarent molecules, all exhibited
the nematic mesophase. This can be attributed to the disorder caused by the
laterally appended group, which deceases the molecules ability pack together
in a lamellar-like formation which is what is required for the molecule toexhibit

smecticlike behaviour.

1.13. Liquid -crystalline p olypedes

It is clear from what has been said previously thaterminally appended dimers
normally exhibit smectic phases and laterally appended dimers usually forthe
nematic phases due to the lateralC OT Oilabilly to pack together in a
lamellar-like structure. As well as the point of attachment, the number density
of these materials and the difference between each mesogen are also important
as can be seen from themesophases formed bydimers and higher

oligomers.[22] When the mesogenic unis are attachedto a central core, the
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length of the linking group attaching the two moietiesalso has to be considered
The longer the linking group the less likely the moleculewill act as a
supermolecule, it will instead act like two or more distinct entities, i.e. if the
linking group is shorter in length the molecules are more likely to act as a
supermolecule since the mesogenic motions are not decoupled from those of
the core.[29] As well as these considerations relating to the mesogen and the
point of attachment of the mesogen there are also varialdeelating to the core
unit itself. The core can be a soft core or a rigid coree. the flexibility of the core
can change there are also considerations to make on how many points of
attachment there are and whether one or more different groups are going to be
attached to the same core. It could be possible to attach many groups to the
same core, these groups could be very simil@r very dissimilar, in this case the
like groups will associate together and this causes igro-segregation in the
system[30][31] An illustrative diagram of just some of the posible

combinations is shown in kgure 1.16.

Supermolecule Dichotomous Supermolecule Supermolecule with half laterally
with all groups beng the same and half terminally appended groups

Figure 1.16: Illustration showing some of the combinations possible when

attaching a mesogen to a central core.

At this point, supermolecular LG merge into the field of sidechain LC
dendrimers, in which the scaffold is made of layer upon layer of repeating
branched units to which the mesogens are attached tthe end of each armAn
important aspect of supermolecular LCs and LC dendrimers is thahey are
monodisperse entities, adifference they havewith traditional LC polymers. The
dendritic and supermolecular architectures offer the possibility of very precise

fine-tuning of the structure, which is crucial for developing new seHassembling
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mesomorphic materials. Thediscussion of LC dendrimerss outside the scope of

this project and will not be developed further.

As in LC dimers, trimers, polypedes, multipedes and dendrimers the topology of

the attachment of the mesogen to the core has strong influence on the
mesomorphic behaviour. In general, terminal attachment of the mesogens to the

core can support smectic and nematic phases. However, sib& attachment of

OEA 1T AOI cAT O1 OEA AiI OA AT AOT 60 AI1T1 x A
layers therefore the smectic tendeny is suppressed and only the naatic phase

iIs observed[29] Similarly, increasing the number of mesogens on a scaffold

leads to a stabilisation of the mesophases observed, in parallel with the

behaviour observed in LC polgners.

As has been noted previously, the core of the supermolecule can either be soft
or rigid i.e.it can beeither flexible or stiff and this has a profound impact on the
properties of the materials in question as it determines theability of the
molecule to either deform and act as a whole entity, oract as ndependent
mesogenic partd.32] An example of a dendritic molecwd with a soft core is
shown in Hgure 1.17below.

CN

CN

Crystal 26.2 Smectic C 43.5 Smectic A 96.2 °C Iso Liq

Figure 1.17: Structure of a dendritic liquid crystal with a flexible coreand its

transition temperatures.
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1.14.0* A ILiGu@ &Erystal Supermolecules

Molecular selfassembly and seHlorganization is an important area ofchemistry

in terms of understanding various life processes such as protein folding. This
has broughta new generation of supramolecular structures and ensembles to
the fore.[33] At the height of this field areQ * A madedids, which include Janus
grains[34], Janus micelles[3% and segregted amphiphillic dendrimers.[36-37]
The basic structure dE A Gniatérial Gs®de with two distinct moieties that
are attached to the same structurein a segregated manner (not randomly
mixed)i.e.Ox 1 BT 1 A08 DOibehived frldrh the RAmaA jodof the same
name who possessed two faces looking in opposite directions. The idea of
making these materials is to make a material that possess two different
groups with different properties e.g.a face made up of hydrocarbommoieties
and a face made up of fluorocarbon moieties. Various supermolecular liquid
ccUOOAT 1 E dterials*hdvé if2éndorepared3s-39] In terms of the field of
liquid crystals, AT EAAAT x1 O1 A Adhterié with Evd Qiferedt O* AT 008
mesogensattached to it in order to study the formation of liquid crystalline

phases. Two examples of such a material are shownFigure 1.18.
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Figure 1.18: Structures and mesomorphic behaviour ofOx 1 O fiqhi

crystal supermolecules.

The structures above contain two different mesogenic entities one of which is
laterally attached.The mesomorphic behaviour is different depending on which

lobe of the dendrimer carries which mesogen.
1.15.0 ( A OdkedSupermolecular Liquid Crystals

As well asO O iceBOsBipermolecular liquid crystals, where the cre is flexible,

OEAOA AR A&éodk beéfiolds@oE supermolecular liquid crystalline entities
where the core is rigid AAT | 1 T 1 dOrE Acérfélé used in supermolecular
liquid crystals is the polyhedralsilsesquioxane, which will be discussed in more

detail later on in this thess. As well asilsesquioxanesother rigid core scaffolds
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have been used as central building blocks for supermolecular entitipgor

example the hexaadducts of fullerene can give a spherical distoution of

mesogenic substituens about the central scaffal.[40-41Y ! T AQGAiI b1 A T £ A OE
core supermolecular liquid crystal based around &ullerene scaffold is shown in

Figure 1.19.

ne< Y Mo

Figure 1.19: Structure and phase behaviour of asupermolecular fullerene

liquid crystal.[32]

This material exhibits a smecticic DEAOA xEEAE EO Abré i 11T AITTC
supermolecular liquid crystals.[32] The effect the rigid core has on the molecule

is to reduce the flexibility associated with the arms attached to the core and so it

can only possess a cylindrical shape which is perfect for exhibiting a smectic A

mesophase.
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Figure 1.20: Schematic drawing showing thepossible bilayer smectic A

arrangement of a supermolecular liquid crystal.

Attachement of lateral mesogens on a fullerene core can lead t®ome
interesting properties.[42] Similar to compounds mentioned prevwusly, when a
lateral mesogen is attached to a central scaffold the disorder caused by its
inability to pack generally leads to nematic mesophases. An example of a
fullerene supermolecule with laterally attached mesogens is shown ini§ure
1.21.

e Ve o 303 ,_@of(_ _)“00_4 @ g Ve v avau
—~
il ae S LQRX\T 7 repbg s0-0n
0/ \_. 00 0 /;//__/C\
X P

g 47 N' 103 °C Iso Lig

Figure 1.21: Structure and thermal properties of a fullerene supermolecule

with laterally attached mesogens42]
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The molecule in kgure 1.21 exhibits only a chiral nematic phaseas is the case
for the octasilsesquioxanes substited with the same mesogen.[3] The
structure of the fullerene dendrimer depicted in Figure 1.21was thought to be
very similar to the proposed structure in Figure 1.20 However, this is not the
case as the mesogenic units of the dendrimer were found tpack in an
organised way both relative to the surface of the dendrimer and between
dendrimer molecules. This causes a spherical shape to form, which is not as

cylindrical as the structures seen in Figure 1.20

1.16. Silsesquioxanes

Silsesquioxanes are a group of silicon and oxygen containintaterials that have

the general formula RSi@-[43-44] with a cagelike structure where the silicon

atoms are bridged by the oxygen atoms. Structurally, silsesquioxanes consist of

tetrahedral units in which a silicon atom is boned to three oxygen atoms and

one Rgroup. The oxygen atoms can act asbridge betweentwo silicon atoms

belonging to different tetrahedral units, or between silicon and hydrogen atoms.

A unit where a silicon atom is connected to three oxygen atoms is commonly

OAZEAOOAA O1 AO A 0486 OTEOh A OOAOAOEDO 1 ¢
111 AT Al AOGOOA O AAOAOEAA EI x elgaAMuwnitd486 OT EOQO
would contain eight and be inthe shape of a cube. Examples of various

OEI OAONOGET AT A0 Al 11 C xECQ&tur@iohkleea®@4d6 111 AT
given in Hgure 1.22

p>3]
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Figure 1.22: Idealised structures of various silsesquioxanes.

Silsesquioxanes can either be synthesised as discrete entities or as polymeric
species. These two species have completely differenproperties and
applications.[45] Polymeric silsesquioxanes are beyond thecope of this thesis
and so discrete also known aspolyhedral silsesquioxanes will be the focus of

the discussion in thefollowing sections.

1.17. Polyhedral Oligomeric Silsesquioxanes

There are two main forms of polyhedal oligomeric silsesquioxanes,namely
completely condensed silsesquioxanes and incompletely condensed
silsesquioxanes. Completely condensed silsesquioxanes can be described by the
general formula of (RSi@2)a where a is number greater than two. Incompletely
condensed silsesquioxanes contain silanol groupse.the S+O-Si bridges are not

all complete.
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Figure 1.23: Idealized representation of two incompletely condensed

silsesquioxanes.

1.18. Synthesis of Polyhedral Oligomeric S ilsesquioxane s

There are two main methods of producing silsesquioxanes, namely hydrolytic
condensation of an RSiXspecies, where R is an unreactive speceand X is a
reactive species,[4648] or by corner capping of an incompletely condensed
silesquioxane species.[4p The most common method used today is the

hydrolytic condensation reaction(Figure 1.24).

RSiX3 + 3H,0 —> RSi(OH); + 3HX

aRSl(OH)3—> (RSiol.S)a(HZO)O.Sb + (15a'05b)H20

Figure 1.24: Equation for the formation of a silsesquioxane species (X = Cl,
I - Ah 1 %08(Qs8

The first step in the reaction is thenydrolysis of RSiX% to give the corresponding
trisilanol RSi(OH)3, this step in the reaction is usually very fast.p0] The
subsequent step in the reaction ighe condensation reaction of the trisilanol
into various cages, this step in the reaction is als@latively fast but there have
been cases where the trisilanl species has been isolated.[552] This stepis a
multistep process going through many intermediates. Whether this
condensation reaction forms one of the completely condensed species or one of
the incompletely condensed species is dependent on many factors. These

include the nature of the Rgroup, the nature d the X group, solvent, pHetc.For
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example, bulky R groug such as cyclopentyl or cyclohexyl favour the formation
of incompletely condensed spcies, due to steric effects.[5B3Conversely, small,
less bulky groups such as methyl or hydrogen are known toa¥our more
completely condensed species, duetthe lack of steric effects.[5#The R group
also has a profound effect on the solubility of the compound. For example, the
solubility in most organic solvents is lower for a trisilanol with a cyclopentyl R
group compared with if the R group was a methyl substituentallowing their

isolation from the hydrolysis mixture.

An alternative method of making completely condensed silsesquioxane species
is by corner capping of an isompletely condensed species.[49The reaction
involves reacting an incompletely condensed trisilanol species with RSiXo

O A AP fissing corner of the species. A schematic diagram of the reaction can
be seen in kure 1.25 The advantage of this reaction is that it allows the
synthesis of materials with two different R groupsif the capping reagent is

different from the original RSiX%.

R R
> Si/ si— O~—g &
/o O/ 5 oM 7 \O O/\
i o
R\/Si/‘\\o\\s/ o s R\/S/i/\o\s// |
I~ A —"! _—Si_\_-Si
o\/o/l ;\OO/ \, d R AN
/Si\O/Si\/ Si/\O/Si//
. ) / .
Tetrasilanol Tg Cage

Figure 1.25: Schematic of corner capping reaction togproduce completely

condensed silsesquioxanes.

An alternative method of making incompletely condensed species is by cleavage
of the StO-Si bond This processwas also pioneered by Feheet al.and involves
either reacting the completely condensed speciesvith either a strong acid
(HBF4/BF3, CBSQH) or a base (NE{OH)[55-59] Good yields have been
achieved using this method, such as a yield of 47% for the cleavage of a

completely condensed species with a cyclohexy®® grouy.[59] However, other
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by-products form during the reaction such as the &£symmetric tetrasilanol
species which was identifiedvia its symmetry by 29Si NMR spectroscopy. A

schemaic of the reaction is shown in iure 1.26.

R OH OH R OH OH
R R \| | R | | R
\S'/O\S'/ Si Si\/ \Si HO Si/
_Si i _ o P Z
o/ \ O o/ \o o \ o
R—7 S'\O/S' \O R Et4NOH R— S'\O/S?R N R?SI\O/SI —R
o) | —_— . [
0N —O~—¢ 0 05— O9—¢/ 0 o_\Si/O\SI/
R/\ i I/-\\R R—Y /\\R R—Y R
0 Sl\o/S|/o ;SI\O/SI/\ ;Si\ /SI/O
R/ \R R R R | \
OH
Disilanol Possible Tetrasilanol Product

Figure 1.26: A schematic showing the reaction used to cleave the-6iSi bond

of a completely condensed silsesquioxane species.

1.19. Characterisation of Polyhedral Oligomeric S ilsesquioxane s

The main method of characterising the structure of a silsesquioxane spes is
by Nuclear Magnetic Resonance Spectroscopy (NMR). Silsesquioxapecies
have at least three NMRactive nuclei, each of which provids useful information
in characterising the silsesquioxane speciesHowever, in this casel3C NMR
spectroscopy is a mre useful technique than H NMR as it allows
considerations regarding the symmetry of the molecule to be made. For
example theresonances of the SC of the D> symmetric disilanol pictured in
Figure 1.25 would appear in a 2:4:2 ratia 2°Si NMR is also a very useful
technique in characterising silsesquioxane species by the symmetry of the
molecule. It has the advantage ovet3C NMR that the spectra are simpler to
interpret, however hasthe disadvantageof long relaxation times of the?29Si
nuclei. Mass spectrometry isa useful technique in characterising silsesquioxane

speciesbut only when soft ionisation techniques are used.
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1.20. X-ray Diffracti on Studies of Polyhedral Oligomeric Silsesquioxanes

El Aziz et al. has reported the single crystal structure of long alkyl chain POSS
compounds.[6( They proposed a number of different packing models of the
octafunctionalised  octasilsesquioxane, with  different interd igitation

arrangements (Fig 1.27a-d) or with a columnar arrangement (kd. 1.27 e)

|
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Figure 1.27. Possible octafunctionalised octassesquioxane packing
models.[60]

ReSkO12 derivatives, for R = butykdecyl are triclinic with the centrosymmetric
P-1 space groupwhereas heptyl and pentyl are tetragonal with the P4/ n space
group.[60] In all the caseghe molecules possess a cylindrical shape with the ¢
axis being the longest axis anthis long axis increases as a function of the length
molecules were found to pack in a lamellalike formation, drawing similarities

to the way rod-like molecules pack ina smectic me®phase[60]
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Figure 1.28: Packing diagram of §Octyls viewed alongthe b-axis of the unit
cell.[60]

1.21. Liquid -crystalline Silsesquioxanes

Liquid-crystallline silsesquioxanes are synthesised by the reaction of a POSS
core with an appropriately functionalised mesogen. The functionaletion is
almost exclusively carried outusing the hydrosilylation reaction, either of a
hydrido silane POSSS{Oi2Hs or [(SisO12)(SiMez)Hs]) and an olefinic mesogen
or by hydrosilylation of octavinyl POSS with a mesogenic hydridosilaneA
number of liquid-crystalline octasilsesquioxanesfunctionalised with calamitic
mesogenic groups hae been reported,most of the mesophases exhibitedy
these materials have been found tobe lamellar phases and these phases are
usually exhibited over a much larger temprature range than the mesogenic
monomer on its owndue to the core suppressing crystallizationlf the length of
the alkyl spacer between the mesogen and the core is increased the stability of
these lamellar phases has been found to increadéjs is due to the longer alkyl
chain enabling the supermolecw to form a more rodlike shape due to better

decoupling of the core and the mesogenic unit.[61]



In addition, nematic mesophases have also been produced in octafunctionalised
silsesquioxanes and these have beenchieved by two methods. The first
method, developed by Kreuzeret al., involves the octafunctionalisation of a
cubic silsesquioxane with a laterally attachedcalamitic mesogen.[62] The
mesogenic units inability to pack in a lamellar formation increases disorder in
the system and favours the formabn of the nematic mesophase. The second
method developed by Laineet al. involves the addition of a statistical
distribution of terminally appended calamitic mesogens to an
octasilsesquioxane, this random distribution also increases the disorder in the
system and thus suppresses the formation of smectic mesophases.[63] A
number of examples of specific liquidcrystalline silsesquioxanes will now be

discussed in more detail.
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Figure 1.29: Structure of an octamer based on asglsilsesquioxane, alongwith

its thermal properties.[64]
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supermolecule in kgure 1.29 shows smectic polymorphism, smectic C and
smectic A mesophasesf] The mesophase sequence dis molecule indicates
that the structure conforms to a rodlike shape and so therefore exhibitsmectic
mesophases with the molecwds packing in a layered structure. The smectic C
phase exhibited by this molecule could have two possible structures with either
the whole molecule tilting or the mesogenic nits tilting as can be seen in igure
1.30.

Al VAR
A WAR

Figure 1.30: Possible molecular topologies eforced by the liquid-crystalline

environment of the Smectic C phase.

It is clear from FHgure 1.30that the mesogenicarms are split into two groups
with the core sandwiched between half of them towards one side and the ber
half towards the opposite side andtherefore the structure is microphase
segregated with the mesophase having a quabkilayer structure with respect to

the mesogen and a monolayer structre with respect to the core.[64

In addition to terminally attached cyanobiphenyl units, laterally attached

mesogens can also be used in the formation of silsesquioxane supermolecules,
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two examples of such molecules are inigure 1.31 along with their thermal

properties.
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Figure 1.31: Two examples of silsesquioxane supermolecules with laterally

attached mesogens along with their thermal properties and phase classification.
As noted earlier, laterally attached mesogenic units normally favour the

formation of the nematic phase, or in these two cases a chiral nematic phase due

to the chiral centre present in the molecule. The chiral nematic phase of
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compound (a) exists over adrge temperature range, a much larger temperature
range than low-molar mass equivalents, this suggests supermolecular systems
may provide a route to liquid crystal phases over a much larger tempature
range.[23] The number of mesogenic units from compounda) to compound (b)
has doubled from 8 to 16 units, this increase in mesogenic units has altered the
phases this compound exhibits to now includehe hexagonal and rectangular
columnar phases. The compound is thougtib exhibit a cylindrical shape, with
the long axes of the mesogenic units parallel to the rotational axisahis normal

to the cylinder.[29] The formation of columnar phases in laterally attached
mesogenic supermolecules such as compound (b) in Figure 1.But not in side-
chain polysiloxanes gives a good indication that the core unit is playing an
important role in their formation. [65] This is possibly due to the microphase or
nanophase segregation caused by the core being sandwiched in between the

two sets ofmesogenic units.

In addition to calamitic mesogenic units, bentore and discotic mesogens have
also been used as mesogenic moieties attachetb a silsesquioxane
scaffold.[66][67] The structures of an example bentore and an example
discotic mesogenic unit that have beenused to form silsesquioxane
supermoleaules can be found in Figure 1.32long with the thermal properties

and phase classification of each compound.
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Figure 1.32: An example of a bentore (top) and a discotic (bottom)
silsesquioxane supermolecular liquid crystal, along with their thermal

properties and phase classification.

When eight bentcore mesogens are attachedo the silsesquioxane core
depicted in Fgure 1.32 two bilayer SmGPa phases can be observed, this is
where the silsesquioxane cores are sandwiched between the bilayers of the
bent-core mesogenic unitslf an ether oxygen is added to the alkyl chain space
the stability of the mesophase goes dowrthis is due to the increase in flexibility
due to the reduced rotational barriers around the CHO bond.[649 Interestingly,

if only one bentcore unit is incorporated into the structure, the addition of an
ether oxygen has no effect on the stability of the mesophase. If the berdre
mesogenc unit to silicon atom is in a 1:1 ratio or less the molecules have
antiferroelectric tendencies with birefringent textures, if the silicon atom to
bent-core mesogen ratio igmore than 1:1 the birefringent textures get replaced

by dark textures andferroelectric switching.[66] When discotic mesogenic units
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are incorporated into a silsesquioxane core unit columnar phases are observed.
These systems are distorted in a way that ecdorms to the general shape of the
discotic monomer and so usually exhibit phases typical of the mesogenic
monomer. When thealkyl chain length of the triphenylene arms are sha in
length, no mesophases arebserved,when the alkyl chain length isincreased to
Ci2 hierarchical liquid crystal self-assembly isobserved with the molecules
arranged into columns.[67 When the alkyl spacer between the triphenylene
and the silsesquioxane core is shoite.G a column within a column hexagonal
columnar phase isobtained. This is where the smaller columns formed by the
triphenylene derivatives, pack into larger columns due to the silsesquioxane
core holding them in place. When the alkyl spacer length is increased the
triphenylene arms decouple fom the core. For @ample, a lamellar morphology
with rectangular columnar symmetry is observed when the alkyl spacer iseC
when the alkyl spacer is @, an inverted columnar morphology is observed
where four triphenylene groups form a column in the silsesquioxane core

matrix.[67]
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Chapter Two:

Aims
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2. Aims

The general aims of this work are to investigatéhe properties of novel liquid
crystalline supermolecular architectures. These architectures should possess
one or more different mesogenic units attached by covalent bonds to a

silsesquioxane core.

The effect of the spacer length, the number of terminadlkyl chains and the
effect of the core have all been studied and reviewed previously. However, what
is still left unanswered is what effect the number of mesogenic groups has on
the formation of mesophases, more precisely what is the miniumum number of
mesogenic groups required to be abléo get a rigid silsesquioxane core to self
assemble in a liquid crystalline phase. To be able to study this an incompletely
condensed silsesquioxane must be used, as it is difficult to tailor a completely
condensed silssquioxane with fewer than eight mesogenic units. Two examples
of incompletely condensed silsesquioxanes which can be used for this pugm

are shown in Figure 2.1

oH OH OH
R\Si / R\|' l/R
// /SI Si
/O 3 R OH [e) \O O/\
R\Si""\\o\\Si OH R\S/i/\\O\Si//Rf
Si Si ; -
0/ o/| \d\o/ / I\R o/ 27&\6\//3'\
(6} O R
V. L
o— i . __—Si
R/ \R R/ o \R
Trisilanol Disilanol

Figure 2.1. Examples of atrisilanol (left) and adisilanol (right).

Derivatives of silsesquioxane disilanol andrisilanol where R groups are ise
butyl, isc-octyl and cyclopentyl will be prepared to study the effect that a
dichotomous structure with a degree ofmicrosegregationhas on the formation
of liquid-crystalline phases in these systems. The compounds in Figure 2.1

makes it possible to attach two mesogendo the disilanol and three to the
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trisilanol which allows the study of the effect the extra mesogen haon the

system.

Different types of mesogens will be used in order to establish the effect of the
nature of the mesogen on the LC properties of the materials. The topology of the
attachment of the mesogens to the core will be explored (either erain or sde-

on) to tailor the type of mesophase exhibited.

Previous research in¥ 1 OET C supérmole@idss has focused on a soft,
flexible core unit, there has been very little research into what effect a hard,
rigid core unit would have on these meerials. T T OAAO O1 DHOT AOAA
liquid crystalline supermolecule using a hardrigid silsesquioxane as the core
unit it must be possible to attach two different moieties to the same core
structure in a segregated fashion (as opposed to randomly distributed othe
octafunctional core), a good core for this purpose would be thelisilanol
depicted in Figure 2.1 The core, sut as the disilanol in Figure 2.1will be bi-
functionalised in order to study the effect of two distinct groups on the
incompletely condensedsilsesquioxane In particular the formation of the chiral
nematic phase ofthis type of material is targeted. The focus of this part of the
work is to study materials that contain a chiral group together with mesogenic
arms as substituents on the octasilssquioxane core. The octavinyl
octasilsesquioxane disilanolwill be used as the starting material to produce
Janus LC that xhibit the chiral nematic phase (he chiral group is needed to
induce the N* phasg. The materials properties will be compared to tbse of the
uniformally substituted system in order to establish the effect of reduced
symmetry of the cage and the presence of the chiral group on the mesomorphic

behaviour.
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Chapter Three:
Synthetic Methods
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3.1. Preparation of Silsesquioxane Cyanobiphenyl Derivatives

The synthesis of the opercage silsesquioxane derivatives was carried out by
hydrosilylation of the mesogenic alkene with the appropriate silsesquioxanes
carrying silane functional groups. The silanol groups in thecommercially
available, incompletely condensed silsesquioxanes are difficult to functionalise
with mesogenic units. Additionally, in general alkoxysilanes tend to be
hydrolytically sensitive. Therefore, the silanol groups were converted to the
more versatle silanes by condensation with dimethylchlorosilane in the
presence of triethylamine. This reaction proceeds without any rearrangement
or further cleavage of the cage, usually observed in presence of stronger bases.
Commercially available heptaisobutyl trisilanol POSS and heptaisooctyl
trisilanol POSS were capped with dimethychlorosilane to yield the

hydridosiloxanes 6 and 7 in good yields (>90%).
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R = iso-butyl, 6/k

R =iso-octyl, 7
Scheme 1 Synthetic route used to prepare compound$ and 7.

The structure of compounds6 and 7 were confirmed by 1H and 13C[1H} NMR
spectroscopy, especiallyby the appearance of a septatesonance at 4.70 ppm
due to the SiH group and a doublet ataround 0.15 ppm due to the CHs-Si
groups.Additionally, MALDI-ToF MS corroborated the molecular mass.

Once the core structureshad beensynthesised, the mesogens were attached to
the core by hydrosilylation of the terminal C=C bond of the corresponding
mA Ol CAT EA Al EAT AO AAOAT UOGAA  (thsyU
(divinyltetramethyldisiloxane) -bis-platinum (0), at room temperature. The
CAT AOATT U AAAADPOAA 1T AAEAT EOI &I O OEA

catalyst, is the ChalkHarrod mechanism.[69
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The hydrosilylation reaction can proceed to yield either thg -addition or the -

addition products, resulting in the linear isomer (major product) or the

AOAT AEAA EOTiI AO I ETT O DPOI AOCAOQ OAOPAAO
temperature usually yields he linear isomer almost exclusively. The presence of

the branched isomer is to be avoided at all costs, since it would be expected to

show different liquid crystal properties and it is very difficult to separate from

the linear isomer. Another undesired gile-reaction is the isomerisation of the

alkene to yield an internal olefin that is inactive towards Rtatalysed

hydrosilylation, which can reduce the yield of the reaction dramatically.

In order to ensure that as little as possible of the branched proadd and
isomerised alkene were obtained the reactions were carried out at room
temperature. The catalyst was used until variance in the results was observed,
in which case a new catalyst batch was useBry, low-sulfur toluene was used
for all the hydrosilylation reactions in order to avoid poisoning the catalyst,
glass instead of plastic syringes were used to stop contamination frogsiloxane-

basedplasticisers and no grease was used on arglassware.

Three families of incompletely condensed POSS were prepared, witho-butyl,
iso-octyl and cyclopentyl substituents on the cage. The first family is based on
the cyanobiphenyl core as the behavir of cyanobiphenyl LC dendrimers,
multipedes and polypedes has been desdned and extensive structureproperty
correlations exist for CBbased sidechain liquid crystal polymers for
comparison. In order to study the effect of increased anisotropy of the
mesogens on the LC properties of the POSS derivatives, a
cyanobiphenylbenzode was used in the second family of POSS. As described in
the introduction, the topology of the attachment of the mesogen to the core also
affects the LC properties to a great extent. Lateral attachment of the mesogens
to a scaffold usually results in thormation of the nematic phase. We targeted
the nematic phase by introducing a laterally appended phenylenel{isenzoate
derivative. This mesogenwas chosenbecause ithas been used extensively to
generate the nematic phase in sidehain liquid crystal polymers.[69] In all the

cases, the spacer separating the mesogenic core from the POSS cage has been

45



kept to the same length iie.pentyl chain) so that the materials properties could

be compared. This spacer length is relatively short, but this choice was
deliberate since we wanted to allow the POSS core to express its influence on
the mesogenic organization. Long spacer lengths usually result in full
decoupling of the mesogenic motions from those of the scaffold, masking to

some extent the influence of thecore on the mesomorphic behaviar.

The first mesogenic unit used was the cyanobiphenyl based'-(pent-4-
enyloxy)-[1,1'-biphenyl]-4-carbonitrile. A number of cyanobiphenyibased
octasilsesquioxanes (including dendrimers) are described in the literature ah
the effect of the scaffold has been discussed.[@3][70-71] The hydrosilylation
of the mesogen with the POSS trisilane6-8 yields the corresponding tri
substituted open cage POSS 10 and 11 in moderate yields (~40%), (Scheme
2). The products were purified by column chromatography and recrystallisation
and were characterised by multinuclear NMRspectroscopy, MALDI-ToF MSFT-

IR and elemental analysis
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CB, Karstedt's catalyst, toluene

\ /O\R\s. o/s'/\/\/\ A

/ \/
R_s//o—f'\\/ O/SW Q O

R =iso-butyl, 9 )\
R = iso-octyl, 10 )\/k

R = cyclopentyl, 11 I:>

Scheme2: Synthetic route used to prepare compound9, 10 and 11.

IH NMRspectroscopyshowed the disappearance of the Sl moiety of the cage
and the olefinic protonsof the mesogen and the appearance of a new resonance
at ~0.5 ppm due to the new CHSi fragment, together with a singlet for the
methyl-silicon resonance at ~0.0ppm. Overall the resonances of the mesogen
relative to the R groups on the cage were observed a ratio of 3:7 respectively,

indicating that hydrosilylation of the three arms took place.

However, the most appropriate technique to ascertain the full substitution of
the cage is MALDIToF MS. This soft ionisation technique proved that the
materials are monodisperse showing the molecular envelope, without any

fragments due tothe partially substituted cage. The MALDIToF MS spectrum of
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9 is shown in Figure 3.1 together with the molecular envelope, showing the
absence of molecular speciedue to missng mesogen arms on the cage (top)

and the expanded molecular ions (bottom).
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Figure 3.1: Mass Spectrum of compoun®, showing the [M+Na} and [M+K]*

ions (top: full spectrum, bottom: expansion).

As well as’H NMRspectroscopyand MALDIMS, these compounds were fully
characterized by 13C{*H} NMR, 2°S{1H} NMR spectroscopy, IR and elemental
analysis. Occasionally it was observedn some samplesthat the %C was very
slightly lower than the calculated one. This fact has begreviously observed in
somesilsesquioxane derivatives and has been attributed to the large proportion
of silicon and oxygen in the sample leading to partial combustion. In all the
cases described here a combustion enhancer {8) was added to the samples

to aid completecombustion.

48



The symmetry of the cage can be ascertained BYS{IH} NMR spectroscopy
because the various silicon atom environments show distinct resonanceghe
29Si{1H} NMR spectrum of these species shows three resonances in the T region
of the spectrum(-60 ppm to 70 ppm) due to the three Si©environments and a
singlet at ~9 ppm due to the OSiMggroups. However, due to the presence of at
least four Si environments, the signals are usually weak and the spectra need

long acquisition times.

BJH} NMR spectroscopyis a more useful technique in this case because it
allows the symmetry of the silsesquioxane cage in most cases to be established
and it is less costly and quicker to implement thar?*Si NMR. Three different
types of &-Si environments are pesent in these structures according to its 4§

symmetry, in a 3:3:1 relative ratio (Figure 3.2).
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R = iso-butyl, 6 /‘\
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R = cyclopentyl, 8 O

Figure 3.2: An illustration showing the different silicon environments in their

3:3:1 ratio of the three intermediates, compound$, 7, and8.

DEPT13C NMR was used to determine thphase and chemicakhift of the GSi

environments (the first carbon atom of the R substituent, attached to silicon)
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Figure 3.3 shows the portion of the DEPTBCNMR due to the isobutyl chains of

compound®6.
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Figure 3.3: DEPT3C NMR spectrum of the intermediate compoun€.

It can be seen from Figure 3.8hat the SFCH groups of the isebutyl group are
clearly in a 3:3:1 ratio (in terms of intensity) at24.66, 23.64 and 22.50 ppm and
are opposite in phase to the CH groups at 24.12, 24.02 and 23.95 ppm (also in a
3:3:1 ratio). The CH group resonances at 26.03, 25.90 and 25.69 ppm are also
clearly visible in a 3:3:1 ratio.Although it is not strictly accurate to determine
intensities in 13C NMR due to the different relaxation times of carbon atoms in
different environments, at least it gives a fair indication of the relative ratios of
the same C atom in different molecular environments.This type of pattern,

showing the ratio 3:3:1 was also observed for the isoctyl 7 and cyclopentyl8.

3.11. Preparation of Silsesquioxane Cyanobiphenylbenzoate Derivatives

The family comprising the cyanobiphenyl benzoate as mesogenic moietyere

prepared through the same hydrosilylation reaction. The flexible spacer is

pentyl as in the previous group. Materials12, 13 and 14 were prepared

according toScheme3, and isolated in a similar yield.
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CBPB, Karstedt's catalyst, toluene

\ @’4"

\ /O\SI O/SI

/\

o
S A
O\l /0(7>S,'\o_s./\/% @’4 “
R = iso-butyl, 12 )\
R = iso-octyl, 13 M

R = cyclopentyl, 14 O

Scheme 3:Synthetic route used to prepare compound4?2, 13 and 14

The NMR spectral features are very similar to those for material®, 10 and 11.
Again, MALD{ToF MS was used to ascertain thmonodispersity of the products

(Figure 3.4).
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Figure 3.4: Mass Spectrum of compound 2, showing the [M+Na} and [M+K]*

ions (top: full spectrum, bottom: expansion).

Once we established the requirements to obtain liquid crystallinity in theopen
cage silsesquioxanes, we endeavour to investigate the number of mesogens
needed to achieve it. Therefore, incompletg condensed octasilsesquioxanes
containing only two mesogenic arns were prepared The synthesis of the
octaisobutyl octasilsesquioxanedisilane, 16, was carried out byfirst cappingthe

hydroxyl groups with dimethylchlorosilane, Scheme 4.
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R R

R = iso-butyl, 16 /‘\

Scheme 4:Synthetic route used to produce compound®6.
Compound 16 was reactedwith the cyanobiphenylbenzoate mesogen to yield

the disubstituted octaisobutyl octasilsesquioxang 17, by platinum-catalysed

hydrosilylation, as described in Scheme 5.
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CBPB, Karstedt's catalyst, toluene
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Scheme 5:Synthetic route used to prepare compound.?.

As well as'H NMR spectroscopyand MALDIToF MS, these compounds were
fully characterized by13C{1H} NMRspectroscopy, 2°S{1H} NMR spectroscopy,IR
and were found to be >99% pure byelemental analysis.Compound 17 was

obtained in a yield of 40%.

3.12. Preparation of side -on Mesogen Derivatives

It has been found in earlier studies thatmonomeric octasilsesquioxanes and
octasilsesquioxane dendrimers with laterally appended mesogens exhibit
nematic mesophases.[2BIt was therefore thought that appending a laterally
attached mesogen to intermediate compound$, 7 and 16 could produce the
nematic mesophase. The mesogen chosen 4s((pent-4-en-1-yloxy)carbonyl)-

1,4-phenylene bis(4butoxybenzoae), Figure 3.5 This mesogen was chosen
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becauseof its ability to induce the nematic mesophase in sidehain liquid

crystalline polysiloxane and polyacrylate polymerd69]

Figure 3.5: The laterally substituted mesogenusedto synthesisel8, 19, 20 and
22.

The synthesis of open cage silsesquioxanes with laterally appended mesogens is
shown in Scheme 6. The hydrosilylation reaction was used as above to attach
the mesogens to the cage, and despite the steric hindrance of the lateral
attachment 18 and 19, with isobutyl and isooctyl chains on the POSS cage
respectively, were isolated in similar yields to the terminally substituted

analogues. Their spectroscopic characterisation was similar to those described

above; in particular MALD{ToF MS was used to ascertaitheir monodispersity.
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Figure 3.6: Mass spectrum of compound®0, showing the [M+Na} and [M+KJ*

ion peak.

As can be seen fronfrigure 3.6, there are no residual peaks below the molecular
peak in the spectrum that is on e contrary to the mass spectraf compounds
18 and 19. The reason that this reaction has gone to completion and the other
two have not islikely due to steric hindrance. The steric bulk of the mesogen,
coupled with the steric bulk of the iso-butyl and iso-octyl R-groups on these
compounds means it is not favourable to fit three of these mesogens around the
silsesquioxane core. However, this steric ffect diminishes when only two
mesogens are used, hence the reaction to make compou0 has gone to

completion.
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Figure 3.7: Mass spectrum of compund0, showing an expanded region of the
[M+Na]*and [M+K]"ion peaks.

In order to obtain meaningful comparisons, the fully substituted closed cage
with eight laterally appended mesogens 22 was also prepared by
hydrosilylation of the octahydrido octasilsesquioxane21 with the laterally
substituted mesogenic alkene, Scheme 22 was characterised as above and
shown to be monodigperse by MALDIToF MS. The NMR spectra @ are in full
agreement with the structure, showing spectra of simplified features in

comparison with those of the incompletely condensed cages.
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3.138 O* Slseplidxanes

The overall design of the Janus sksquioxanes is based on theegregated
functionalisation of the cage so that two differententities are attached in

I Dbl OEOA EAAAO T £ OEA AOAA T 0O AQOhesdAAOO
entities could be two different mesogens oa mesogen and a seggating unit. In

this project we describe Janus silsesquioxanes comprising the combination of a
mesogenic unit and a normesogenic chiral unit anchored on the cage in a

segregated fashion.
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material, the precursors described above are not appropriate since the alkyl
chains on the cage are unreactive. Therefore, we sought to develop a suitable
functionalisation of octavinyl ocatsilsesquioxane, since the vinyl groups are

amenable to a range of organic transformations.

There have been reported several methodologies for the synthesis of
octavinyloctasilesquioxane in the literature, the most common for cubic
silsegquioxanes is the hydrolysis/condensation reaction of a RSpépecies.[72]
The likely reason for the preference for forming the cubic & structure as
opposed to the To and Ti2 is due to the stability of the Si@ring structure and
its smaller discrete size After a number of methods were tried, the variation
reported here was chosen due to its better reproducibility and limited by
products. The hydrolysis of vinyltriethoxysilane (VTS) in acetonitrile/water to

yield octavinyltriethoxysilane (Scheme 8) repored by Hu was followed.[73]

Me \\ —
> Acetonitrile/water Si/o\ .

Hydrochloric acid o/ \ O

7 Si—_ Si=
N ggHC'; Z o 0/\ X

9
m/

Scheme 8:Synthetic route used to make compoun@3.

The yield obtained, 7.02%, was much lower than that reported by H49%) The
hydrolysis reaction produces &, Ts, Tio, T1iz and Ti4 cages as well as other
various polymers and hydrolysis products with the & cage being the most
abundant. ESIMS was used to characterise the product and confirmed, after
purification, pure Tg octavinylsilsesquioxane had been obtained3G{1H} NMR
spectroscopy showed two resonances for the vinyl group 128.76 ppmfor the
CH=CH carbon and 137.08ppm for the CH,=CHcarbon, Figure 3.8.
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Figure 3.8: 13{1H} NMR showing the characteristic vinyl peaks of compound
23.

In an effort to achieve the yield reported by Huet al. the reaction was completed
under various conditions, the conditions tried and their respective yields are

reported in Table 1[73]

Table 1: Reaction conditions and yields for the synthesis &13.

HClaq) Added before

Reflux Temp/°C  HClag) Added Dropwise VTS Yield/%
80 Yes No 3.27
84 Yes No 4.13
88 Yes No 7.12
88 No No 5.08
88 No Yes 4.98

The maximum yield achieved was 7.12% which was done by adding the
hydrochloric acid dropwise over aperiod of 45 minutes and then refluxing at 88
°C.

The controlled functionalisation of the octavinyl cage is virtually impossible
beyond monosubstitution because a range of multifunctionalisednaterials are
produced. Therefore, the introduction of different reactive functional groups is

needed. This was achievedoy the controlled cage opening by hydrolysis
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reactions, to yield an endedisilanol ocatavinyl POSS. The presence of the silanol
and vinyl groups with different reactivites allows the direct functionalisation of

the cage.

The base hydrolysis cage opening reaction of a silsesquioxangcbge was first
reported by Feheret alin 1999.[59] The reaction involvesthe base hydrolysis
of a siliconoxygen bond along one edge of the silsesquioxane cageings
tetraethylammonium hydroxide solution as the baseHowever, when ocavinyl
POSS is subjected to hydrolysis under the reaction conditions givetotal

decomposition occurs.

Schmid reported the controlled hydrolysis of octavinyl POSS to yield the endo
disilanol POSS.[74/5] This is a very sensitive reaction and so is done &85°C to
prevent the hydrolysis of more than onesilicon-oxygen bond of the cage.
Nevertheless it alsoforms, among other things the tetrasilanols a byproduct
(Scheme 9). However, even under this conditions, the cage opening was
unsuccessful. Reiss and Saez have reported the successful cage opening by
hydrolysis of octavinyl POSS with tetraethylammoniumhydroxide, based on a
modification of Shi EA8 O 1 AOET A 8 r25% wa¥ @btaitted in B gl oA
78% (Scheme 9)

OH OH OH OH
— O )
— /S'/ \S'<§ /\/s! s!\/% %\/s! o s!\/\
(¢
= P Et,NOH S \O & &o(\
= 3 s|\o/s|\\o S 4 /\/Si\o/&\/\ —si_ /\Si =
) / 1hr o/ \O o 0
/\O\S /O\S/—\ L/Q/O\ /\O + o o /
i i = \ S o> = s Y=
o) /0 o) o
/4
\o/ \Si\o/Si \Si\o//Si/
\ // \ [T
25 Possible tetrasilanol product

Scheme9: Synthetic route to compound25.
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The confirmation of the structure and its symmetry is accopmigshed by 13C{{H}
NMR spectroscopy, which shows two sets of three resonances in the abéf
carbon region, corresponding to CH and GHEach set of resonances consist of
three signals in a 2:4:2 ratio, confirming the Gy symmetry of the cage, Figure
3.9.
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Figure 3.9: 13C{1H} NMR spectrum showing the three different environments in

compound25.

The symmetry ideally can be determined by2°Si NMR, however the long

acquisition times needed make$3CNMR a lot more convenient technique.

The formation of the desired product is confirmed by MALDMS
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6729403 1 C16H26Na01358i8 6729420 2.4 18 92.3 13

Figure 3.10: Mass spectrum of compound25, showing the peak at 672.94
Daltons for the [M+N3g* ion peak.

In order to test the interplay between a nomamesogenic chiral moiety and a
mesogen both attached to the same core, a nomesogenic chiral compound
first had to be made.The silanol groups were capped with a chiral chlorosilane,

in a reaction parallel to that described above for the introduction of the silane

group.

The chiral nonrmesogenic chlorosilane26 was prepared by hydrosilylation of
(S)}2-methylbutyl -but-3-enoate, 24, with dimethylchlorosilane and was used in

situ in the following step, Schemd0.

0] O |
/YOM 2 e /YOMSV\CI
24 26

a...dimethylchlorosilane, toluene, Karstedt's castalyst

Scheme 10: Synthetic route used to make chlorosilane, compounz6.

The condensation o6 with the disilanol 25 in presence of triethylamine yields
the endo-disubstituted octavinyl POS&7 in a moderate yield, Scheme 1127
was characterized by a number of techniques, as described above for related

materials.
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Scheme 11: Synthetic route used to make compoun@7.

respectively.

The structure was confirmed by bothtH NMRspectroscopyand MALDIMS.

The most useful structural information was gleaned fom the 133C{*H} NMR
spectrum, which showedunequivocally the different vinyl resonances relative
to their positions in the cube in a 2:4:2 ratio. The different environments of the
vinyl resonances and thel3{1H} NMR, showing the2:4:2 ratio are shown in

Figure 3.11 and he 13C{*H} NMR spectrum of the vinylic region in Figure 3.12
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Figure 3.11: Vinyl environments of compound27.

As can be seen from Figure 3.11 and 3.12, the #Hsonances of the vinyl group

APDPAAO EECEAO ET AEAI EAAI OEEAEO BBAT OEA #(
ppmh j " 6 pmpoieB tjc#6q pouvd8puv DPI OAOPAAOGEOAI U A
in a 2:4:2 ratio in terms of intensity. The CH resonances appear lower down in

the spectrum at (A) 131.82, (B) 129.76 and (C) 128.84 ppand are also clearly

visible in a 2:4:2 configuration in regards to intensity. Compound27 was

obtained in a yield of 37%.
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Figure 3.12: 13C{*H} NMR of compound27 showing the vinyl resonances of the
CH and Chigroups in a 2:4:2 ratio.

Once the silanol groups had been capped, the vinyl groups on the cage could be
modified by hydrosilylation to attach the appropriate mesogen. In this case a
mesogen with a SH functional group is needed. The cyanobiphemylased
tetramethyldisiloxane CBDYFigure 3.13) was used to finally produce the Janus
silsesquioxane28, which has two chiral groups positioned next to each other on
one side of the cube and eight cyanobiphenyl mesogens on the corners, Scheme
12.

NCO/\/\/\Si’O\Si—H
ZON N

Figure 3.13: CBDS mesogen used to make compoug8.
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Scheme 12: Synthetic route used to prepare compoun@8.

28 was characterised by!H and 33C{1H} NMR spectroscopy and its purity

established by elemental anaylsis, showing the correct structure. However,
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MALDIToF MS could not be obtained so fatH NMR showed the presence of all
the different fragments of the molecule, especially the chiral arms, the
cyanobiphenyl ammatic protons and the CHSi resonaces in different
environments in the molecule in the right ratio. After the structure was
confirmed by IH NMR,it was further verified by 13C NMR, IR and was found to
be >99% pure by elemental analysis. Compoun®8 was obtained in a yield of
59%.
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Chapter Four:

Structure -property Relationships
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4.1.Cyanobiphenyl derivatives

The incompletely condensed silsesquioxanes with three cyanobiphenyl mesogens
(compounds9, 10 and 11) were studied bylifferential scanning calorimetry (DSC)

and polarized light optical microscopy (POM). The thermal behaviour of these
compounds is shown in Table 1.

\
si—
o/ Ri
R 7 )\
Si Si \ R R=iso-butyl, 9
// / /
PgRrR O Si—
N EAV Ik
~si—P~g’ O R = iso-octyl, 10
/ /Sll\d\//SI\
0 o g Qo R
\S|/ Si// R = cyclopentyl, 11 Q
R R

Table 1. Transitiontemperatures (°C) and enthalpies of transition (kJ‘mfor
compounds9-11; 9 R = iscbutyl, 10 R = iscoctyl, 11 R = cyclopentyl. All
temperatures and enthalpies determined by DSC except thelstnbAg. transition

of compoundLOwhich was determined kpolarized optical microscopy

No Transition Temperatures /°C
Cr Cr Cr Cr SmA Iso
9 . 397 - 446 - 859 . 875
[9.2] [10.9] [9.9] [7.2]
10 - 63 - 19 : 25.2
[0.9] [0.5] [N/A]
11 - 79 - 693 - 820
[12.4] [12.7] [22.2]

Compounds9 (‘But) and 11 (Cp) were found to be nonrmesamorphic, although
several crystatcrystal transitions were detected. The crystalline nature of the

materials was corroborated by POM, Figure 4.1.
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Figure 4.1: Photomicrographs (x200) of compound9; showing (a) the texture
of the crystal at 85 °C andb) the texture of the crystalcrystal at 50 °C.

Conversely, compound 10 (R = iscoctyl) did exhibit liquid-crystalline

behaviour. The DSC of compound 10 is shovim Figure 4.2.
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Figure 4.2: DSCthermogram of compound10.
The temperature of the SmAso liq transition quoted in Table 1 of 25.2 °C was

recorded by POM on cooling of the isotropic liquid. This transition cannot be

seen in the DSC trace, indicating that the transition is very broad atscan rate
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of 10 °C per mimute. However, the mesophase texture was observed by POM,
although it proved difficult to obtain a well-developed defect texture due to the
viscosity of the sample. The phase was identified as the SmA phase due to the
presence of optically extinct homeotropc regions alongside a grainy falike

texture, Figure 4.3.

Comparison of 10 with the fully condensed octasilsesquioxane functionalised
with eight CB moieties (g 3.0 §22.5 SmA 116.5 Iso Liq)Fig 1.31in the
introduction ) shows that there is a dramaticdecrease in mesophase stability
when only three of the eight substituents are CB mesogens. Thiseigpected,as
there is a significant loss of anisotropy du¢o the non-mesogenic branchedso-
butyl chains. At the same time, there is also a significant dease in crystal
stability if we compare compounds9, 10, 11 with their respective symmetrical
octaalkylsilsesquioxanes, in particular in relation to octacyclopentyl
octasilsesquioxane (which does not melt but decomposes on heating at 3&3.
Overall, thistrend agrees with the idea that a reduction in the symmetry of the
systems increases disorder and causes a marked drop in transition

temperatures.

The difference in properties between compoundlO and compounds9 and 11
can be rationalizedvia consideration of the steric bulk of the different R grops
of the three materials. Theiso-octyl group is more sterically demanding in
comparison to the short R groups of compoundS and 11. Thus, because of this
increased steric bulk compound 10 has a far lower melting point than
compounds 9 and 11 and, consequently, exhibits an enantiotropic smectic A

phase.
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Figure 4.3: Photomicrograph (x200) of the SmA phase of compountd taken at
25 °C.

4.2. Single Crystal X-ray Diffraction

Single crystals of9 of sufficient quality for X-ray structure determination were
obtained by crystallisation from dichloromethane/ethanol. It is relatively
unusual to obtain large single crystal of mesomorphic materials. Although there
have been many repds in the literature of crystal structures of polyhedral
oligomeric silsesquioxanes, these have centred almost exclusively around fully
condensed silsesquioxane structures[60][7778] and certainly there are no X
ray crystal structure determinations reported for any LC polyhedral
silsesquioxanes. Herein we describe the single crystal-rdy structure of an
incompletely condensed silsesquioxanef-igure 4.4. The main crystallographic

parameters are collected inTable 2.
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Figure 4.4: X-ray crystal structure of compound9
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Table 2. Crystallographic data for compound®.

Parameter Result
Empirical formula GssH135N3015Sho
Formula weight 1755.89
Temperature/K 109.9(2)

Crystal system triclinic

Space group P-1

alA 13.4216(17)
b/A 14.3443(20)
c/A 28.982(4)

1° 94.715(11)

[/° 91.342(11)

r/° 117.528(13)
Volume/A3 4919.3(12)

Z 2

Meaidng/mm:3 1.185

m/mm -1 0.193

F(000) 1888.0

Crystal size/mm3 0.4782 x 0.265 x 0.0406
2g range for data collection | 6 to 41.64°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodnessof-fit on F2

Final Rindexes [[>=24 ()]
Final Rindexes [all data]
Largest diff. peak/hole / e A3

-p 0o hS ppdhkS padlSS ¢t
18848

10244[R(int) = 0.0529]
10244/146/1107

1.027

R1=0.1652,wR> = 0.3613

Ri1 = 0.2359,wR> = 0.4166

0.71/-0.33

The unit cell is triclinic and the space group i$-1. This has been found to be a

common space group among silsesquioxanes as shown Byiz et al.[60] The
reported cell dimensions area = 13.4216 Ab = 14.3443 A andc = 28.982 A and

the number of molecules per unit cell is 2; the unit cell lengths give the unit cell
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a 2:1 aspect ratio with regards to length and breadth. The data quality for this
crystal structure is poor due to packing disorder of he isobutyl groups,
resulting in poor quality factors and a large ADP. Two of the isoutyl groups
were disordered with the iso-propyl portion modelled in two positions of equal
occupancy, namely GC9 and G26-C28. The ADP of many of the idoutyl group
carbons were restrained to be approximately isotropic. Similarly, the -2 and 1-

3 GC distances were restrained to be 1.52 and 2.48 respectively, in many of

the iso-butyl groups.

Figure 4.5: The packing of two molecules of compoun® in the unit cell along

the b-axis.

The unit cell consists of two molecules with the cage end of the molecules
packing together,Figure 4.5. It has been demonstrated byziz et al.that alkyl-
substituted polyhedral oligomeric silsesquioxanes (POSS) typically adopt a red
like molecular shape and pack in a lamellar arrangement in the crystal even
when they are not mesogenici.e.in a similar way to how calamitic mesogens

pack together in a smectic liquidcrystalline phase.[60]
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Figure 4.6: Crystal structure showing the packing of the molecules along the

axis.

The molecular packing oB in the crystal consists of molecules packed together

in layers, with the silsesquioxane cores packed together and segregatédm

the cyanobiphenyl moieties, which interdigitate and pack side by side in a
lamellar-type arrangement. The molecules possess a slight tilt with respetd

the layer normal, Figure 4.6 The smallest distance between the cageentre of
one molecule to he cagecentre of the next molecule is 10.588 A and is labelled
in Figure 4.7. Interestingly, this is slightly longer than the reported distance of
9.595 A by Bassindale in a completely condensed closed silsesquioxane cage
substituted with eight butyl chains, suggesting that the cyanobiphenyl groups
push the incompletely condensed cage slightly apart in comparison with the

completely condensed silsesquioxanes.
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Figure 4.7: X-ray structure of compound9, showingthe distances between the

three alkyl chains on each mesogen.

The three distances between each alkyl chain on each mesogen are 10.802,
9.934 and 5.439 A respectively, Figure 4.7. Interestingly these arms
interdigi tate in the unit cell with the Iso-butyl groups packing together and the
cyanobiphenyl arms interdigitating. This result isinteresting as it is reminiscent

of the antiparallel interactions between cyanobiphenyl cores observed in liquid
crystal mesophases. The results differ from those &ziz et al, who found that
the alkyl chains inalkyl-substituted POSS do not interdigitate and that instead
the molecules pack together in a monolayelike arrangement in the crystalline

State.

4.3. Cyanobiphenylbenzoate D erivatives.

Since compounds9 and 11 were found to be nonmesogenic it was pogulated
that stabilization of the liquid-crystalline state could be achievedoy using a
mesogen with a wider temperature mesophasevia elongation of the pro
mesogenic unitto increase its anisotropy. Materialsl2, 13 and 14 based on the
cyanobiphenyl benzate corewere prepared and their properties evaluatedlin
contrast to the behaviar of compounds 9 and 11, thermotropic mesophases
were observed forall the materialswith the cyanobiphenyl benzoate mesogenic
unit (compounds 12, 13 and 14). The transition temperatures and associated

enthalpies for these three materials are shown in Table 3.
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Table 3. Phase classification, transition émperatures (°C) and enthalpiesof

transition (kJ motk) for compounds12-14 and for the mesogen CBP.B

No Transition Temperatures /°C
R Cr SmA N Iso
12 Isobutyl - 967 - 2316
[25.9] [20.9]
13 Isooctyl - 737 : 174.0
[19.9] [8.7]
14 Cyelopent 1525 - 196.4
yl
[37.0] [11.8]
CBPB|[79] - 108.0 . 264.0

Thus, all three materials presented in Table three were found to be mesogenic,
with each exhibiting an enantiotropic smectic A phaselhe identification of the
smectic A phase was madeia POM Figure 4.8shows the textures ofall three
compounds that are typical of the smectic A phase.e.they show the focaiconic

fan texture in conjunction with optically extinct hometropic regions[13]
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Figure 4.8: Photomicrographs (x200) showing (a) the fanrlike texture and
homeotropic regions and of the smectic A phase of compourdi@ at 204 °C, (b)
the fanlike texture and homeotropic regions of the smectic A phase of
compound 13 at 190 °C and (c) the fadike texture of compound 14 at the

isotropisation point at 215 °C.

Differential scanning calorimetry shows that the SmA\ to isotropic liquid
transition for 12, 13 and 14 are all first-order and all are relatively broad in
shape. This indicateghat the molecules hae a highdegree of disorder and have

slow rearrangement kinetics.

As expected, 12 and 13 have lower melting point and isotropisation
temperature than the parent monomeric mesogen (Cr 108.8mA264.0 °Clso

lig). However the melting point of 14 is higher than the melting point of the
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parent mesogen Comparisons of the thermal behaviour of compound$2-14 in
Table 3 reveal the effect of the roup on the thermal properties of the
cyanobiphenyl benzoatebased materials.Compound 13, in which R is theiso-
octyl group, has the lowest m#ing point within this series. Conversely, the
melting point of the iso-butyl-substitued analogue, compoundl2, is ~23 °C
higher. The cyclopentylsubstituted analogue, compoundl4, has the highest
melting point within this series, consistent with the parent octaalkyl

substituted POSS having the highest melting point too

However, owing to the difference in chemical structure, size and shape of the
three R groups it is difficult to draw precise conclusions.lIt is, however,
interesting to note that the trend with respect to the melting point is not
reflected in the clearing points of the three materials. For example, although
compound 13, which has the lowest melting point, exhibits the lowest clearing
point within the series, the clearing point of compoundl4, which has the
highest melting point, is lower than that of compoundl12. Owing to the
similarities in their chemical structures, a tentative comparison of the clearing
points of compounds12 and 13 can bemade. Indeed, such a comparison may
provide some insight into the effects of elongation of the R group. In this regard
it seems likely that the increased steric bulland flexibility associated with the
longer group disrupts the molecular packing in the smactic A phase, thezby

reducing the isotropization temperature.

Nevertheless in reality this comparison is not straghtforward asthe elongation
of the R group not only impacts on the molecular packing but also upon the
relative balance between polar andhon-polar and rigid and nonrigid sections

of the molecular structure.

It is however, important to note that three cyanobiphenyimesogens are not able
to induce liquid crystallinity (compounds 9 and 11) whereas three

cyanobiphenylbenzoate mesogens withhte same spacer length induce liquid
crystal behaviour (compounds12 and 13). This difference can be attributed to

the increase in anisotropy of the constituent mesogens. For the cyclopentyl
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material 14, intermediate values respect to isebutyl and iso-octyl derivatives

are observed for the melting and isotropisation temperatures.

In order to further investigate how many mesogens would be able to counteract
the effect of the silsesquioxane core and induce LC behaviour, compouhd
was studied (isobutyl, with two cyanobiphenyl benzoate mesogens rather than
three). Thus, this material allows the boundaries of the setirganization
process in these systems with rigid silsesquioxane cores to be evaluated. The
structure and the thermal behaviair of compound 17 are shown in Table 4.1t

shows monotropic behaviour.

(0]
~. |-
//SI S R = iso-butyl, 17 /‘\

Table 4. The phase classification, transition tempratures (°C) and enthalpies of

transition (kJ moll) for compound 17, values in parentheses indicate a

monotropic transition.

No. Transition Temperatures /°C
Cr SmB SmA Iso
17 : 138.4 (- 145.2) (- 165.5)
[57.0] [5.8] [2.2]
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POM shows thatthe higher temperature phase separates from the isotropic
liquid in the form of batonnets, which coalesce to form a fafike texture, which
contains focatconic defects. Optically extirtt regions were also observed within
the preparation, thereby confirming that the phase is optically uniaxial and
therefore consistent with the assignment of smectic AAdditionally, DSC
showed an additional, frst order, transition at 145.2 °C with an assciated
enthalpy of 5.8 Kl motl. However, there was little change observable by OM
(going from smectic A to smectic B) and so therefore not likely to be associated
with a large structural change. Optically extinct regions were 8t observed and
no breaking of the fans were observed in the texture and so therefore cannot be
tilted or biaxial which is consistert with the assignment of SmB mesophase,
Figure 4.9 (b).[80] Thus, it can be concluded that compoundl7 exhibits

monotropic SmA and Smphaseson cooling before finally crystallizing.

Figure 4.9: Photomicrographsof compound17 (x100) showing (a) the fanlike
texture and homeotropic regions of the SmA phase at 165 °C and (b) the {idke
texture of the SmB phase at 145 °C.

This is in contrast to compoundl2, which exhibits an enantiotropic Sni\ phase.
The DSC trace of this compound, showing the monotropic nature of both the

smectic A and smectic B phases of compoudd is shown in Figure 4.10
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Figure 4.10: DSC thermogranof compound17.

Comparison of17 (two mesogens) with 12 (three mesogens) shows thathe
melting point and the IsoSmMA transitions are higher forl2 than for 17 and the
mesophase range is wider. This is a common trend found in supermolecular
liquid crystals, where it has been established that increasing the number of
mesogens on a scaffold increases the phase stability and mesomorphic
range[70] It is also interesting to note the appearance of a SmB mesophase in
compound 17, this could be due to the changé a more rodlike shape. It is
however difficult to draw strong conclusions due to the large structural

differences between the two moieties.

4.4. Materials with Side -on Mesogens

It was postulated that a laterally appended mesogen wdd induce the
formation of the nematic mesophase as seen in other studies.[pZ herefore

four compounds were made with the mesogen depicted in Figure 4.11.
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Figure 4.11: Mesogen with a lateral alkene chain used to make compounds,

19,20 and 22.

The transition temperatures and associated enthalpies for material$8, 19, 20,

22 and LBB are collected in Table 5.
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Table 5. Phase classification, transition temperatures (°C) and enthalpies of

transition (kJ mok) for compounds18-22 and LBB.

No Transition Temperatures /°C
Cr N Iso
18 - 45.3
[44.8]
19 : 33.8
[50.7]
20 : 57.4
[7.6]
22 : 52.5
[0.6]
LBB . 85.5 . 108.8
[38.9] [1.5]
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Surprisingly, all these compounds were found to be nonmesamorphic.
Furthermore, the melting point does not vary greatly acrosshe series. The lack
of mesogenic behaviar in the incompletely condensed silsesquioxane$8, 19
and 20 could result from two related factors. Firstly, the spacer chain between
the mesogen and the cage is short and therefore the proesogenic units have
very little rotational and translational freedom. Furthermore, as a consequence
of this short spacer length and the steric bulk of the pranesogenic unit, there is

a large amount of steric interference between the mesogens, which is
detrimental to the formation of a mesophase. Also, the overall shape of the
molecule has likely changed to a more wedgée shape, thereby making

packing more difficult.

In order to establish whether the lack of mesomorphic behaviour ir18, 19 and
20 was simply due tothere not being enough mesogenic moieties around the
core to be able to®urydit among the mesogenic cloud, as it has been

demonstrated in fullerene derivatives.[81]

Therefore material 22, the fully substituted octasilsequioxane with eight
mesogens, was studied. Surprisingly too22 did not show mesomorphic
behaviour either. This factsuggeststhat the probable reasonsthat none of the
materials with this mesogen being liquid crystalline $ a combination of the
spacer being too short in the case of siden attachment and the mesogen not
having enough anisotropy, since it is known that octasilsesquioxanes
substituted with a four-ring mesogen with the same spacer length are
mesomorphic [81] and only four of such mesogesare able to induce the chiral

nematic phase in the much more sterically demanding fullerene.[3]

4.5. Incompletely Condensed Janus Octasilsesquioxanes

In order to further investigate the properties of incompletely condensed

silsesquioxanes,material 28 was studied with a Qanustructure comprising
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eight cyanobiphenyl mesogens and two chiral groups attached to a rigid
silsesquioxane corein a segregate manner (the two chiral chains next to each
other as opposed to randomly distributed on the eight corners of the cube). The

transition temperatures and associated enthalpies are presented in Table 6.

Table 6. Phase classification, transition temperasur@C) and enthalpies of

transition (kJ mol) for compound28 and29.

No Transition Temperatures /°C
g SmQSmcC* SmA N* Iso
28 - -249 - 18.7 - 22.8
[0.3] [0.5] [0.4]
29 - -159 . 41.8 . 85.8
[0.5] [11.4] [22.5]

DSCrevealed that 28 exhibits two phase transitions, one occurring at 228 °C
and one at 18.7 °C. Furthermore, a glassahsition was observed at-24.9 °C
(measured at a cooling rate of 10 °C per minuteBoth of the transitions present
in compound 28 were found to be weakly first order with small associated
enthalpies. The DSCthermograms of successive heating and cooling cycles for

compound 28 are shown in Figure4.12.
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Figure 4.12: Dfferential scanningthermograms of compound28.

Analysis of compound28 by POMrevealed a transition from the isotropic liquid

to a liquid-crystalline phase The texture, shown in Figure 4.13was weakly
birefringent and poorly defined. However, what appear to be focatonic defects
are visible (Figure 4.13a), thereby suggesting that the phase has a periodic
structure, e.g.a helical structure or a lamellar molecular arrangement. Shearing
the sample resulted in an increase in the birefringence, giving a poorly defined
streaky texture (Figure 4.13b). Nooptically extinct regions or schlieren texture
was observed in either sheared or unsheared samples. Another feature of this
texture is that optical activity was observed upon rotation of the analyser,
thereby confirming that the phase exhibits a helical merostructure with a left-
handed helix. Based on these observations, the phase is tentatively assigned as

the chiral nematic phase.
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Figure 4.13: Photomicrographs (x200) of (a) focalconic defects of compound
28 at 22 °C and (b) sheared sample of coropnd 28 at 22 °C.

As expected from DSC studies, once compou@8 was cooled down from to
18.72 °C it began to undergo a phase transition, which was accompanied by a
slight change in birefringence and the appearance of very small domains.
However, the oveall texture observed for this lowertemperature phase was
very similar to that observed for what is believed to be the chiral nematic phase,

as can be seen in Figure 4.14 (a, natural; b) sheared).

Figure 4.14: Photomicrographs (x200) of (a) the focalconic defects of

compound 28 at 11 °C and (b) the change in birefringence of compoun@8 at
17 °C.
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The very slight change in birefringence is indicative that the molecular
reorganization at the phase transition is kinetically hindered, which is often the
case for high molecular weight materials This is in agreement with the
observed broad transition peak in the DSC thermogram shown in Figuret.12.
Thus, identification of this lower-temperature mesophase is difficult, although it
should be noted that rotation of the analyser indicated that the phase exhibits a
helical structure, thereby suggesting that the phase is a helical smectic phase.
Based onthis evidence, it is plausible that the loweitemperature phase iseither

a smectic C*, smectic I* or smectic F* phases, although the low enthalpy of
transition and the lack of textural change at the phase transition lend weight to
the assignment of this phase as smectic C*. However, to fully assign the
structure of this phase further studies such as -Xay diffraction studies need to

be undertaken.

The related symmetrical ocatsilsesquioxane29 with eight cyanobiphenyl
mesogens aound the silsesquioxane cre, exhibited smectic C and smectic A
phases[71] Thus, assuming that compoun®8 does exhibit a chiral nematic to
smectic C* phase transition, the thermal behaviour of this material differs from
other octa-substituted silsesquoxanes in that it exhibits aematic phase, in this
case the chiral nematic phase, and lackise smectic A phase betweetthe N* and
the SmC*.
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Figure 4.15: lllustration showing the structures of compound28 and a similar

compound for comparison,compound 29.

The major differences between the structures of these two compounds are the
chiral ester group present and the cage is open in compour®8 i.e.one edge Si
O-Si bond has been broken. The lower symmetry of the cage and the presence of
the chiral chains act to introduce considerable disorder in the structureThese
two factors likely have the effect of disrupting the packing efficiency of the
molecules (in comparison with compound29) and thusa sharpdecreasein all
the transition temperatures of the various phasess observed Furthermore, this
reduced packing efficiency of compoun®8 results in the breakdown of the
cyanobiphenyl interlayer interdigitation present in these type ofmaterials (29

is purely smectogeni¢ and only the nematic arrangement is present. It follows
then that the chirality transfer from the chiral groups in the two open arms of
the cage to the nematic arrangement results in the chiral nematic phase. This
type of behaviour has also been observed beautifullynithe chirality transfer
from the fulleropyrrolidine core to the mesogenic armsimparted by chiral core

in the dendrimers studied by Deschenauxt al.[82-83]
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Chapter Five:

Conclusions
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5.1. Conclusions

The general aims of this work were to investigate the properties of novel liquid
crystalline supermolecular architectures. These architectures should include
one or more different mesogenic units attached by covalent bonds to a

silsesquioxane core.

R /‘\
0 \ /1 R =iso-octyl, 10, 13
o R O/ Si— /k/k
/| © / / R = iso-butyl, 9, 12

Si .
/ Si—_A\_—Si
AR WAN
Qo | OO/ R R = cyclopentyl, 11, 14

R
Ri= 9,10, 11 \/\/\OCN
O
Ry =12,13,14 \/\/\OO—{

Figure 5.1: Chemical structures of compound®-14.

Several incompletely condensed silsesquioxanes were prepared that contained
a number of different mesogenic units and a number of different nemesogenic
R-groups, enabling the study of the selbrganisation of a silsesquioxane core in
the liquid-crystalline phase. It was found that materials prepared with three
cyanobiphenylbased mesogenic units (CB, compound, 10 and 11) did not
possess liquidcrystalline properties. This was an expected result and was
attributed to the aspect ratio of the final strucures being too small to induce
liquid crystallinity into the system. For example, it has been shown in previous
studies by Deschenauet al. that if the mesogenic unit is attached solely to one
end of the core, it does not provide a large enough aspect i@to induce liquid
crystallinity.[40] These materials did, however, crystallise which suggests that
they do at least have the ability to form ordered structures in the solid state.
Thus, the crystal structure obtained for compound9 showed the molecules

arranged in a lamellarlike fashion with a slight tilt, similar to that seen in a
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smectic C phase. This lamellar arrangement seen in compoufichas been seen
previously in studies by El Azizet al.in non-mesophorphic materials based on
completely condensed silsesquioxane cores.[60] This is not, however,
comparable directly to the crystal structure of compound® due to the different
structural nature of an incompletely condensed silsesquioxane as opposed to a
completely condensed silsesquioxane structure. Hweever, if three CBPB
mesogens are used, the materials prepared exhibit smectic A mesophases at
temperatures above 200 °C (compound42, 13 and 14), suggesting that three
CBPB mesogens produce enough anisotropy into the system to induce liquid
crystallinity . The smectic A phases formed also suggests that the molecules
conform to an overall rodlike shape as has been shown in other studies of more
symmetrical, octasubstituted silsesquioxanes.[64] This is a surprising result
considering the structural differences between the unsymmetrical incompletely
condensed silsesquioxane structures and the completely condensed,
symmetrical octasubstituted architecture. The rodike shape also suggests that
the mesogenic units must all be pointing roughly in the same direicin, in a way
comparable to the crystal structure of compound. The phasestability of these
materials is, however, remarkable. In previous studies it has been shown that as
the number of mesogenic units appended to the scaffold is increased the phase
stability increases. Compoundsl2, 13 and 14, however, possess much greater

phase stabilityi.e.clearing point, than their octasubstituted equivalents.
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R =iso-butyl, 17 )\

Figure 5.2: Chemical structure of compoundL?.

A material has also been prepared which contains two CBPB mesogenic units,
which was also found to possess the smectic A mesophase in addition to the
more ordered smectic B mesophase. The phase stability of this material
conforms to the notion that phase stability decreases when the number of
molecules appended to the scaffold decreases. That is, compouhd (two
mesogens) has a clearing point of 165.5 °C immparison with compound 12
(three mesogens) which has a clearing point of 231.6 °C. This large difference in
clearing point can be attributed to the stronger intermolecular forcesin the
three-mesogen system due to the presence of the extra mesogenic ufiihe
appearance of the smectic B phase in the threeesogen system can be
attributed to the structure being able to conform to a more rodike shape.lt is
however very difficult to draw strong conclusions due to the large structural

differences between tre two moieties.
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Figure 5.3: Chemical structures of compound4.8-20.

Several materials were also prepared containing both two and three laterally
attached mesogens (compoundd48, 19, 20 and 22); none of these materials

was found to be mesomorphic. It was postulated that appending laterally
attached mesogenic units to thesilsesquioxane scaffold would induce the
nematic phase in this materials, as has been found in similar studies involving
both silsesquioxane and fullerene derivatives.[23, 84] This was, however, not
the case and the laterally attached mesogenic units de@sed the order in the

system beyond the point where liquidcrystalline phases could form.
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Figure 5.4: Chemical structures of compound28 and 29.
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derivatives.[39] These more flexible cores are able to deform more easily in

order to conform to an anisotrgic shape required to induce liquid crystallinity.
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greater bulk, and so provide a good contrast to these more flexible materials.

Thus, compound28 possesses eight cyanobiphes based mesogenic units and

two chiral non-mesogenic entities and provides an example of how a chiral

centre on a nonmesogenic portion of the molecule can induce chiral
mesophases. The material was found to exhibit a rootemperature chiral

nematic phase as well as an unidentified phase (M) at just below room
temperature (Tnizm = 17 °C). The phase stability of this compound has decreased
markedly in comparison with the octasubstituted completely condensed
equivalent (compound?29), signifying that the two chiral groups have decreased

the order in the system significantly. The phase stability of the chiral nematic

phase has also shown a marked decreased in comparison to its

fulleropyrrolidine equivalent studied by Deschenauxet al., but shows that two

99



chiral centres on different arms of a dendritic molecule can transfer chirality to
the nematic arrangement of the molecules, resulting in the chiral nematic
mesophase.[82]

In summary, a number of novel liquidcrystalline supermolecular architectures
have been ivestigated involving silsesquioxane cores substituted with
different types of mesogen in order to study the seldssembly of liquid
crystalline phases in silsesquioxane architectures. An additional silsesquioxane
architecture was also investigated involung two distinct moieties appended to
the same silsesquioxane core in order to study nanosegregation in liquid
crystalline silsesquioxane systems, specifically the transfer of chirality from a
non-mesogenic portion of the molecule into the formation of chal liquid-

crystalline phases.
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Chapter Six:

Experimental
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6.1. Starting Materials, Reagents and Solvents

Unless otherwise stated, all starting materials and reagents were obtained from
SigmaAldrich, Apollo Scientific or Alfa Aesar and used without further
purification. All solvents were obtained from either Fisher or VWR Chemicals,
with the exception of anhydrous solvents, which were purchased from Sigma
Aldrich and used without further purification. Sulfur-free dry toluene was
purchased from SigmaAldrich. + AOOOA A O 6 QlatinhirA(G) ALJ3-tivingl -
1,1,3,3tetramethyldisiloxane) was purchased from Sigma&Aldrich and each
batch used until variable results obtained, after which a new batch was
purchased. Isobutyl POSS diol, Isooctyl POSS diol, Cyclopentyl POSS triol,
Isobutyl POSS triol and Isooctyl POSS triol were purchased from Hybrid Plastics.
LBB and CPBP were kindly prepared by David Stewa6 was kindly prepared

by Claire Bouwer.

6.2. Thin Layer Chromatography and Column Chromatography

Where appropriate, the progress of reactions was monitored by thin layer
chromatography using a suitable solvent system. Silica coated alunm plates
(Kieselgel 60 F254) were purchased from Merck and were visualized by UV
light (254 nm or 365 nm) or by oxidation with potassium permanganate
solution. In all cases, separations achieveda column chromatography were
carried out using flash grae silica gel (Fluka, 7&c ot | AOEh¢ mpro (i

particle size).

6.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

1H, 13Cf1H} and 2°S{1H} NMR spectra were recorded on eithen JEOLEXS or a
JEOL ECS spectrometer operating at a frequency of 400 MHR)( 100.5 MHz
(13C) or 79 MHz Si). In all cases, the residual protic solvent was used as an
internal standard. Chemical shifts are quoted in ppn(). Abbreviations used to

describe the multiplicity of the peaks observed are defined below.
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sz singlet t z triplet

d z doublet septz septet

dd z doublet of doublets dt z doublet of triplets
ddt z doublet of double triplets

6.4. Mass Spectrometry (MS)

Mass spectra were recoreded using a Bruker Solarix HCR MS with 9.4 Tesla
superconducting magnet (MALDI) or a Bruker micrOTOF M$Agilent series
1200LC spectrometer (ESI).

6.5. Infrared Spectroscopy (FT -IR)

Infrared spectroscopy was performed using a Shimadzu IR prestiggl

equipped with a Specac diamond ATR IR insert.

6.6. Polarised Optical Microscopy (POM)

Polarized optical microscopy (x200 magnification) was performed on a Zeiss
Axioskop 40 Pol microscope using a Metter FP82HT furnace, which was
controlled by a Mettler FP90 control unit or on aOlympus BX50 polarizing
microscope equippedwith a Linkam scientific LTS350 heating stage, Linkam
LNP2 cooling pump and a Linkam TMS92 controllerAn Infinity X-21 digital

camera was used to record photomicrographs.

6.7. Differential Scanning Calorimetry (DSC)

Melting points, cystallisation temperatures, enthalpies of transition and

transition temperatures, were determined by differential scanning calorimetry.
Thermograms were obtained using a Mettler DSC822init operating in with

Star® software. In each case the scan rate was 10 °C mirThe results obtained

were normalized relative to an indium standard (onset = 156.5 + 0.2 °@, (=

28.4 +0.40 J ).
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6.8. Elemental Analysis

Elemental analysis was recorded on a G&EO elemental analyzer from Exeter
Analytical Inc using a Sartorius SE@nalytical balance. Vanadium pentoxide was

added to the samples as a combustion enhancer.

6.9. Single Crystal X-ray Diffraction

X-ray data was obtained using a Bruker Smart Apex-pay diffractometer
equipped with a 3-circle goniometer with an Oxfordcryostream cooling system
and a 180 litre nitrogen transport and storage dewar. Sample preparation was

done with an Olympus binocular microscope.

6.10. 4'-(Pent-4-enyloxy) -[1,1'-biphenyl] -4-carbonitrile (2)

5-bromo-1-pentene (3.82g, 0.0256 mol) was addedd | -cyari-4-hydroxy
bipheny! (5g, 0.0256 mol) dissolved in butanone (75mL). Potassium iodide
(0.55g, 3.31 mmol) and potassium carbonate (14.15, 0.102 mol) were added
and the mixture was heated at reflux temperature for 24r to yield a yellow
solution. The inorganic materials were removed by vacuum filtration, the
solvent was removed under reduced pressure and the solid was recrysliaed

twice from methanol to yield white crystals (4.87g, 72% yield).

1H NMR (400 MHz, CD@ldij DD Qd x 8 ¢ xJ =8.8 Hz), 2H, AH387368, j

jih 1138886 | *HGh 8w p( Ydh d (M sw®do7im, E w8y (U
116886 j * E HYBsY (d(IEN6.84HD d (G 10.25 HZ) t (J =

6.59), 1H, Cki=CH), 5.08 (d (dans = 16.8 Hz) m, 1H, B>=CH), 4.99 (d (Jis= 10.2

Hz) m, 1H, ®&,=CH), 4.01 (t(J = 6.4 Hz), 2HHI0), 2.24 (t(J = 6.95 Hz), 2H,

CHoCHb), 1.90 (M, 2H, ELCHp).

13G{1H} NMR (100 MHz, CDG) ¢ (ppm): 159.67 (Ga), 145.23 (G), 137.65
(CH=CH), 132.53 (GiH), 131.31 (Gy), 128.30 (Garn), 127.05 (Guni), 119.10 (CN),
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115.30 (CH2=CH), 115.06 (@), 110.01 (Gy), 67.27 (@H.0), 30.04 (CH), 28.31
(CH20).

) 2 max&ml 3071 (CH stretch, alkene), 293 (CH stretch, aromatic) 2222 (CN

stretch).

ESIMS: (m/z) z Calculated 286.1ZM+Na]*; Found 286.11 [M+N&

6.11. Heptaisobutylsilsesquioxane -endo-1, 3, 7-tris -
(dimethylhydrido)silane (6)

Iso-butyl trisilanol POSS (100mg, 0.126 mmol) was placed in a dry Schlenk tube
under nitrogen, dissoved in dry dichloromethane (5 mbL and
dimethlychlorosilane (0.085 mL, 0.76 mmol) was added via syringe.
Triethylamine (0.140 mL, 1.01 mmol) was added and the solution wastirred
overnight. The solvent was removedn vacuoto leave a brown solid that was
extracted with petroleum ether, the solution filtered through celite and

evaporated to dryness to yield a colourless oil (106ng, 81% yield).

1H NMR (400 MHz, CDé&)l &4 (ppm): 4.67 (sept, (J = 2.8 Hz), 3H, )i, 1.76 (m,
7H, GH(CHb)2), 0.89 (m, 42H, (€ls)2CH), 0.49 (m, 14H, B,), 0.15 (m, (J = 2.8 Hz),
18H, ((Hs)2Si).

13C{1H} NMR (100 MHz, CDG) ¢ (ppm): 26.03, 25.90, 25.69 (Hs)2CH, 3:3:1
ratio), 24.12, 24.02, 23.95, QH(CHs)2 3:3:1 ratio), 24.66, 23.64, 22.50

(CH2CH(CH)» 3:3:1 ratio), 0.707 (SCHs).

MALDI-MS: (m/z) z Calculated:987.35[M+Nad*; Found: 987.34[M+Na]*.
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6.12. Heptaisooctyllsilsesquioxane -endo-1, 3, 7, tris-
(dimethylhydrido)silane (7)

Iso-octyl trisilanol POSS (200mg, 0.169 mmol) was placed in a dry Schlenk tube
under nitrogen, dissolved in dry dichloromethane (5 ml) and
dimethlychlorosilane (0.110 mL, 1.013 mmol) was addedvia syringe.
Triethylamine (0.188 mL, 1.352 mmol) was added anthe solution was left to
stir overnight. The solvent was removedn vacuoto leave a brown solid that
was extracted with petroleum ether, the solution filtered through celite and

evaporated to dryness to yield a colourless oil (193 mg, 83% vyield).

IH NMR (400 MHz, CDGQG) di (ppm): 4.69 (sept, 3H, SH), 1.74 (m, 7H, ECH),
1.306-1.026 (m, 14H, E€,CH(CH)3), 0.932 (m, 21H, E3CH), 0.824 (m, 63H,
(CH3)3CCH), 0.722-0.427 (m, 14H, G.CHCH), 0.155 (m, 18H, (€i3)2Si).

13G1H} NMR (100 MHz, CDG) ¢ (ppm): 54.59 (CH2C(CH)), 31.16, Q(CH)s),
30.32 (QH3)2CCH), 25.9024.86, (CHCH), 25.9024.86 (CHsCH), 25.9024.86
(CH2CHCH), 0.693 (H3)2Si).

MALDI-MS: (m/z) z Calculated: 1379.79 M+N4g*; Found: 1379.80 [M+Nal.

6.13. Heptaisobutylsilsesquioxane -endo-tris -[4'-pentyloxy dimetylsiloxy )-
(1,1'-biphenyl) -4-carbonitrile] (9)

6 (100 mg, 0.103 mmol) was placed in a dry Schlenk tube under nitrogen and

dissolved in dry, sulphurE£OAA OT 1 OAT A ju 11 Q) wWaAOOOAADSO
added and the solution stirred for 15 minutes. 2 (109 mg, 0.414 mmol) in dry,

sulphur-free toluene (5 mL) added dropwise under nitrogen and the solution

stirred for 48hr. The solvent was removedin vacuoand the solid was purified

by column chromatography (Dichloromethane, flash grade silica geR = 0.34)

to yield a white solid that was recrystdlised from dichloromethane/ethanol to

yield 9 as colourless crystals (49 mg, 27% yield).
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1H NMR (400 MHz, COk) dij PPi Qd x8e¢m j i h 1! &)gmB8 | * E
jiTh 118886 | *HQh WwsBmw o( Ydrh ¢ (6 8sH@®E8Y(rh, E Y8t
118888 | * E H),SBB0 ({{ QGMB.8 H2), f6H,HzE), 1.74 (m, 7H,

CH(CH)2), 1.74 (m, 6H, 6:CH0),1.37 (m, 6H, Ek), 1.37 (m, 6H, €,), 0.89 (m,

42H, (QHs)2CH), 0.49 (m, 14H, BCH(CH})2) 0.49 (m, 6H, E1;Si), 0.065 (m, (J =

2.8 Hz), 18H, (E13)2Si).

13G{1H} NMR (100 MHz, CDG) ¢t (ppm): 159.88 (Gu), 145.30 (Gv), 132.65
(Cav), 131.04 (Gy), 128.37 (Cam), 127.12 (Gyr), 119.18 (CN), 115.11 (&n),
110.14 (Gu), 68.24 (@H20), 29.87 CHy), 29.79 (CH>), 29.13 (CHy), 23.84 (CHy),
26.14, 25.96,25.71 (CHs)2CH, 3:3:1 ratio), 24.18, 24.08, 23.930H(CH)2, 3:3:1
ratio), 25.12, 23.18, 22.50 (H2CH(CH)2, 3:3:1 ratio), 18.19 ((CH2Si), 0.432
(CH3)2Si.

29S{1H} NMR (79 MHz, CDG) i (ppm): 9.41 (S(CHb)2, -67.18 (S0s), -67.54
(SiCy).

) 2max®2m 2947 (CH stretch, aromatic), 2222 (CN stretch), 1049 (CO stretch).

MALDI-MS (m/z) z Calculated: 1776.74M+Na]*; Found: 1776.74 [M+Na}.

Elemental Analysis (%)z Calculated for CsgH135sN3O15Sho: C 60.19, H 7.75, N

2.39; Found: C 60.23, H 7.69, N 2.34.

6.14. Heptaisooctylsilsesquioxane -endo-tris -[4'-pentyloxy dimethylsiloxy )-
(1,1'-biphenyl) -4-carbonitrile] (10)

7 (84 mg, 0.0618 mmol) was placed in a dry Schlenk tube under nitgen and

dissolved in dry, sulur-£OAA OT 1 QAT A juv 11 qsaL)waBOOOAAC
added, the solution stirred for 15 minutes2 (98 mg, 0.371 mmol) in toluene (5

mL) added dropwise under nitrogen and the solution stirred for 48hr. The
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