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Abstract

A new type of liquid crystal display using surface stabilized ferroelectric liquid crystals
(SSFLCs)has faster switching times than conventional nematic displays. affpication of
SSFLG in large LCD devices such as TVs has been hedldue to a layer contraction at the
smectic Asmectic C transition. The layer contraction leads to buckling of the smectic layers and
results in zigzag defects. These zigzag defegsade optical quality of ferroelectric liquid crystal
(FLC)films.Socalledo de -Mrkeé | i qui d cr-gnedtiaC layereonttadtiona s me

of less than 1% have been sought to address the problem.

In the first sectiorof this thesiswe showthat one can tune measorphicproperties in 2
phenylpyrmidine liquid crystals by addition of a nanosegregating phenoxy end group. In this
study it was shownthat nanosegregation can be used to exaggerate the difference in mesophase
properties in sterichl equvalent isomers. The study alsshowed that the effect of
nanosegregration is not always Smectic C promoang that, although it mayecreas
orientational orderjt is not theonly prerequisite to&e Vriesliked properties in calamitic
mesogend\ext, we investigated the phenosgdgroup through substianteffects. In this study
it was discovered that the SmC phase canptmmoted through increased inteslecular

interactionghat decreaseut of layer fluctuations.

We also showed that phenoetgrminated mesogerexhibit extremely low optical tilt
angles for the SmC phasm the order 0f10 degreesvhich were not consistent with the observed
layer spacing obtained frotd-ray diffraction experiments. In attempts determinetheir true
opticd tilt angle, these mesogens were doped with chiral dopants and etgittcal switching

experiments showeigheroptical tilt angls. The phenoxyterminatedmesogens were shown to



have a high préilt angle due to surface interactions with the glaskesiThe increased optical tilt

angle allows for the possibility of using these compounds in SSFLC devices.

Finally, we investgated the possibility of usin§mGN materials for use as an alignment
pathway in SSFLC device$he fluorophenoxy end group waslded toa fluorenone core and
were then analyzed for optical tilt angle through the use of chiral dopants for potential use in

SSFLC devices.
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High resolution mass spectrometry
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Liquid crystal evice
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Chapterl:l nt roducti on

Typically, students are taught that there are only three distinct phases of matter: Solid,
Liguid and Gas. Solids have a high degree of traoslaf, rotational, positional and directional
order. On the other hand, isotropic liquadsl gaseare completely disordered. In some materials,
there are phases which do not exhibit a high degree of translational, rotational, positional and
directional ader, but these same materials are not completely disordered. THeteaen phases
are defined as mesophases. Compounds that exhibit these mesophases are either called soft crystals
if they are more ordered and thus more crygtal or liquid crystal{LCs)if they are less ordered
and mordiquid-like. Liquid crystalphases, unlike soft crystals, exhibit lerange ordering while

keeping their fluidike properties.

Liquid crystalline phases were first observed byAaistrian botanist named Reinitzier
18881 Since thenliquid crystals have been studied on academic and industrial levels. Liquid
crystals are besnlown for their applications in liquid crystakglays (LCD). Liqud crystals have
dominated thenarket becausef their ability to be ealy customized It is important to note that
liquid crystals can also be used for a wide variety ofliegions such as liquid crystal
thermometers optical imaging and recordifg photovoltaic§ and synthetic medical

applications’

Twisted nematic ligd crystals have dominated the LGDarket sinceghe discovery of
cyanobiphenyhematic mesogens I6§.W. Gray® G r a gednatic liquid crysta5CB (Figure 1)
wasthe first stableroom temperature mesogerhtmve optimal properties for display applications
While twisted nematid. CD devices have been commercialized, theg not,theoretically the

bestliquid crystal mesophager displayapplicatons. Twisted nematic deviceéend to have a slow



switching time anda narow viewing angle. To address probkerwith power consumption,
switching time and viewing angle, a new typelLGiD device has been developed: tBarface
StabilizedFerroelectric Liquid CrystalSSFLC) @vicebased on chiral Smectic GmC*) liquid
crystals. Thishesis focusesnthe originof Smectic C phase formatiam calamitic liquid crystals
in terms othevan der Waalsteractions and molecular functionalization required for tne@&ic
C phase and the further investigatioof so-called &e Vriesliked propertiesfor SFLC
applicatons. In this wrk, we studied the interplay betwesrre-core interactionand interaction
of endgroups at layer interfaces atfieir effect on mesomorphic propertiedn addition we
discovered and investigatad easilycustomized nanosegregating egrdup to better understand

the roleof nanosegregation in mesomorppioperties and its role ifwe Vrieslikedbehavior

1.1Introduction to Liquid C rystals

There are two main types of liquid crystals, which are called lyotropic and thermotropic
liquid crystak. Lyotropic liquid crystalsare formedwhen combined with a solventhdse
mesophases are concentration and temperature dependent. Lyotropic liquid crystals can be found
in soap and imany biological systemsncludingcell membrane$In suchsystemsamphiphilic
molecules are solvated, which imposesder into the system often by virtue of
hydroghobic/hydrophilic forcesLyotropic liquid crystals will not be discussed further in this
thesis. The second type of liquid crystals areecathermotropic quid crystalswhich exhibit
mesomorphigroperties thaare solely dependent on temperature. Thermotropic liquid crystals
canbe eitherenantiotropicor monotropic Enantiotropic mesophases are observed on heating and
cooling and are thermodynamically Isi&s Monotropic mesophases are not thermodynamically
stable and they appear lgron supercobing below the melting point of the compound. Examples

of common lyotropic and thermotraypiiquid crystals are shown indgtre %1.
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Figure 1-1: Sodium dodecanoate, a common lyoimliquid crystal found in soafleftya n d- 4 6
pentybiphenyt4-carbonitrile(right), a common thermotropic mesogen.

Thermotropic mesogens are generally characterized by their molecular shape. There are
four main shape classes$ thermotropt mesogens, which are showrFigure 2. The molecular
shape ofliquid crystals is important for two reasons. The fisasonis that the shape of the
materals affects how the mesogepackwhich affects what mesophageobserved. The second
reason is shape anisotropy, which reduces the symmetry -@ovafent interactions, resultirig
unigue properties such as birefringence and dielectric anisotropy. The first class of liquid crystals
is calamitic liquid crystalsformed by mesogens that are 4lde in shapewith a rigid aromatic
core and one or two alkyl chains. Calamitic liquid crystals tend to form sni8aticand nematic
(N) mesophases, which will be described later in the thEsessecond class of mesogeadied
discotic liquid crystalsformed by molecules that are dibke in shapewith circular aromatic

cores and alkyl chains extending away from the core.
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Figure 1-2: Examples of calamitiqgolycatenar, discotic, bexsbremesogens

These mesogens normally form columnar mesophases in which mesogeassealble into
columns by stacking on top of each other. Theldtblass of liquid crystals ipolycatenar liquid
crystals which are formed by mesogens that havelikel cores but have multiple alkyl chains
which exend in multiple directions relative the long axis of the molecule. Polycatenar liquid
crydals are typically thought of ashgbrid of diselike and rodlike liquid crystals, but normally
exhibit columnar mesdyases. Discotic and polycatenar liquid crystals are generally investigated
for their potential in photovoltaics applications. The fourtsslof liquid crystals ibentcore

liquid crystals, which are formed by rdi#e mesogens commonly described as banshaped.
These mesogensr# to form smectic phases. hi§ thesisfocuseson thernotropic calamitic

mesogens.



1.2 Thermotropic Calamitic Mesogens

Calamitic liquid crystals aréormed by rodshaped mesogenshe typical structie of a
calamitic mesogen ishewnin Figure 13. Calamitic mesogertend to have a scaffolding ofo
or more aromaticings (Ar) with one or two aliphatic side chains or alicyclic groups at postio
R1 and R2. While calamitic mesogado not require linking groups X, Y, and &pically linking
groups carbe added between the aromatic rings or the aromatis ang thealiphatic side
chain(s). Common linking groups in calamitic liquid crystals include ester, ether, imine, ethenyl,
ethynyl, methyleneoxy, or dimethylene grodpsinking groupsmay extend the length of the
molecule and igtinctly modify mesomorphigroperties without changing the overall Hike

shapeof the mesogen.

 OOIORCE D)

Figure 1-3: The general structre of a calamitienesogen

Calamitic mesoges can be modified in &ariety of ways. Simple modifications che
achievedhrough substitution of terminal groups, linking groups, lateral groups, or aliphatic side
chain groups. Lateralubstitution can be achieveg the addition ofubstituents orhe Ar groups
(Figure ®3), while terminal and aliphatic side chain substitution can be accoragliginough
substitution of the X, Y, ZR1 and R2 positions. A wide variety of subsitshave been used to
modify mesomorphic propertigacluding but notimited to CN, F, Cl, Br, N@ and CH.%>1°

Modification of the mesogens using thesdstituents affect not only mesomorphic properties



such as melting point and clearing point but also physical properties such as dielectric anisotropy,

optical anisotropyand visceelastic properties.

Thermotropic calamitic mesogerghbit a wide variety of mesomorphic propertiés
previously statedheyform two main types of mesophasd he first is the nematghase, which
is described asgroup of molecules thatn thetime average, are oriented in one directieferred
to as the directon, without forminglayers. The second typd# mesophase arealled smectic
phases, whiclare describethy molecules havingrientational orderlike the nematic phaséut
the molecules arealso organizedinto layers. There are many different égpof smectic
mesophases includirte snectic A(SmA), smectic C (SmC)ngectc | (Sml), snectic F (SmF),
andsmectic B (SmB)phasesThe different designatns of the smectic phasesscribe the internal
ordering of the molecules within the smectic layers. The three most commonly observed and most
important mesophas used in liquid crystal displa.CD) applications are theematic (N),
smectic A (SmA) and snectic C(SmC) mesophaseslhe ordering of these three phases are

describedschematically as groups of hard spherocylindefSgure 1-4.

crystal T
Cr T

smectic C phase smectic A phase nematic phase isotropic liquid
SmC SmA N |

Figure 1-4: Schematiof liquid crystal mesophases as hard spbginders.



1.2.1The Nematic Phase

Nematic liquid crystals are currently used in a wide variety of LCD applicatiofise
nematic phase is a mesophase in which molecules are oriented in one diféxesEnmolecules
are aligned on theeme average along tlirector(n). The lack dtranslatonal orderin the nematic
phaseesults in a relativeljow viscosity andluid behavior.Theordering of thenematic phase is
characteized by anorientational order paramete®). The order parameté& is a measure of the
orientational ordeabout the directam according to equation@el-1), where—is the angle formed
by the long axis of a single molecule and the directavhich represents the average direction of

all of long molecular axe¥:

Y - owéi p (eq.1-1)

The orientational order parametes; ranges from 0 to 1: ithe orientational order
parameter is,lthe molecules are perfectlydered along the directan); if the orientational order
parameter is 0, the molecules are completely disordered. allypithe orientational order
parameter for the nematic phase is betwieérand 0.71 The nematic phase is easily characterized
by texture analysisising mlarized optical microscopyPOM), as shown in Figure-3. The
nematicphaseshows distinct textureshen viewed on an untreated glass slide uadaolarized
optical microscope, including Shlieren texture that exbits brushes and point defects, and a

pl anar Omarbled texture.



Figure 1-5: Polarized photomicrogph of a Schieren texture characteristic of the nematic phase.

1.2.2The Smectic APhase

In the snectic Aphase, mesogsrare oriented along director(n) and ae organized in
diffuse layers;hedirectorn is parallel to the layer normal Although molecules in thesmedic
layers havesomedegree oftranslational orderthey are rotationally disordered abaut The
increase irtranslational order causes thaectic A phae to be more viscous than themmatic
phase. The orientational order param&sebr a conventionabmectic A phase is ~07.81! The
smectic A phase isharacterizetdy the formation of focatonicfantextures and datkomeotropic
domains when viewed bpolarized optical microscopyin these homeotropic domajnihe
molecules are oriented vertically dhe glass slide and do not exhibit birefringence. In a planar

orientation,the molecules exhibit birefringence and form a fexatic fan texture due to the



formation of layergFigure 16). Birefringence is an optical phenomenon which will be discussed

later in the thesis.

Figure 1-6. Polarized photomicrographs of fan textubelow and homeotropic domains
characteristic of the SmA phadef{) and broken fans anccBlieren textures characteristic of the
SmC phaseright)

1.2.3The Smectic C hase

The smectic Cphase isa tilted form of the snectic Aphase. Thé&mC phase exhibits
orientational order about threctorn and has a layed structure like the SmA phadeyt the
directorn is tilted at an angle-with respect to the {g&er normalz. The tilt of the SmC phass i
dependent otemperature andhcreasesvith decreasing temperaturBhe Smectic C phase ca@a b
identified under polarized optical mioscopy by its characteristicclieren and broken fan
textures. Thegrey Shlierentexturearisesrom the homeotropic domains of the SmA phaken
the molecules araligned vertically on the slidesthetemperatures decreasése moleculesitt

and the Schlieren becomes more pronoura=ithe nolecules become more birefringeithe



broken fan texture is formed from the fan texture of the SmA pthasdo the formatio of tilt
domains of oppositerientation when the SmC phase forms directly from isotropic liquid or

nematic phase, the fan texture is the same as that of the Sasé. ph

1.3 Origin of Tilt in the Smectic C Phase

The origin of tilt in the Smectic C phase H@endescribed by a variety of modedser
the yearg>1#15|t is important to note that the different theortieat have been proposed do not
necessarilycontradct each other and that one theory alone may not be enough to describe the
origins of tilt. It is geerally thoudnt that several of thiactors postulated in the following models

should be considered in describithg origins of the tilted SmC phase.

1.3.1The McMillan Model

The earliest description of the origin of tiltine SmC phase tilts was by Mdlan, who
proposed that the SmC phase arises ddgtde-dipole interactions gbolar groups such as ethers
or esters which link the core to the side chafhehypothesis was based on the observation that
4 ,di-6-al koxyazoxybenzene mes og e rdisn-aldylazoxygpbenZ=neC p h a
meogens do not® McMillan proposed that the rotational order aboiricreasesvith decreasing
temperatur@and resultén a couplhgofsoc al | ed A o u ttHatoreatsdn indluced dofqees o
causingilt in the SnC phase, as shovim Figure 17; however it was later shown that the model
is not general after subsequent discoveries thatut boar d di p orédefmdhe ar e n

formation of the Smectic C phase in a variety of compodhds.
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Figure 1-7: Schematic representation of the McMillan Model ofdhigin of the tilted SmC phase.

1.3.2The Wulf Model

According tothe Wulf mode| the predommantinteractiors in the SmC phase asgeric
interactions andalepend orpacking force* The Wulf model neglecttheiout boar d di p
argument®f the McMillan modeland argues that simple molecular shape and rotational freedom
of each moleculdrives te tilt in theSmCphase. In this modelhe average molecular shape of
the SmA phasés definedas cylinderswhich is representative of the fact tmolecules in the
SmA phase can rotate around their longsaikeely On cooling into the SmC phaseolecular
rotation around the long axis hindereddue topacking forces and steric interactions. In such a
system the shape o& rodlike mesogens represented bg ziggag shaped bent cylinder, which
corresponds tohe lowest energy conformation in a fidke mesogenWulf then compares the
lowest energgonformation of packing zigzags, whigtvolve tilting the moleculalong axesas

shownin Figure 18.
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Figure 1-8: Scheméc representation of the Wulfodel of the origins ofilt in the SmC phase.

1.3.3The Entropic Pressure Model

Recently, the Boulder group led by Clark and Walbaposedhat the driving force for
tilting inthe SmC phases due to fAentropic pressureo, whic
by the other alkythains in opposition to the favourable van der Wawdsactions of the aromatic
cores and the effect of alkyl chain extension on conformationatestegyof freedon®® Tilting also
increassthe average osssection of the core, whichauld increase themount of van der Waals
interactions in the systeand compensates for the entropy ldsg toa suppression of ouaf-

layer fluctuations (vide infra) and increase in rotational order abhag shownn Figure 9.
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Figure 1-9: Schematic representation of the Entropic Pressure model on the origins of the tilted
SmC phaselhe conformational space of the alipleathains is approximated lopnical volumes.

The entropigpressure model suggetitat there is a balance betweenesoore interactions
and conformational disorder of the alkyl chaisd this balance is observed through the molecular
tilt as increased alkyl chain lengthThe evidene of this model is shown by thengthening of
alkyl chains favouring the SmC phaseepbthe SmA phase due to conformational disorder of the
alkyl chains!® The longer the alkyl chajrthe more conformational degree$ freedom are
available than from a shorter alkyl chain. The longer alkyl chain therefore occupies more
conformational spax and forces the rigid aromatic cores farther apart in the diffuse lamellar
structure of an orthogonal SmA phaséccording to the entropic pressure model, free energy
can be minimized when tilting in the SmC phase and by a balance between the eréssuicep
caused by conformation disorder of the alkyl chains and the van der Waals interactions of the

aromatic cores.

13



1.4 Structure-Mesomorphic Property Relationships

In SSFLC device applicationsthe main mesomorphicproperties to be optimizedre
mesophasetemperature range, visets optical tilt angle, birefringence, helical pitch,
spontaneus polarization, and boskelf geometryvide infra) An important part oftte design of
Smectic diquid crystalsmaterials for SSFLC applications is creatiridpeary of compounds with
complementary propertiegypically, liquid crystalmaterials for SSFLC applications anextures
of liquid crystal compounds to achieve optimized device characteridicge, it iSmportant to
understand structwgroperty relatiorships in developinghew materials for SSFLC material

mixtures

1.4.1Structural Elements and Their Effect on MesomorphicProperties

Studies have shown that tunimgesomorphigoroperties can be achievgdimarily by
varying core-core interactions and alkyhain lengtrs.?%?122 |n recent yearsstudies havelso
shown that anothdactor dfecting propertiess the use oendgroupson the alkyl chains®?2in
varying the functionalization at the end of the alkyl chaime can promote different mesophase
charateristics while maintaining the same aromatic structural core and alkyl chain |emigitts
allows for unique optimization of properties for a given mesoplhigisamportant to consider the
promotion ofliquid crystal phases as a delicate balancawgfor two reasons. The firss that
liquid crystak are not restricted to formingne mesophas@&nd when one seeks to promate
particular mesophagsi is canmon to see othenesophaseappear Thesecond reason is thét,
oneattempsto promote morerdered mesophasessoft crystal or crystéihe phasesnay resit;
However attemptingo promote less ordered phases can r@sah isotropic liquid phase instead

of the desired mesopke.
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1.4.1.1Core-Core Interactions

Typically, the core of a therotropic calamitic mesogenontains two to three aromatic
ringsin a linear geometryThe coreof a liquid crystal is thelominant structural element in
selecting mesogen charaaséics. The structure of the core can be tousized by varying
attributessuch agplanarity, dipole momengnd polarizability, whictallowsfor a wide variety of
cores to be considered liquid crystal synthesis depéimg on what type of mesomorphic
propertiesare required for the devic8tudies of the aromatic core subunit in ldjgrystals have
shownthat mesomorphiproperties ar@ncredibly sensitiveo structuralvariations® For instance
a subtle change such as substituti@gphenylpyrimiding(2-PhP)core witha 5phenylpyrimidine
(5-PhP)corecan change the mesophdisen SmC to SmAas shown in Figure-10.22 Aromatic
fluoro substitution is a powerful ppach to tune the mesomorplbmperties of nematic and
ferroelectric liquid crystals for display applications because of their unique combination of small
size, low polaizability, high polarity, ad high chemical stabilit§.Lateral fluoro substituents on
aromatic cores have been widely used in the development of nematic liquid crystals with high
negative dielectric anisotropy for vertically aligned nematic (VAN) dis@pplications, and
achiral SmC liquid crystals with low viscosity and high resistivity. Notably, the development of
difluoroterphenyl mesogens by Gray al. proved to be a major innovation in LCD teclogy
that also demonstrated how mesomorgitapertiescan be drastically modified by changing the

positions of fluoro substituents on the terphenyl ¢oide infra)?+2°
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Figure 1-10: Two isomes 2-PhP-4/8 and5-PhP-4/8, and their mesmorphic properties

While modificationof calamitic liquid crystals can be accomplished with a wide variety of
substituentssuch as Ckl OCHs, ClI, Br, CN, and N@ the most commosubstituent is fluorine.
The fluorine group is interesting due to its unique polar and steric properties. Theeflgoyup
is the secondsmallestatom substituent next to hydrogewhich minimizessteric changes.
Substituents such as carbon, nitrogen, and oxygen tend to require other bonded atoms that give
them much larger s&s compared to fluorine. Whil&ubrine isthe smallest substituent is also
a highlyelectronegative eleme(8.98) which shows in the large-E dipole momenf{1.41D),that
allows for specific control of dielectric anisotropyrhe fluorine groupalso ha a very low
polarizability compared tdwydrogenand the other hafjens.The lower polarizability of the
fluorine groupmay cause decreasi strength of intermolecular dispersive forcektive to the
parentsystan. The GF bond also has a bond dissociation energyt18.7 kcal/mal which

contributesto a high degree of stability

The tuningof mesomorphi@roperties using fluotine group is highly dependent its
location onthe aromatic coreA single fluoroterminal substitutiorwas first studied in 925 by
Bergt?® Terminally substitted cores withcyano, nitro, and fluoro groups weessumecto
increase the clearing point of liquedlystals by virtue of their higholaity. The research showed
that terminally substitutedores withcyano, nitro and fluoro groups promote the nemat&spgh

and that terminally substitutedres withcyano and nitro grougsave higher clearing points than

16



the respective ligdi crystal parent compouadHowever the fluoro substituent doest stabilize
themeophase particularly welas shownn Table 1. The noted difference between the cyano,
nitro and fluoro substituents is the lowlgazability of the latter Although the terminal fluoro
group increaseshe positive dielectric anisotropy, it does not significantly increase the
polarizability anisotpy, thusdestabilizing themesophaseslhe single fluorosubstituent also
does not significantly increase the length to width ratio of the molecule, whaamnagor factor in

stabilizingmesophases.

Table 1-1: The effect of @erminalsubstituenbn mesomorphic propertiés.

a@\@}@

Substtuent Transition Temperatures ¢
a Cr N
F 156 222
CN 169 312
NO: 180 289

The ntroduction of a second fluogroup lateral to the terminal positi of the aromatic
core, as showm Figure 111, tends to fuher decrease the meltiagdclearing points while only
slightly increasing the dielectric anisotropyintroduction of a third fluoro groufurther increases
the positive dielectric anisotropy due to the symmetricingadof tre two lateral fluoragroups.

Another option for adding additiahfluoro groups to a mesogen is to add a fluorinatigyl or

17



alkoxy chainas endgroup. The addition of smadilkyl terminal group®n the mesomorphicore
such asCRs, -OCREH, -and OCE further increasgthe positive dielectric anisotropgithoughthe
addition of these fluoro grougsiusesn increase the clearing point andromotes the formation

of smectic mesophases dueattincrease in the length to width ratio of the mesdo§éh.

el )~
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C25N551

Figure 1-11: Theeffect of terminal fluorination on mesomorphic properties.

In 1954 Gray reported the first examples of laterally substituted LCs with simalleoky
benzoic acids? Lateral substitution of liquid crystéle compounds has been widely investigated.
In calamitic liquid crystalsanylateralbranching of the mesomorphgore disrupd intermolecular
packinginteractions The size of the substituent is one of the most important factors in lateral
substitution ® liquid crystals,as expressed in terms of van der Waals volth¥&he fluoro
substituent is uque because itsmall size allows for minimadisruption of interactions due to
steris.® A laterally fluorinated core is therefore reasonably stable and €ared to promote
liquid crystallinity better than other largesubstituents! A lateralfluoro substituenglso allows

acess to materials with lowemelting and clearing poist and with negative dlectric
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anisotropy® The effect oflarge lateral halogen substituentsncludes adecrease of both the
stabilty of smectic phases and a decrease of me#tinhclearing point@asshown in Table 2.°

Mesomorphigroperties aralso highly affected by the position of ttheoro subdgituents.
If the fluoro group & located near the terminal ewnd the aromatic core, called outedge
substitution, the fluorgroup can fit intathe free volume between the alkyl chand the core
thusreducing the disruption in packing interactions significamtifluoro sulstituentnear the
cener of the core, called innegore substitution, tends to increase packing disruptiownl thus
greatly destabilizgliquid crystalline mesophasgsarticulaly in smecticmaterials3®34

Terphenyl smectogens provide a unique oppariuto examine the effect of lateral
fluorination in calamitic liquid crystak! The terphenyl scaffold has very high polarizability and
length to width ratio, thus allowing for multiple fluoro substituents with different substitution
patterns without conigtely destabilizing the mesophaséas previously described, there are two
main types of fluoro substitution, inreore substitution and outedge substitution. Single fluoro
substitution in the innecore causes disruption in sidg-side packing aengements, which tends

to suppress smectic phases and promote the nematic phase instead.
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Table 1-2: The effect of steric bulk due to lateglbstitutionon mesomorphic propertiés

a

Substituent Transition Temperatures van der Waals Volum
(v

a Cr Sm N

H 50 196 3.4

F 61 79 143 5.8

Cl 46 96 12

Br 41 81 14.4

CN 63 43 80 14.7

Innercore tuoro group(skalso increase theihedral angle between aromatic rings, which

decreases the polarizability of the liquid crystal carel reduces both meltiagd clearing poirst

compared to the parent system. Lateral flusubstitution can reducthe symmetry of the

mesogenwhich tends to favour the formation of a tilted SmC g¢movethe orthogonalSmA

phase** The dissymmetric fluor@ffect can be enhanced when a fluaymup is added to the

terphenyl scaffold that has an ether linking growpich increases thateral dipole momerihat

tends to favor the smectic C phaseénich is demonstrated in Figurel®.
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Figure 1-12 The effect of lateral fluoro substitution the mesomorphic properties of terphenyl

mesogen§.

Whenthe fluorogroup ispositionedfarther away from the ether linkingayrp on the

terphenyl scaffold,the stability of the smectic C phasancreases Two innercore fluoro

substituents further enhance thematic character in terphenyl liquid crystdle to increased

twisting, and a decrease in packing interactitreg destabilizethe smectic phaseAn increase

in alkyl chain lengthcan stabilizesmectic phases strategy used in LC synthesis to increase the

length to width ratio othe mesogen. When both fluogooups areat the outer edge ahe core

the increase inmadlecular wdth is less pronouncetthan in innercore sulgtitution due to the

available free volumeas previouslylescribed. The strong transverse dipole momeninanelased

packing interactionsn outeredge substituted terphenyl mesogeonspared to the innarore

substitution help stabilize the smectic phases, particularly ted 8mC phaselrhe additionof

three fluorogroups on terphenyl mesogens causes a decretassiebility of smecticmesophases

and favourshe nematic phasbut decreasdsoth meltingpoint and clearing poiaby a significant

amount®
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1.4.1.2Alkyl Chain Odd -even Hfect

The alkyl chain length also plays an img@tt role in defining mesomorphproperties
Varying the alkyl chain length canffact properties such aemperature rargg mesphase
observedand viscosity3® The alkyl chain lengthféects the degree ohanosegregation of the
crystatlike cores andluid-like alkyl chains The lengthto-width ratio (aspect ratio) plays a major
role in controlling packing force©ne of the mosimportant factors to consider when varying
alkyl chain length is the odeveneffect, which is manifested gdding a single methylene unit

onto an alkylchain and the resulting effect dme alkyl chain volume.

avalla¥s O@J

Aspect Ratio Decreases Aspect Ratio Increases

Figure 1-13: Pictorial representation of the odgtlen effect by single additions of a methylene
unit.

As shown in Figure 1.3, adding methylene groups to an even numbered alkoxy chain
results in a decrease in aspect ratio, whereas addition to anuodzbred alkoxy chiaincreases
the aspect ratioln these case# is observed that the addition of a methylene group will cause
changes to molecular interactions and packing forces depending on the change in aspadt ratio
orientation of endyroupsof the liquid crystamesogert® For example a wektudiedmesogenic
scaffold 2-PhP-m/n, gives insight into the mesogenmcodifications byalkyl chain length. A

homologousseriesof 2-PhP-5/n is shownin Figure 114, which showsthe structure property
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relationshipof alkyl chain length as previously describednd the odekven effecin the melting

point3®

m/n
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Figure 1-14: Phase transition temperature of a homolsgseries 02PhP-5/n, demonstrating the
effect of varying the alkyl chain lengtim the melting point®

1.4.1.3Alky | Chain End-groups

Alkyl chain endgroups have déen found to have a significaetfect onliquid crystal

properties,such as mesophase temperatures, observed mesophases, anisoteopsrestyg of

other importanproperties® In recent studies, the Léenx groupand Goodby groupsave shown

that using specific endroups can change the overall propertiesapfidi crystal molecules and

promote critical liquid crystgproperties thatvere previously thought to be dominated byeeor
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core interactiond’38-3940415omeendgroupssynthesized by the Lemieux group and the Goodby

group are shown in Figure-15.

\ _O__ \ / \ \
/SI SI\O/S(\R /SI\/\>SI‘\/ |\/\R - 1\/’\‘R
o™k F7OR \/Si/\/\S(\R R

Figure 1-15: End-groups used to vary mesomorphic properties of cores.

Recent work by Godby et al., has showrthat the incorporation of branched tainal
chains (bulky engyroups)can tkermally stabilize the SmC phasg beducing free volume,
howeverif the endgroup is too bulkythe stability of the SmC phase is gtlg reduced, and in

some casethe molecules were found to have no mesomorphic propétties

Siloxane and carbosilane egtbups promote the formation of smectic phases by virtue of
nanosegregatioff. Nanosegregation is a fundamental part of mesophase formiitias.
previously discussd, without the nanosegregation between the cores and the alkyl chains, smectic
liquid crystals would not exist. In current studies, it has been found that nanosegregation can be
enhanced by adding an egtbup that is incompatible with both the alkyl ah@nd aromatic
cores®® When adding a nanosegregating @rdup one can essenliya achieve a three part
system, whichincreases lamellar order. The corresponding smectic mesophase tends to form
intercalated bayers, as shown in Figure116,*?> which suppesses the formation of the nematic

phase and promotes the formation of the smectic phases.
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Figure 1-16. Nanosegrgation in smectic liquid crystals with oligosiloxane egréoups??

To build a typical triblock mesogen, alkyhain em-groups may include fluorocarbon
carbosilane, or siloxane groups nanosegregating elementarbosilanes and siloxankave
decreased rotational energy about th®Sir StC bonds as shown in Figurel¥. The decreased
energy barrier of rotatioallows for the chain to rotate more freely with respect to the alkyl chain,
thus causing them to nanosegredat@n the other hand, perfluorinated alkyl chains are more rigid
than the corresponding alkyl {€) chainshavea higher rotational energy bar and thus a
narowing of the alkyl chain cone; this commonly knavn as the fluorophobic effedlesogens
containingcarbosilane and siloxarendgroups tend to have higher viscosity than their parent

compound, which affects switching time and aligntnen SSFLC applications. Although
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mesogens with perfluorinated alkyl chains édwver viscosity, they are difficuld align in cells

with rubbed polyimide substrate.
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Figure 1-17: Conformational energy profiles of aCbond(i), a GSi bond {i), and a SO bond
(iii).

The use of aromatic ergftoups in the rational design of new smectic liquid crystals may
hold ggnificant potential becausgon-covalent arenarene interactions can be finely tuned by
aromatic substitutionldnough there are only a few reports of arene terminated mesogens in the
literature. The first of these repartsy Grayet al, focused on the homologous series of phenyl
terminated alkyl 4benzylideneamino)cinnamates and revealed alternations in thaticem
isotropic transition temperatures and entropy of transition with increasing length and parity of the
phenytterminated alkyl chain that are significantly more pronounced than those normally

observed in the absence of a phenylgralip as shown in Bure 184
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Figure 1-18 Mesomorphic properties of pherg@rminated alkyl 4
(benzylideneamino)cinnamates.

As noted in a recent review by Imme al, this behavior is similar to that observed with
liquid crystal dimers, ah areneterminated mesogens may therefore be considered as structural

intermediates between conventional liquid crystal monomers and dimers.

1.4.2Nematic Promoting Factors

Nematic liquid crystals areharacterized by #ow orientational order and a lack of
nanoegregating elements. Nematic mesogensl to have smadllkyl chan lengths (35 carbon
units) and weakly interacting corts prevent core segregation and the foramabf layerss® An

example of a Noromoting core i€yanobiphenyl, which has a ngtanarstructurethat prevents
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strong corecore interactns in the liquid crystal phasehd@ cyano unit is criticdbr the formation
of the nematicphasebecause it increases the polarizabilapisotropyof the coré. The
cyanobifenylcan only accommodaone alkyl chainthuslimiting anylamellar order promoted
by nanosegregation of the alkyl chains from the cores. Ag dsrthe alkyl chaitength remains

relatively shortsmectic phases can be avoided.

CEHHCN

Cr 24 N 35 1

1.4.3SmA Promoting Factors

Smectic mesophases am@moted through an increase in lametiederand a higtdegree
of polarizability. The mectic A phasés promotedprimarily by amphilicity and is thought to be
favoured over the SmC phase daentropic factorsAmphilicity in thermotropic liquid crystal
is caused by a balance between amee interactions and alkyl chain fluidity. The liquid
crystalline cores cause areaeene interactions to drive the system towards crystalline behavior,
while the alkyl chains drive the system towards fluice lifropeties, which results idiquid
crystalline propertiesThe main entropicdctor is outof-layer fluctuaions (OLF), which allow
molecules to propagabetween layers of the SmA phaae,shown in Figure-19. Because of the
OLF mobility in the SmA phaseenthalpic contributiondo the free energy of the systdrom

corecore interactions are reduced
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Figure 1-19: Schematiaepresentation of the SmA phase anddatiiyer fluctuations.

Hence, in ordeto promote the mectic A fhase one must haveamellar order without
overly strongcorecore interactions that would suppressg-of-layer fluctuationsThese types of
liquid crystalstend to havanedium sized alkyl chaitengths (58 carbon units). Promoting the
smectic A mesophascan also be accomplishedibgreasing the alkyl chain lengtba nematic
mesogerand byimproving corecore interations of a weakly nanosegregatimgmatic promoting

core, as shown in igure £20 and Figure -R1.°

Cr18 N 351 Cr22 SmA 34 N 41 |

Figure 1-20: 4-pentyt4 -@yanobiphenyl and-heptyt4 -@yanobiphenyl.
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Improving corecore interactionfor SmA promotionis generally accomplished by
increasing the polarizability of a ngsfanar coreand thus increasing the amphiphilicity of the
system While the nematic phasean be promoted with biphenylsy @xample of a SmdctA
promoting core is fphenylpyrimidine because of the increase of polarizalfildgn a biphenyl
corewhile keeping the aromatic rings in a Rpkanar orientationlimiting core-coreinteractions

allowing forout-of-layer fluctuationg®

—N
ch4o©—( r\{>—OCSH17

Cr84 SmA 1171

Figure 1-21: Phase transitions &PhP-4/8, a SmA promoter.

The SmA phase may also be promotedulgh the use of alkyl chain emgloups.The
effect of the chlor@ndgroyp was originally attributed tpolar inteactions at the layer interface;
however, thisvas reently ruled ouby Ruparet al. in a study of stericallgquivalentseries of

chloroterminated 2phenypyrimidine mesogens (Figure2p).'®

N=— N=

QL8-8/8 Cr67 SmA 105 Iso QL8-6/10 Cr67 SmA 95 |

Figure 1-22 Two chloraterminated SmA mesogens.

Instead, the evidence suggests that the SmA promoting effeatised by the electron
withdrawing effect of the chloro ergtoup on the alkoxy chain, which reducelectrostatic
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repulsion betweealkyl chains asshown in Figure 23. The reduced electrostatic région of
the alkyl chains allovthe coredo move closer togethavithout having to tilt, which would be

costly in terms of entrop}?
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Figure 1-23. B3LYP/6-31G* level calculations of the electrostatic potential isosurfac@sRifP-
8/8 and the two chlorderminated-PhP-8/8 isomers:®

1.4.4SmC Promoting Factors

Structural factorpromoting the mectic C phasencludea planar core structure that has
high polarizaility, and strong coreore interactions to suppress the SmA phaaa examples
of SmC mesogens are shown in Figit24. The snectic C phase can typically beomoted with
an increase oalkyl chainlengths (8-12 carbons)which reduces coreore interations due to
entropic pressure and fawrs tilting to maximize coreore interactionsThe increase itamellar
order with longemlkyl chainlengthsis accompanied by decrese in out of layer fluctuations

The snectic C mesophaseau also be promoted/tstrengtheningorecore interagons. Typical
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SmC cors are plana andhighly polarizable for example Zphenylpyrimidine The smectic C
phase can also omoted through the use nanosegregatinglkyl chain endgroups. Alkyl
chainend-groups such aa trisiloxane or tricarbosilansan be used to increase nargysgration
of the mesogen thus causing the promotion of the SmC pbhaat shorter chain lengths.

Nanosegregation suppresses-allayer fluctuations and reduces the entropic cost of molecular

tilt. 3
\S'/O\S'/ \S./
N— - \ ™A N=
o7\
H17C804©_<\ }OCSHW N/ (CH2)110‘©_<\ }OCBH17
N N
Cr533SmC 93 SmA 101 N 102 | Cr38Cr'42SmC 92|

Figure 1-24: 2PhP-8/8 andTriSi -2PhP5-11/8 Two common SmC mesogefts.

1.5The Chiral SmC* Phase

The liquid crystals that have bediscussed so far are achir@hiral liquid crystals have
unique properties because of thes of symmetry in the bulk phaSehere ardwo different wag
to promote chiral mesomorpHiehavior. The first is to synthesiaehiral mesogen anti¢ second
is to add a chiral dopant to an achiral liquid crys@hiral dopants can be used in vemall
guantitieso induce chirality in the bulk of the liquid crystal phaaad do not necessarily have to

be mesogenic themselves

The chiral snectic A phase is comparable the achiral smectic A phase witlspect to
molecular orientationOn the othehand, he chiral snectic C phase in the bulk is characterized

by a helical sructurein which the directon precesses @t z from onelayer to the next, as shown
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in Figurel-25. The SmC* helix is characterized bypstch that is normally on the ordef a few
microns Another manifestation of chirality at the macroscopic level in the SmC* phase is

spontaneous polar ordering.

\\\\\\\
;:'\*,\‘0'6\.\‘ e
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400044
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Figure 1-25: The graphical representation of the bulk SmA* ph&efd transitioning into the bulk
helical SmC* phase, in which the helicalghitcauses aet spontaneous polarization of figlt)

1.5.1The Molecular Origins of Ps

Thus far, thespontaneous polarization has been defined usm@gogens ashard
spheroglinders While it is convenient to thinkf liquid crystals as hard spherocylindetisey
lack the molecular definitiorequired to understand the molecular orsghPs. Walba and Clark
devdoped the Boulder model in 198® describe the molecukevel behavior leading to
spontaneous polaaton. The model allows for genenadedictions of sign and relative magnitude

of Ps for chiral SmC materials®’4®

The Boulder model uses conformational analysis to predict the direction and relative
magnitude of polarizatiom materials. The model agmes thamolecules in the SniCphase are
orientedwith the sidechains infully extended alanti conformatiors, resulting in azigzag
geometry*95°
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This orientatioal ordering is modeled by a meérld potetial with a bent cylinder
(zigzag) shape ¢€n refered to as a binding sitey analogy with hosguest chenstry. The binding
siteis assumed to have the same basic shape for all SmC materials, and is mirror syeneretric

for the chiral SmC* phase witie chiral guest irthe binding siteas shan in Figure 126.

-
'\ s
A

Figure 1-26: A bentcylinderbinding site proposed in theoBlder model, specifying the direction
of the layer normal, the director and ther@ational axis.

Cd

The transverse moleaul dipolescontribute tolhe spontaaous polarization in smectic C* phase
provided that the dipolagroupsare locatedhear astereogenic center. According to theuBler
mode] the sign and magnitude of the spontaneous polarization can be determined byrexamini
the predominantonformation of the chiral segmeand its associated dipolgroup*’ The
spontaneous polarization can be expressed in termsletular dipoles according émuation 1

2.47

D u, ROF.
PS _ z T;lll i

(eq. 12)
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whereUis the dielectric constant for the material and, foritheonformationpP; is the molecular
number density; is the componentf the dipole moment @ng the G axis, andROF is the
rotational orientation factor which is a measure of the degfreatational order imposed on the

zigzag conformation by the binding sffe.

An important part of the equation is tROF. The ROF does not equal zero fqolar
functional groups that are sterically coupled to the stereocenter. bldrefnctional goup is not
coupledto the sterogenic center and there is no orientationg| thi@ROF equat 0 and will not

contribute to spontaneous polarization of the matéfial.

For examplethe Boulder model has beshownto predictthe sign of the polarization
induced by4-octyloxypheny4((2S)oct-2-yloxy)benzoateln this particular casét can be noted
that thee are several polar groufizat could contribute to the overall spontaneous polarization
including two ethers and an estgroup It can be seen #t the octyloxy and the ester functional
groups are too far awaydim the stereogenic center to contribistehe spontaneous polzation.
We can then analyze each stable conformer, which showthénatare three different q@ana
staggered conformains about the GZ3 bond. Sine one of the thredipolemomentdies in the
tilt plane it camot contribute to the spontanegoslarization If we analyze the remaining two
conformers as shown in fgure :27, we can see that one of the two conformersnae
energetically stable due to the antatenship between theethylgroup at the stereogenic center
and the alkyl side chain. In this casenegative spontaneous polarizati@sultsdue tothis

favoured conformatigrwhichagrees with experimentedsults*’
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Figure 1-27. Conformations contributing to the spontaneous polarizaifofitoctyloxypheny
4((2S)oct-2-yloxy)benzoate The dashed box is representative of the tilt plane. The transverse
dipole moment direction isepresented by the arrow, pointing from the negative to the positive
direction, which isonsistentvith the physics convention for dipole mometits.

1.5.2Surface Stabilization of the Smectic C* Rase

In 1980, Clark and Lagerwall showed that it was possiblenteind the SmC* helix by
surface stabilizatio”! To unwind the helix, the SmC* phase must be aligned in between two glass
slides that are separated by a distance equal or less thaglita pitch of the SmC* material
which is typically a few microg) and that have a parallel rubbed polymer film as alignment
substrate. In this surfacabilized stateshown in Figure -8, the SmC* phase exhibits a net

spontaneous polarization, which can be coupled to an applied electric field (vidéliBeapuse
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