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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. The application of 

SSFLCs in large LCD devices such as TVs has been hindered due to a layer contraction at the 

smectic A-smectic C transition. The layer contraction leads to buckling of the smectic layers and 

results in zigzag defects. These zigzag defects degrade optical quality of ferroelectric liquid crystal 

(FLC) films. So-called óde Vries-likeô liquid crystals with a smectic A-smectic C layer contraction 

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

In the first section of this thesis, we show that one can tune mesomorphic properties in 2-

phenylpyrimidine liquid crystals by addition of a nanosegregating phenoxy end group. In this 

study, it was shown that nanosegregation can be used to exaggerate the difference in mesophase 

properties in sterically equivalent isomers. The study also showed that the effect of 

nanosegregration is not always Smectic C promoting and that, although it may decrease 

orientational order, it is not the only prerequisite to óde Vries-likeô properties in calamitic 

mesogens. Next, we investigated the phenoxy end group through substituent effects. In this study, 

it was discovered that the SmC phase can be promoted through increased intermolecular 

interactions that decrease out of layer fluctuations.  

We also showed that phenoxy-terminated mesogens exhibit extremely low optical tilt 

angles for the SmC phase, on the order of ~10 degrees, which were not consistent with the observed 

layer spacing obtained from X-ray diffraction experiments. In attempts to determine their true 

optical tilt angle, these mesogens were doped with chiral dopants and electro-optical switching 

experiments showed higher optical tilt angles. The phenoxy-terminated mesogens were shown to 
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have a high pre-tilt angle due to surface interactions with the glass slide. The increased optical tilt 

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

Finally, we investigated the possibility of using SmC-N materials for use as an alignment 

pathway in SSFLC devices. The fluorophenoxy end group was added to a 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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Chapter 1: Introduction 

Typically, students are taught that there are only three distinct phases of matter: Solid, 

Liquid and Gas. Solids have a high degree of translational, rotational, positional and directional 

order. On the other hand, isotropic liquids and gases are completely disordered. In some materials, 

there are phases which do not exhibit a high degree of translational, rotational, positional and 

directional order, but these same materials are not completely disordered. These in-between phases 

are defined as mesophases. Compounds that exhibit these mesophases are either called soft crystals 

if they are more ordered and thus more crystal-like, or liquid crystals (LCs) if they are less ordered 

and more liquid-like. Liquid crystal phases, unlike soft crystals, exhibit long-range ordering while 

keeping their fluid-like properties.  

Liquid crystalline phases were first observed by an Austrian botanist named Reinitzer in 

1888.1 Since then, liquid crystals have been studied on academic and industrial levels. Liquid 

crystals are best known for their applications in liquid crystal displays (LCD). Liquid crystals have 

dominated the market because of their ability to be easily customized. It is important to note that 

liquid crystals can also be used for a wide variety of applications such as liquid crystal 

thermometers2, optical imaging and recording3, photovoltaics4, and synthetic medical 

applications.5 

Twisted nematic liquid crystals have dominated the LCD market since the discovery of 

cyanobiphenyl nematic mesogens by G.W. Gray.6 Grayôs nematic liquid crystal 5CB (Figure 1-1) 

was the first stable, room temperature mesogen to have optimal properties for display applications. 

While twisted nematic LCD devices have been commercialized, they are not, theoretically, the 

best liquid crystal mesophase for display applications. Twisted nematic devices tend to have a slow 
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switching time and a narrow viewing angle. To address problems with power consumption, 

switching time and viewing angle, a new type of LCD device has been developed: the Surface 

Stabilized Ferroelectric Liquid Crystal (SSFLC) device based on chiral Smectic C (SmC*) liquid 

crystals. This thesis focuses on the origin of Smectic C phase formation in calamitic liquid crystals 

in terms of the van der Waals interactions and molecular functionalization required for the Smectic 

C phase, and the further investigation of so-called óde Vries-likeô properties for SSFLC 

applications. In this work, we studied the interplay between core-core interactions and interaction 

of end-groups at layer interfaces and their effect on mesomorphic properties.  In addition, we 

discovered and investigated an easily customized nanosegregating end-group to better understand 

the role of nanosegregation in mesomorphic properties and its role in óde Vries-likeô behavior.  

1.1 In troduction to Liquid C rystals 

There are two main types of liquid crystals, which are called lyotropic and thermotropic 

liquid crystals. Lyotropic liquid crystals are formed when combined with a solvent; these 

mesophases are concentration and temperature dependent. Lyotropic liquid crystals can be found 

in soap and in many biological systems, including cell membranes.7 In such systems, amphiphilic 

molecules are solvated, which imposes order into the system, often by virtue of 

hydrophobic/hydrophilic forces. Lyotropic liquid crystals will not be discussed further in this 

thesis. The second type of liquid crystals are called thermotropic liquid crystals, which exhibit 

mesomorphic properties that are solely dependent on temperature. Thermotropic liquid crystals 

can be either enantiotropic or monotropic. Enantiotropic mesophases are observed on heating and 

cooling and are thermodynamically stable. Monotropic mesophases are not thermodynamically 

stable and they appear only on supercooling below the melting point of the compound. Examples 

of common lyotropic and thermotropic liquid crystals are shown in Figure 1-1. 
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Figure 1-1: Sodium dodecanoate, a common lyotropic liquid crystal found in soap (left) and 4ô-

pentylbiphenyl-4-carbonitrile (right), a common thermotropic mesogen.  

   

Thermotropic mesogens are generally characterized by their molecular shape. There are 

four main shape classes of thermotropic mesogens, which are shown in Figure 1-2. The molecular 

shape of liquid crystals is important for two reasons. The first reason is that the shape of the 

materials affects how the mesogens pack, which affects what mesophase is observed. The second 

reason is shape anisotropy, which reduces the symmetry of non-covalent interactions, resulting in 

unique properties such as birefringence and dielectric anisotropy. The first class of liquid crystals 

is calamitic liquid crystals; formed by mesogens that are rod-like in shape, with a rigid aromatic 

core and one or two alkyl chains. Calamitic liquid crystals tend to form smectic (Sm) and nematic 

(N) mesophases, which will be described later in the thesis. The second class of mesogen is called 

discotic liquid crystals; formed by molecules that are disk-like in shape, with circular aromatic 

cores and alkyl chains extending away from the core.  
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Figure 1-2: Examples of calamitic, polycatenar, discotic, bent-core mesogens. 

 

These mesogens normally form columnar mesophases in which mesogens self-assemble into 

columns by stacking on top of each other. The third class of liquid crystals is polycatenar liquid 

crystals, which are formed by mesogens that have rod-like cores but have multiple alkyl chains 

which extend in multiple directions relative to the long axis of the molecule. Polycatenar liquid 

crystals are typically thought of as a hybrid of disc-like and rod-like liquid crystals, but normally 

exhibit columnar mesophases. Discotic and polycatenar liquid crystals are generally investigated 

for their potential in photovoltaics applications. The fourth class of liquid crystals is bent-core 

liquid crystals, which are formed by rod-like mesogens commonly described as banana shaped. 

These mesogens tend to form smectic phases.  This thesis focuses on thermotropic calamitic 

mesogens. 
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1.2 Thermotropic Calamitic Mesogens  

Calamitic liquid crystals are formed by rod-shaped mesogens. The typical structure of a 

calamitic mesogen is shown in Figure 1-3. Calamitic mesogens tend to have a scaffolding of two 

or more aromatic rings (Ar) with one or two aliphatic side chains or alicyclic groups at positions 

R1 and R2. While calamitic mesogens do not require linking groups X, Y, and Z, typically linking 

groups can be added between the aromatic rings or the aromatic rings and the aliphatic side 

chain(s). Common linking groups in calamitic liquid crystals include ester, ether, imine, ethenyl, 

ethynyl, methyleneoxy, or dimethylene groups.8 Linking groups may extend the length of the 

molecule and distinctly modify mesomorphic properties without changing the overall rod-like 

shape of the mesogen.  

 

Figure 1-3: The general structure of a calamitic mesogen. 

 

Calamitic mesogens can be modified in a variety of ways. Simple modifications can be 

achieved through substitution of terminal groups, linking groups, lateral groups, or aliphatic side 

chain groups. Lateral substitution can be achieved by the addition of substituents on the Ar groups 

(Figure 1-3), while terminal and aliphatic side chain substitution can be accomplished through 

substitution of the X, Y, Z, R1 and R2 positions. A wide variety of substituents have been used to 

modify mesomorphic properties including but not limited to CN, F, Cl, Br, NO2, and CH3.
9,10 

Modification of the mesogens using these substituents affect not only mesomorphic properties, 
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such as melting point and clearing point but also physical properties such as dielectric anisotropy, 

optical anisotropy and visco-elastic properties.  

Thermotropic calamitic mesogens exhibit a wide variety of mesomorphic properties. As 

previously stated, they form two main types of mesophases. The first is the nematic phase, which 

is described as a group of molecules that, on the time average, are oriented in one direction, referred 

to as the director n, without forming layers. The second type of mesophase are called smectic 

phases, which are described by molecules having orientational order, like the nematic phase, but 

the molecules are also organized into layers.  There are many different types of smectic 

mesophases including the smectic A (SmA), smectic C (SmC), smectic I (SmI), smectic F (SmF), 

and smectic B (SmB) phases. The different designations of the smectic phases describe the internal 

ordering of the molecules within the smectic layers. The three most commonly observed and most 

important mesophases used in liquid crystal display (LCD) applications are the nematic (N), 

smectic A (SmA) and smectic C (SmC) mesophases. The ordering of these three phases are 

described schematically as groups of hard spherocylinders in Figure 1-4. 

 

Figure 1-4: Schematic of liquid crystal mesophases as hard spherocylinders. 
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1.2.1 The Nematic Phase 

Nematic liquid crystals are currently used in a wide variety of LCD applications.11 The 

nematic phase is a mesophase in which molecules are oriented in one direction. These molecules 

are aligned on the time average along the director (n). The lack of translational order in the nematic 

phase results in a relatively low viscosity and fluid behavior. The ordering of the nematic phase is 

characterized by an orientational order parameter (S2). The order parameter S2 is a measure of the 

orientational order about the director n according to equation (eq. 1-1), where — is the angle formed 

by the long axis of a single molecule and the director n, which represents the average direction of 

all of long molecular axes.12 

 

   Ὓ σ ὧέί  ρ    (eq. 1-1) 

 

The orientational order parameter, S2 ranges from 0 to 1: if the orientational order 

parameter is 1, the molecules are perfectly ordered along the director (n); if the orientational order 

parameter is 0, the molecules are completely disordered. Typically the orientational order 

parameter for the nematic phase is between 0.4 and 0.7.11 The nematic phase is easily characterized 

by texture analysis using polarized optical microscopy (POM), as shown in Figure 1-5. The 

nematic phase shows distinct textures when viewed on an untreated glass slide under a polarized 

optical microscope, including a Schlieren texture that exhibits brushes and point defects, and a 

planar ómarbleô texture. 
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Figure 1-5: Polarized photomicrograph of a Schlieren texture characteristic of the nematic phase. 

 

1.2.2 The Smectic A Phase 

In the smectic A phase, mesogens are oriented along a director (n) and are organized in 

diffuse layers; the director n is parallel to the layer normal z. Although molecules in the smectic 

layers have some degree of translational order, they are rotationally disordered about n. The 

increase in translational order causes the smectic A phase to be more viscous than the nematic 

phase. The orientational order parameter S2 for a conventional Smectic A phase is ~0.7-0.8.11 The 

smectic A phase is characterized by the formation of focal-conic fan textures and dark homeotropic 

domains when viewed by polarized optical microscopy. In these homeotropic domains, the 

molecules are oriented vertically on the glass slide and do not exhibit birefringence. In a planar 

orientation, the molecules exhibit birefringence and form a focal-conic fan texture due to the 



9 

 

formation of layers (Figure 1-6). Birefringence is an optical phenomenon which will be discussed 

later in the thesis. 

Figure 1-6: Polarized photomicrographs of fan texture below and homeotropic domains 

characteristic of the SmA phase (left) and broken fans and Schlieren textures characteristic of the 

SmC phase (right) 

 

1.2.3 The Smectic C Phase 

The smectic C phase is a tilted form of the smectic A phase. The SmC phase exhibits 

orientational order about the director n and has a layered structure like the SmA phase, but the 

director n is tilted at an angle — with respect to the layer normal z. The tilt of the SmC phase is 

dependent on temperature and increases with decreasing temperature. The Smectic C phase can be 

identified under polarized optical microscopy by its characteristic Schlieren and broken fan 

textures. The grey Schlieren texture arises from the homeotropic domains of the SmA phase when 

the molecules are aligned vertically on the slide; as the temperatures decreases, the molecules tilt 

and the Schlieren becomes more pronounced as the molecules become more birefringent. The 



10 

 

broken fan texture is formed from the fan texture of the SmA phase due to the formation of tilt 

domains of opposite orientation; when the SmC phase forms directly from isotropic liquid or 

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

1.3 Origin of Tilt in the Smectic C Phase 

 The origin of tilt in the Smectic C phase has been described by a variety of models over 

the years.13,14,15 It is important to note that the different theories that have been proposed do not 

necessarily contradict each other and that one theory alone may not be enough to describe the 

origins of tilt. It is generally thought that several of the factors postulated in the following models 

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

1.3.1 The McMillan Model  

The earliest description of the origin of tilt in the SmC phase tilts was by McMillan, who 

proposed that the SmC phase arises due to dipole-dipole interactions of polar groups such as ethers 

or esters which link the core to the side chains.13 The hypothesis was based on the observation that 

4,4ô-di-n-alkoxyazoxybenzene mesogens form SmC phases, but 4,4ô-di-n-alkylazoxybenzene 

mesogens do not.16 McMillan proposed that the rotational order about n increases with decreasing 

temperature and results in a coupling of so-called ñoutboard dipolesò that creates an induced torque 

causing tilt in the SmC phase, as shown in Figure 1-7; however, it was later shown that the model 

is not general after subsequent discoveries that ñoutboard dipolesò are not required for the 

formation of the Smectic C phase in a variety of compounds.17 
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Figure 1-7: Schematic representation of the McMillan Model of the origin of the tilted SmC phase. 

 

1.3.2 The Wulf Model 

According to the Wulf model, the predominant interactions in the SmC phase are steric 

interactions and depend on packing forces.14 The Wulf model neglects the ñoutboard dipoleò 

arguments of the McMillan model and argues that simple molecular shape and rotational freedom 

of each molecule drives the tilt in the SmC phase. In this model, the average molecular shape of 

the SmA phase is defined as cylinders, which is representative of the fact that molecules in the 

SmA phase can rotate around their long axes freely. On cooling into the SmC phase, molecular 

rotation around the long axis is hindered due to packing forces and steric interactions. In such a 

system, the shape of a rod-like mesogen is represented by a zigzag shaped bent cylinder, which 

corresponds to the lowest energy conformation in a rod-like mesogen. Wulf then compares the 

lowest energy conformation of packing zigzags, which involve tilting the molecular long axes, as 

shown in Figure 1-8.  
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Figure 1-8: Schematic representation of the Wulf model of the origins of tilt in the SmC phase. 

 

1.3.3 The Entropic Pressure Model 

Recently, the Boulder group led by Clark and Walba proposed that the driving force for 

tilting in the SmC phase is due to ñentropic pressureò, which is the force exerted on alkyl chains 

by the other alkyl chains in opposition to the favourable van der Waals interactions of the aromatic 

cores, and the effect of alkyl chain extension on conformational degrees of freedom.15 Tilting also 

increases the average cross-section of the core, which would increase the amount of van der Waals 

interactions in the system and compensates for the entropy loss due to a suppression of out-of-

layer fluctuations (vide infra) and increase in rotational order about n, as shown in Figure 1-9.  



13 

 

 

Figure 1-9: Schematic representation of the Entropic Pressure model on the origins of the tilted 

SmC phase. The conformational space of the aliphatic chains is approximated by conical volumes. 

 

 The entropic pressure model suggests that there is a balance between core-core interactions 

and conformational disorder of the alkyl chains, and this balance is observed through the molecular 

tilt as increased alkyl chain length.18 The evidence of this model is shown by the lengthening of 

alkyl chains favouring the SmC phase over the SmA phase due to conformational disorder of the 

alkyl chains.19 The longer the alkyl chain, the more conformational degrees of freedom are 

available than from a shorter alkyl chain. The longer alkyl chain therefore occupies more 

conformational space and forces the rigid aromatic cores farther apart in the diffuse lamellar 

structure of an orthogonal SmA phase.15 According to the entropic pressure model, free energy 

can be minimized when tilting in the SmC phase and by a balance between the entropic pressure 

caused by conformation disorder of the alkyl chains and the van der Waals interactions of the 

aromatic cores.  
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1.4 Structure-Mesomorphic Property Relationships 

In SSFLC device applications, the main mesomorphic properties to be optimized are 

mesophase temperature range, viscosity, optical tilt angle, birefringence, helical pitch, 

spontaneous polarization, and bookshelf geometry (vide infra). An important part of the design of 

Smectic C liquid crystals materials for SSFLC applications is creating a library of compounds with 

complementary properties. Typically, liquid crystal materials for SSFLC applications are mixtures 

of liquid crystal compounds to achieve optimized device characteristics. Hence, it is important to 

understand structure-property relationships in developing new materials for SSFLC material 

mixtures. 

1.4.1 Structural E lements and Their Effect on Mesomorphic Properties 

Studies have shown that tuning mesomorphic properties can be achieved primarily by 

varying core-core interactions and alkyl chain lengths.20,21,22 In recent years, studies have also 

shown that another factor affecting properties is the use of end-groups on the alkyl chains.18,22 In 

varying the functionalization at the end of the alkyl chain, one can promote different mesophase 

characteristics while maintaining the same aromatic structural core and alkyl chain lengths, which 

allows for unique optimization of properties for a given mesophase. It is important to consider the 

promotion of liquid crystal phases as a delicate balancing act for two reasons. The first is that 

liquid crystals are not restricted to forming one mesophase, and when one seeks to promote a 

particular mesophase, it is common to see other mesophases appear.  The second reason is that, if 

one attempts to promote more ordered mesophases, a soft crystal or crystalline phases may result; 

However, attempting to promote less ordered phases can result in an isotropic liquid phase instead 

of the desired mesophase.  
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1.4.1.1 Core-Core Interactions      

Typically, the core of a thermotropic calamitic mesogen contains two to three aromatic 

rings in a linear geometry. The core of a liquid crystal is the dominant structural element in 

selecting mesogen characteristics. The structure of the core can be customized by varying 

attributes such as planarity, dipole moment, and polarizability, which allows for a wide variety of 

cores to be considered in liquid crystal synthesis depending on what type of mesomorphic 

properties are required for the device. Studies of the aromatic core subunit in liquid crystals have 

shown that mesomorphic properties are incredibly sensitive to structural variations.8 For instance, 

a subtle change such as substituting a 2-phenylpyrimidine (2-PhP) core with a 5-phenylpyrimidine 

(5-PhP) core can change the mesophase from SmC to SmA, as shown in Figure 1-10.23 Aromatic 

fluoro substitution is a powerful approach to tune the mesomorphic properties of nematic and 

ferroelectric liquid crystals for display applications because of their unique combination of small 

size, low polarizability, high polarity, and high chemical stability.8 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) display applications, and 

achiral SmC liquid crystals with low viscosity and high resistivity. Notably, the development of 

difluoroterphenyl mesogens by Gray et al. proved to be a major innovation in LCD technology 

that also demonstrated how mesomorphic properties can be drastically modified by changing the 

positions of fluoro substituents on the terphenyl core (vide infra).24,25 
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Figure 1-10: Two isomers 2-PhP-4/8 and 5-PhP-4/8, and their mesomorphic properties.  

 

While modification of calamitic liquid crystals can be accomplished with a wide variety of 

substituents, such as CH3, OCH3, Cl, Br, CN, and NO2, the most common substituent is fluorine. 

The fluorine group is interesting due to its unique polar and steric properties. The fluorine group 

is the second smallest atom substituent next to hydrogen, which minimizes steric changes. 

Substituents such as carbon, nitrogen, and oxygen tend to require other bonded atoms that give 

them much larger sizes compared to fluorine. While fluorine is the smallest substituent, it is also 

a highly electronegative element (3.98), which shows in the large C-F dipole moment (1.41D), that 

allows for specific control of dielectric anisotropy.8 The fluorine group also has a very low 

polarizability compared to hydrogen and the other halogens. The lower polarizability of the 

fluorine group may cause a decrease in strength of intermolecular dispersive forces relative to the 

parent system. The C-F bond also has a bond dissociation energy of 115.7 kcal/mol, which 

contributes to a high degree of stability.  

The tuning of mesomorphic properties using a fluorine group is highly dependent on its 

location on the aromatic core. A single fluoro terminal substitution was first studied in 1925 by 

Bergt.26 Terminally substituted cores with cyano, nitro, and fluoro groups were assumed to 

increase the clearing point of liquid crystals by virtue of their high polarity. The research showed 

that terminally substituted cores with cyano, nitro and fluoro groups promote the nematic phase, 

and that terminally substituted cores with cyano and nitro groups have higher clearing points than 
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the respective liquid crystal parent compounds. However, the fluoro substituent does not stabilize 

the mesophase particularly well, as shown in Table 1-1. The noted difference between the cyano, 

nitro and fluoro substituents is the low polarizability of the latter. Although the terminal fluoro 

group increases the positive dielectric anisotropy, it does not significantly increase the 

polarizability anisotropy, thus destabilizing the mesophases. The single fluoro substituent also 

does not significantly increase the length to width ratio of the molecule, which is a major factor in 

stabilizing mesophases. 

 

Table 1-1: The effect of a terminal substituent on mesomorphic properties.8 

 

Substituent Transition Temperatures (ʐὅ 

a Cr  N  I 

F ¶  156 ¶  222 ¶  

CN ¶  169 ¶  312 ¶  

NO2 ¶  180 ¶  289 ¶  

 

The introduction of a second fluoro group lateral to the terminal position of the aromatic 

core, as shown in Figure 1-11, tends to further decrease the melting and clearing points while only 

slightly increasing the dielectric anisotropy.27 Introduction of a third fluoro group further increases 

the positive dielectric anisotropy due to the symmetric nature of the two lateral fluoro groups. 

Another option for adding additional fluoro groups to a mesogen is to add a fluorinated alkyl or 
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alkoxy chain as end-group. The addition of small alkyl terminal groups on the mesomorphic core 

such as -CF3, -OCF2H, -and OCF3 further increases the positive dielectric anisotropy, although the 

addition of these fluoro groups causes an increase in the clearing point and promotes the formation 

of smectic mesophases due to an increase in the length to width ratio of the mesogen.28,29  

 

 

Figure 1-11: The effect of terminal fluorination on mesomorphic properties.27 

  

In 1954, Gray reported the first examples of laterally substituted LCs with simple 4-alkoxy 

benzoic acids.30 Lateral substitution of liquid crystalline compounds has been widely investigated. 

In calamitic liquid crystals, any lateral branching of the mesomorphic core disrupts intermolecular 

packing interactions. The size of the substituent is one of the most important factors in lateral 

substitution of liquid crystals, as expressed in terms of van der Waals volume.30 The fluoro 

substituent is unique because its small size allows for minimal disruption of interactions due to 

sterics.8 A laterally fluorinated core is therefore reasonably stable and can be used to promote 

liquid crystallinity better than other larger substituents.31 A lateral fluoro substituent also allows 

access to materials with lower melting and clearing points, and with negative dielectric 
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anisotropy.32 The effect of larger lateral halogen substituents includes a decrease of both the 

stability of smectic phases and a decrease of melting and clearing points, as shown in Table 1-2.9 

Mesomorphic properties are also highly affected by the position of the fluoro substituents. 

If the fluoro group is located near the terminal end of the aromatic core, called outer-edge 

substitution, the fluoro group can fit into the free volume between the alkyl chain and the core, 

thus reducing the disruption in packing interactions significantly. A fluoro substituent near the 

center of the core, called inner-core substitution, tends to increase packing disruptions and thus 

greatly destabilizes liquid crystalline mesophases, particularly in smectic materials.33,34 

Terphenyl smectogens provide a unique opportunity to examine the effect of lateral 

fluorination in calamitic liquid crystals.24 The terphenyl scaffold has very high polarizability and 

length to width ratio, thus allowing for multiple fluoro substituents with different substitution 

patterns without completely destabilizing the mesophases.34 As previously described, there are two 

main types of fluoro substitution, inner-core substitution and outer-edge substitution. Single fluoro 

substitution in the inner-core causes disruption in side-by-side packing arrangements, 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 lateral substitution on mesomorphic properties.9 

 

Substituent Transition Temperatures (ʐὅ van der Waals Volume 

(ᴠ 

a Cr  Sm  N  I  

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 

 

Inner-core fluoro group(s) also increase the dihedral angle between aromatic rings, which 

decreases the polarizability of the liquid crystal core, and reduces both melting and clearing points 

compared to the parent system. Lateral fluoro substitution can reduce the symmetry of the 

mesogen, which tends to favour the formation of a tilted SmC phases over the orthogonal SmA 

phase.34 The dissymmetric fluoro effect can be enhanced when a fluoro group is added to the 

terphenyl scaffold that has an ether linking group, which increases the lateral dipole moment that 

tends to favor the smectic C phase, which is demonstrated in Figure 1-12.  
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Figure 1-12: The effect of lateral fluoro substitution the mesomorphic properties of terphenyl 

mesogens.8 

 

When the fluoro group is positioned farther away from the ether linking group on the 

terphenyl scaffold, the stability of the smectic C phase increases. Two inner-core fluoro 

substituents further enhance the nematic character in terphenyl liquid crystals due to increased 

twisting, and a decrease in packing interactions that destabilizes the smectic phases. An increase 

in alkyl chain length can stabilize smectic phases; a strategy used in LC synthesis to increase the 

length to width ratio of the mesogen. When both fluoro groups are at the outer edge of the core, 

the increase in molecular width is less pronounced than in inner-core substitution due to the 

available free volume, as previously described. The strong transverse dipole moment and increased 

packing interactions in outer-edge substituted terphenyl mesogens compared to the inner-core 

substitution help stabilize the smectic phases, particularly the tilted SmC phase. The addition of 

three fluoro groups on terphenyl mesogens causes a decrease in the stability of smectic mesophases 

and favours the nematic phase, but decreases both melting point and clearing points by a significant 

amount.8  
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1.4.1.2 Alkyl Chain Odd -even Effect 

The alkyl chain length also plays an important role in defining mesomorphic properties. 

Varying the alkyl chain length can affect properties such as temperature range, mesophase 

observed, and viscosity.35 The alkyl chain length affects the degree of nanosegregation of the 

crystal-like cores and fluid-like alkyl chains. The length-to-width ratio (aspect ratio) plays a major 

role in controlling packing forces. One of the most important factors to consider when varying 

alkyl chain length is the odd-even effect, which is manifested by adding a single methylene unit 

onto an alkyl chain and the resulting effect on the alkyl chain volume.  

 

Figure 1-13: Pictorial representation of the odd-even effect by single additions of a methylene 

unit.  

 

 As shown in Figure 1-13, adding methylene groups to an even numbered alkoxy chain 

results in a decrease in aspect ratio, whereas addition to an odd-numbered alkoxy chain increases 

the aspect ratio.  In these cases, it is observed that the addition of a methylene group will cause 

changes to molecular interactions and packing forces depending on the change in aspect ratio and 

orientation of end-groups of the liquid crystal mesogen.35 For example a well-studied mesogenic 

scaffold 2-PhP-m/n, gives insight into the mesogenic modifications by alkyl chain length. A 

homologous series of 2-PhP-5/n is shown in Figure 1-14, which shows the structure property 
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relationship of alkyl chain length, as previously described, and the odd-even effect in the melting 

point.36 

 

 

Figure 1-14: Phase transition temperature of a homologous series of 2PhP-5/n, demonstrating the 

effect of varying the alkyl chain length on the melting point.36 

  

1.4.1.3 Alky l Chain End-groups  

Alkyl chain end-groups have been found to have a significant effect on liquid crystal 

properties, such as mesophase temperatures, observed mesophases, anisotropy and a variety of 

other important properties.18 In recent studies, the Lemieux group and Goodby groups have shown 

that using specific end-groups can change the overall properties of liquid crystal molecules and 

promote critical liquid crystal properties that were previously thought to be dominated by core-
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core interactions.37,38,39,40,41 Some end-groups synthesized by the Lemieux group and the Goodby 

group, are shown in Figure 1-15. 

 

 

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

 

 Recent work by Goodby et al., has shown that the incorporation of branched terminal 

chains (bulky end-groups) can thermally stabilize the SmC phase by reducing free volume, 

however if the end-group is too bulky, the stability of the SmC phase is greatly reduced, and in 

some cases the molecules were found to have no mesomorphic properties.41 

Siloxane and carbosilane end-groups promote the formation of smectic phases by virtue of 

nanosegregation.42 Nanosegregation is a fundamental part of mesophase formation.43 As 

previously discussed, 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 end-group that is incompatible with both the alkyl chain and aromatic 

cores.39 When adding a nanosegregating end-group, one can essentially achieve a three part 

system, which increases lamellar order. The corresponding smectic mesophase tends to form 

intercalated bilayers, as shown in Figure 1-16,42 which suppresses the formation of the nematic 

phase and promotes the formation of the smectic phases.  
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Figure 1-16:  Nanosegregation in smectic liquid crystals with oligosiloxane end-groups.42 

 

To build a typical triblock mesogen, alkyl chain end-groups may include fluorocarbon, 

carbosilane, or siloxane groups as nanosegregating elements. Carbosilanes and siloxanes have 

decreased rotational energy about the Si-O or Si-C bonds as shown in Figure 1-17. The decreased 

energy barrier of rotation allows for the chain to rotate more freely with respect to the alkyl chain, 

thus causing them to nanosegregate.42 On the other hand, perfluorinated alkyl chains are more rigid 

than the corresponding alkyl (C-H) chains have a higher rotational energy barrier and thus a 

narrowing of the alkyl chain cone; this is commonly known as the fluorophobic effect. Mesogens 

containing carbosilane and siloxane end-groups tend to have higher viscosity than their parent 

compound, which affects switching time and alignment in SSFLC applications. Although 
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mesogens with perfluorinated alkyl chains have lower viscosity, they are difficult to align in cells 

with rubbed polyimide substrate.    

 

 

Figure 1-17: Conformational energy profiles of a C-C bond (i), a C-Si bond (ii ), and a Si-O bond 

(iii ). 

 

The use of aromatic end-groups in the rational design of new smectic liquid crystals may 

hold significant potential because non-covalent arene-arene interactions can be finely tuned by 

aromatic substitution although there are only a few reports of arene terminated mesogens in the 

literature. The first of these reports, by Gray et al., focused on the homologous series of phenyl-

terminated alkyl 4-(benzylideneamino)cinnamates and revealed alternations in the nematic-

isotropic transition temperatures and entropy of transition with increasing length and parity of the 

phenyl-terminated alkyl chain that are significantly more pronounced than those normally 

observed in the absence of a phenyl end-group, as shown in Figure 1-18.44 
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Figure 1-18: Mesomorphic properties of phenyl-terminated alkyl 4-

(benzylideneamino)cinnamates. 

 

 As noted in a recent review by Imrie et al., this behavior is similar to that observed with 

liquid crystal dimers, and arene-terminated mesogens may therefore be considered as structural 

intermediates between conventional liquid crystal monomers and dimers.45 

1.4.2 Nematic Promoting Factors 

Nematic liquid crystals are characterized by a low orientational order and a lack of 

nanosegregating elements. Nematic mesogens tend to have small alkyl chain lengths (1-5 carbon 

units) and weakly interacting cores to prevent core segregation and the formation of layers.36 An 

example of a N-promoting core is cyanobiphenyl, which has a non-planar structure that prevents 
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strong core-core interactions in the liquid crystal phase. The cyano unit is critical for the formation 

of the nematic phase because it increases the polarizability anisotropy of the core.6  The 

cyanobiphenyl can only accommodate one alkyl chain, thus limiting any lamellar order promoted 

by nanosegregation of the alkyl chains from the cores. As long as the alkyl chain length remains 

relatively short, smectic phases can be avoided. 

 

1.4.3 SmA Promoting Factors 

Smectic mesophases are promoted through an increase in lamellar order and a high degree 

of polarizability. The smectic A phase is promoted primarily by amphilicity and is thought to be 

favoured over the SmC phase due to entropic factors. Amphilicity in thermotropic liquid crystals 

is caused by a balance between core-core interactions and alkyl chain fluidity. The liquid 

crystalline cores cause arene-arene interactions to drive the system towards crystalline behavior, 

while the alkyl chains drive the system towards fluid like properties, which results in liquid 

crystalline properties. The main entropic factor is out-of-layer fluctuations (OLF), which allow 

molecules to propagate between layers of the SmA phase, as shown in Figure 1-19. Because of the 

OLF mobility in the SmA phase, enthalpic contributions to the free energy of the system from 

core-core interactions are reduced.  
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Figure 1-19: Schematic representation of the SmA phase and out-of-layer fluctuations.  

 

Hence, in order to promote the smectic A phase, one must have lamellar order without 

overly strong core-core interactions that would suppress out-of-layer fluctuations. These types of 

liquid crystals tend to have medium sized alkyl chain lengths (5-8 carbon units). Promoting the 

smectic A mesophase can also be accomplished by increasing the alkyl chain lengths of a nematic 

mesogen and by improving core-core interactions of a weakly nanosegregating nematic promoting 

core, as shown in Figure 1-20 and Figure 1-21.6 

 

Figure 1-20: 4-pentyl-4ô-cyanobiphenyl and 4-heptyl-4ô-cyanobiphenyl. 
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 Improving core-core interactions for SmA promotion is generally accomplished by 

increasing the polarizability of a non-planar core, and thus increasing the amphiphilicity of the 

system. While the nematic phase can be promoted with biphenyls, an example of a Smectic A 

promoting core is 5-phenylpyrimidine because of the increase of polarizability from a biphenyl 

core while keeping the aromatic rings in a non-planar orientation, limiting core-core interactions 

allowing for out-of-layer fluctuations.46 

 

 

Figure 1-21: Phase transitions of 5-PhP-4/8, a SmA promoter. 

 

The SmA phase may also be promoted through the use of alkyl chain end-groups. The 

effect of the chloro end-group was originally attributed to polar interactions at the layer interface; 

however, this was recently ruled out by Rupar et al. in a study of sterically equivalent series of 

chloro-terminated 2-phenylpyrimidine mesogens (Figure 1-22).18  

 

Figure 1-22: Two chloro-terminated SmA mesogens. 

 

 Instead, the evidence suggests that the SmA promoting effect is caused by the electron-

withdrawing effect of the chloro end-group on the alkoxy chain, which reduces electrostatic 



31 

 

repulsion between alkyl chains, as shown in Figure 1-23. The reduced electrostatic repulsion of 

the alkyl chains allow the cores to move closer together without having to tilt, which would be 

costly in terms of entropy.18 

 

 

Figure 1-23: B3LYP/6-31G* level calculations of the electrostatic potential isosurfaces of 2-PhP-

8/8 and the two chloro-terminated 2-PhP-8/8 isomers.18 

 

1.4.4 SmC Promoting Factors 

Structural factors promoting the smectic C phase include a planar core structure that has a 

high polarizability, and strong core-core interactions to suppress the SmA phase. Two examples 

of SmC mesogens are shown in Figure 1-24. The smectic C phase can typically be promoted with 

an increase of alkyl chain lengths (8-12 carbons), which reduces core-core interactions due to 

entropic pressure and favours tilting to maximize core-core interactions. The increase in lamellar 

order with longer alkyl chain lengths is accompanied by a decrease in out of layer fluctuations. 

The smectic C mesophase can also be promoted by strengthening core-core interactions. Typical 
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SmC cores are planar and highly polarizable; for example 2-phenylpyrimidine. The smectic C 

phase can also be promoted through the use of nanosegregating alkyl chain end-groups. Alkyl 

chain end-groups such as a trisiloxane or tricarbosilane can be used to increase nanosegregration 

of the mesogen, thus causing the promotion of the SmC phase at shorter chain lengths. 

Nanosegregation suppresses out-of-layer fluctuations and reduces the entropic cost of molecular 

tilt.39 

  

 

Figure 1-24: 2PhP-8/8 and TriSi -2PhP5-11/8: Two common SmC mesogens.39 

 

1.5 The Chiral SmC* Phase  

The liquid crystals that have been discussed so far are achiral. Chiral liquid crystals have 

unique properties because of the loss of symmetry in the bulk phase. There are two different ways 

to promote chiral mesomorphic behavior. The first is to synthesize a chiral mesogen and the second 

is to add a chiral dopant to an achiral liquid crystal. Chiral dopants can be used in very small 

quantities to induce chirality in the bulk of the liquid crystal phases and do not necessarily have to 

be mesogenic themselves. 

The chiral smectic A phase is comparable to the achiral smectic A phase with respect to 

molecular orientation. On the other hand, the chiral smectic C phase in the bulk is characterized 

by a helical structure in which the director n precesses about z from one layer to the next, as shown 
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in Figure 1-25. The SmC* helix is characterized by a pitch that is normally on the order of a few 

microns. Another manifestation of chirality at the macroscopic level in the SmC* phase is 

spontaneous polar ordering. 

 

 

Figure 1-25: The graphical representation of the bulk SmA* phase (left) transitioning into the bulk 

helical SmC* phase, in which the helical pitch causes a net spontaneous polarization of 0. (right) 

 

1.5.1 The Molecular Origins of Ps 

  

Thus far, the spontaneous polarization has been defined using mesogens as hard 

spherocylinders. While it is convenient to think of liquid crystals as hard spherocylinders, they 

lack the molecular definition required to understand the molecular origins of Ps. Walba and Clark 

developed the Boulder model in 1986 to describe the molecular-level behaviour leading to 

spontaneous polarization. The model allows for general predictions of sign and relative magnitude 

of Ps for chiral SmC* materials.47,48 

 The Boulder model uses conformational analysis to predict the direction and relative 

magnitude of polarization in materials. The model assumes that molecules in the SmC* phase are 

oriented with the side-chains in fully extended all-anti conformations, resulting in a zigzag 

geometry.49,50  
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 This orientational ordering is modeled by a mean-field potential with a bent cylinder 

(zigzag) shape often referred to as a binding site by analogy with host-guest chemistry. The binding 

site is assumed to have the same basic shape for all SmC materials, and is mirror symmetric even 

for the chiral SmC* phase with the chiral guest in the binding site, as shown in Figure 1-26. 

 

Figure 1-26: A bent-cylinder binding site proposed in the Boulder model, specifying the direction 

of the layer normal, the director and the C2 rotational axis.  

 

The transverse molecular dipoles contribute to the spontaneous polarization in a smectic C* phase 

provided that the dipolar groups are located near a stereogenic center. According to the Boulder 

model, the sign and magnitude of the spontaneous polarization can be determined by examining 

the predominant conformation of the chiral segment and its associated dipolar group.47 The 

spontaneous polarization can be expressed in terms of molecular dipoles according to equation 1-

2.47 

 

        (eq. 1-2) 
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where Ů is the dielectric constant for the material and, for the ith conformation, Di is the molecular 

number density, ʈ  is the component of the dipole moment along the C2 axis, and ROFi is the 

rotational orientation factor which is a measure of the degree of rotational order imposed on the 

zigzag conformation by the binding site.47 

An important part of the equation is the ROF. The ROF does not equal zero for polar 

functional groups that are sterically coupled to the stereocenter. If the polar functional group is not 

coupled to the sterogenic center and there is no orientational bias, the ROF equals 0 and will not 

contribute to spontaneous polarization of the material.47    

For example, the Boulder model has been shown to predict the sign of the polarization 

induced by 4-octyloxyphenyl-4((2S)-oct-2-yloxy)benzoate. In this particular case, it can be noted 

that there are several polar groups that could contribute to the overall spontaneous polarization, 

including two ethers and an ester group. It can be seen that the octyloxy and the ester functional 

groups are too far away from the stereogenic center to contribute to the spontaneous polarization.  

We can then analyze each stable conformer, which shows that there are three different co-planar 

staggered conformations about the C2-C3 bond. Since one of the three dipole moments lies in the 

tilt plane it cannot contribute to the spontaneous polarization. If we analyze the remaining two 

conformers, as shown in Figure 1-27, we can see that one of the two conformers is more 

energetically stable due to the anti relationship between the methyl group at the stereogenic center 

and the alkyl side chain. In this case, a negative spontaneous polarization results due to this 

favoured conformation, which agrees with experimental results.47   
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Figure 1-27: Conformations contributing to the spontaneous polarization of 4-octyloxyphenyl-

4((2S)-oct-2-yloxy)benzoate. The dashed box is representative of the tilt plane. The transverse 

dipole moment direction is represented by the arrow, pointing from the negative to the positive 

direction, which is consistent with the physics convention for dipole moments.47 

 

 

1.5.2 Surface Stabilization of the Smectic C* Phase 

In 1980, Clark and Lagerwall showed that it was possible to unwind the SmC* helix by 

surface stabilization.51 To unwind the helix, the SmC* phase must be aligned in between two glass 

slides that are separated by a distance equal or less than the helical pitch of the SmC* material, 

which is typically a few microns, and that have a parallel rubbed polymer film as alignment 

substrate. In this surface-stabilized state, shown in Figure 1-28, the SmC* phase exhibits a net 

spontaneous polarization, which can be coupled to an applied electric field (vide infra).51 Because 










































































































































































































































































































































































































