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Abstract 

Liquid crystals (LCs) exhibit a unique combination of an ordered supramolecular 

structure and a dynamic nature, which makes them attractive for a wide range of 

applications. Rod-shaped molecules can self-assemble into numerous types of liquid 

crystalline phases including lamellar phases with varying degrees of order and fluidity. 

The suitability of an LC material for a given application is strongly dependent on the type 

of phases, the phase sequence, and their thermal stabilities. Since these three factors 

are highly sensitive to molecular structure, it is imperative to possess a deep 

understanding of their structure-property relationships in order to rationally design 

materials with desirable properties for a given application. The studies herein investigate 

how changes in molecular structure can be employed to tune the self-assembly and 

opto-electronic properties of LC materials.   

The first part of this thesis explores “molecular symmetry breaking” to improve the 

thermal stability of LC phases. Two series of compounds were studied: 2,6-di(4ʹ-n-

alkoxybenzoyloxy)naphthalenes, which form relatively disordered phases, and 4,4’-

dialkanoyloxybiphenyls, which form highly ordered phases. The degree of symmetry was 

varied by appending terminal alkyl chains of different lengths. A systematic comparison 

of the LC phase behaviour revealed that symmetry breaking leads to a pronounced 

depression in the melting point with a limited effect on the clearing point, resulting in 

broader LC phase ranges for less symmetric isomers. This presents a strategy to tune 

the LC properties of a material while maintaining the inherent opto-electronic properties. 

The second part of this thesis focuses on strategic molecular design to optimize LC 

materials for organic semiconductors. Initially, the effect of replacing the central 

thiophene in 5,5”-dialkyl-α-terthiophene with an oxadiazole or thiadiazole ring was 

explored. The oxadiazole analogue is not LC whereas the thiadiazole analogue exhibits 

several potential advantages in LC phase behaviour compared to the parent 

terthiophene derivative. Inspired by these results, we studied a series of 2,5-bis(2,2’-

bithiophene-5-yl)-1,3,4-thiadiazole derivatives, unsymmetrically substituted with an alkyl 

chain on one side and an aromatic ring on the other. Through variation of the aromatic 

ring, both the LC and opto-electronic properties can be tailored, making these 

compounds highly tunable materials. 
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Chapter 1.  
 
Introduction 

1.1. Thesis Purpose 

Our ultimate goal is to exploit liquid crystalline (LC) self-assembly to control the 

supramolecular structure of materials. Since the underlying order of molecules within a 

material can have a significant impact on the bulk properties, it is a central aspect in the 

optimization of organic materials for a given application. To this end, my work aimed to 

tune the self-assembly and opto-electronic properties of rod-shaped molecules through 

strategic changes in molecular structure. The first part of this thesis explores molecular 

symmetry-breaking to improve the thermal stability of LC phases, as well as to increase 

the diversity of phases observed. The second part focuses on the optimization of LC 

materials for organic semiconductors. All projects follow an integrated approach of 

molecular design, synthesis, and materials characterization, with the end game of 

deriving new structure-property relationships to guide the rational design of advanced LC 

materials. The fundamental concepts underlining the work covered in this thesis are 

described in the following sections of this chapter. 

1.2. Liquid Crystalline Materials 

1.2.1. General Overview 

Liquid crystalline materials are composed of compounds that do not transition 

directly from the solid state to the isotropic liquid state, as is most commonly observed. 

Instead, these materials form an intermediate state, called a liquid crystal (LC) phase, as 

illustrated in Figure 1.1 [1–3]. Crystalline solids are typically rigid and consist of 

molecules with strict orientational and three-dimensional positional order. Isotropic 

liquids are fluid and consist of molecules with no long range orientational or positional 

order. LC phases combine properties of both of these states of matter. They are liquid-

like in the sense that they exhibit some amount of disorder, molecular motion, and 

fluidity. They are crystal-like because the constituent molecules possess orientational 

order and, in many cases, one- or two-dimensional positional order. The degree of order 
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and fluidity observed in LC phases will be discussed in more detail in the subsequent 

section.  

 

Figure 1.1. The liquid crystal phase, intermediate between the crystalline solid and   
isotropic liquid states, and some of the related properties. Tm denotes the 
melting temperature, Tc denotes the clearing temperature.  

The focus of our research is thermotropic LCs. These materials exhibit LC 

phases in their neat form on the basis of temperature, as illustrated in Figure 1.1. The 

transition from a crystalline solid to an LC phase occurs at the melting temperature, Tm, 

and the transition from an LC phase to an isotropic liquid occurs at the clearing 

temperature, Tc. If a compound displays multiple LC phases, there are additional LC to 

LC transitions, TLC-LC, observed between Tm and Tc. Therefore, an LC phase is stable 

only between its upper and lower transition temperatures, referred to as the LC phase 

range; e.g. between the melting point and the clearing point in the case of a single LC 

phase as shown in Figure 1.1. These phase transitions of LCs are usually observed 

upon both heating and cooling.  

Since an LC phase is an intermediate state of matter, it is called a mesophase 

and the molecules that compose it are referred to as mesogens. The two most common 

types of mesogens are calamitic (rod-shaped) and discotic (disc-shaped) molecules 

(Figure 1.2a and b, respectively) [4]. The shape of a mesogen generally dictates the kind 

of LC phases it forms. Discotic mesogens tend to exhibit columnar phases, consisting of 
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molecules stacked on top of one another, such as the columnar hexagonal (Colh) phase 

shown in Figure 1.2b [5]; these are not discussed in more detail here, as they are not the 

focus of this thesis. This thesis is focused on calamitic mesogens, and thus their LC 

phases are described in detail in the next section. 

  

Figure 1.2. Common types of mesogens: (a) calamitic (rod-shaped) and (b) discotic 
(disk-shaped), including their columnar hexagonal LC phase.  

1.2.2. LC Phases of Rod-shaped Molecules 

Calamitic mesogens can self-assemble into many different types of LC phases 

that vary significantly in the degree of order and fluidity they exhibit. These two factors 

are inversely correlated; the more ordered a phase is, the less fluid it is, and vice versa. 

In this section we focus on the structures of the different phases, their advantages and 

disadvantages for various applications will be discussed in later sections.  

The least ordered and most fluid LC is the nematic (N) phase, in which molecules 

possess orientational but not positional order [6]. They share a common general 

alignment along the director, as indicated in Figure 1.3a, but have translational freedom 

in all directions.  

 

Figure 1.3. (a) Nematic and (b) Smectic phases of calamitic mesogens. The director 
(black arrow) corresponds to the average molecular orientation. 
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The other common LC phases formed by calamitic mesogens are smectic 

phases, which consist of molecules arranged into layers (Figure 1.3b). There are several 

distinct smectic phases with significant variation in supramolecular order, as illustrated in 

Figure 1.4. One way to distinguish them is based on the molecular orientation with 

respect to the layers: either orthogonal (top row – SmA, SmB, CrB, CrE) or tilted (bottom 

row – SmC, SmF/I, CrG/J, CrH/K) as indicated by the director in Figure 1.4. Another 

distinction between the phases is the order of molecules within a layer, as shown in the 

top views of each phase. The degree of intra-layer order of the smectic phases in Figure 

1.4 increases from left to right [6].  

 

Figure 1.4. The variety of smectic LC phases of calamitic mesogens, grouped by 
molecular orientation (orthogonal/ tilted in top/ bottom row, respectively) 
and degree of intra-layer order (increasing from left to right). Reproduced in 
modifed form with permission [7]. 

The orthogonal smectic A (SmA) and tilted smectic C (SmC) phases are the least 

ordered lamellar phases, and lack positional order within a layer. In these phases, the 
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molecules have translational freedom in two dimensions within a layer, as well as a 

limited ability to shift from one layer to another.  

Next in the spectrum are the orthogonal SmB and tilted SmF/I phases, which 

possess intra-layer order. In the former, molecules pack in a hexagonal array within a 

layer. In the latter, the packing is distorted due to the tilted molecular orientation, 

resulting in a pseudo-hexagonal array. The SmF and SmI phases differ only in the 

direction of the tilt angle with respect to the intra-layer order, pointing towards the side or 

towards the apex of the hexagonal array for SmF and SmI, respectively. In the SmB and 

SmF/I phases, mesogens retain rotational motion around the long axis of the molecule 

and a limited degree of translational freedom within the layer. 

The most ordered lamellar phases are the orthogonal CrB/E and tilted CrG/J and 

CrH/K phases, which possess long range intra-layer order. For the CrB and CrE phases, 

the molecules within a layer pack in a hexagonal and rectangular array, respectively. As 

a result of their tilted orientation, molecules in the CrG/J and CrH/K phases exhibit a 

pseudo-hexagonal and pseudo-rectangular array, respectively. The CrG and CrJ, as well 

as the CrH and CrK phases, can be distinguished based on the direction of the tilt angle 

relative to the intra-layer packing. Since they exhibit three-dimensional positional order, 

these phases are considered soft crystals rather than liquid crystals. 

Compounds may form one or more LC phases between their solid and isotropic 

liquid states; the order of different phases exhibited by a thermotropic LC is referred to 

as the phase sequence. An example of the LC phase behaviour of a rod-shaped 

mesogen is shown in Figure 1.5, where the following abbreviations are used: Cr = 

crystalline, I = isotropic, Sm = smectic, and N = nematic. The phases are listed from left 

to right in the order they are observed with increasing temperature; the numbers 

represent the transition temperature between two respective phases in °C. Therefore, 

this compound has a crystalline phase that melts at 144 °C, forms a SmC phase from 

144 to 161 °C, a N phase from 161 to 229 °C, and clears to an isotropic liquid at 229 °C. 

This is a common notation to report the LC phase behaviour of a material and will be 

used throughout this thesis. Notice that upon heating the phase sequence progresses 

step-wise towards decreasing order and increasing fluidity. In other words, the material 

transitions from more crystal-like to more liquid-like phases, which is a typical trend for 

LCs.  
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Figure 1.5. An example of the liquid crystalline phase behaviour of a rod-shaped 
mesogen.  

The self-assembly of organic compounds into ordered or semi-ordered structures 

is driven by phase segregation of different components of a molecule so as to optimize 

space filling and intermolecular interactions [8–10]. The LC phases described above are 

generally observed for compounds with anisotropic (directionally dependent) molecular 

shape, consisting of rigid and flexible components [11]. Therefore, calamitic mesogens 

typically consist of an elongated central core with terminal groups attached in a linear 

fashion to provide a rod-like shape, as illustrated in Figure 1.6. The central core makes 

up the rigid part of the mesogen and is usually a combination of several aromatic rings, 

such as benzene, naphthalene, and thiophene or other heterocycles. The R1 and R2 

groups provide the flexible part of the mesogen and are most commonly alkyl or alkoxy 

chains. One of the R1/R2 groups can be replaced by a polar terminal group such as 

cyano (see 2), a halogen, or methoxy substituent. This extensive selection of functional 

groups that can be incorporated for the individual components opens the door to 

countless possibilities for the design of different calamitic mesogens and to tune their 

corresponding LC properties. 
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Figure 1.6. The general structure of calamitic mesogens (a) and some examples (b). 

The molecular structure of a mesogen dictates its LC phase behaviour. The type 

of LC phase, in turn, plays a critical role in determining the physical, optical, and 

electronic properties of a material, thus making it a key factor for the targeted 

application, as will be discussed in more detail in the following sections. Therefore, one 

of our main goals is to develop structure-property relationships to guide the rational 

design of advanced LC materials. 

1.2.3. Applications 

Due to their unique combination of order and fluidity, and the optical and 

electronic properties that can be bestowed on them by incorporating certain functional 

groups into their molecular structure, LC materials have been exploited in a wide variety 

of applications, including display devices [12–14], biomedical imaging [15–17], drug 

delivery [18–20], thermography [21–23], lasing [24,25], and organic semiconductors [26–

28]. 

The suitability of an LC material for each of these applications is strongly 

dependent on the type of phase and its properties. For example, liquid crystal displays 

(LCDs) require highly fluid phases to achieve fast response times, and thus nematic 

phases are desirable. On the other hand, organic semiconductor applications benefit 

from close contacts between adjacent molecules enabling efficient charge transport 
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through the material and thus more highly ordered smectic phases are targeted. Another 

key consideration for any application is the temperature range over which the LC phases 

of a material are stable, since this imposes limitations on the range of operating 

temperatures of a device. 

1.3. Molecular Symmetry and LC Phase Behaviour 

In light of the importance of the type of LC phases of a material and their phase 

range, tuning LC phase behavior has been a major focus of our work. The formation and 

stability of LC phases is strongly dependent on molecular shape and the balance of 

steric and electrostatic interactions [8,9]. According to the general structure of a calamitic 

mesogen (Figure 1.6) introduced in section 1.2.2, there are many different components 

that can be varied to modify these factors and influence the LC properties. 

Figure 1.7 illustrates the impact of the central core structure. Replacing the 

phenyl ring in 5 for a pyridine ring in 6 leads to a lower Tm (Cr-SmF) with a smaller 

depression in Tc (SmF-I), resulting in a wider phase range for the SmF phase (14 and 44 

°C, respectively), albeit at lower temperatures. At the same time, the underlying CrH and 

CrG phases observed for 5 are no longer formed for 6 [29]. 

 

Figure 1.7. The phase behaviour of two calamitic mesogens with different cores [29].  

Figure 1.8 shows the influence of lateral substitution of the rigid core. Changing 

the positon of the fluoro group on the core from ortho- to meta- to the alkoxy chain 

results in a significant depression in Tm and a modest decrease in Tc, yielding a 

substantially broader total LC phase range for 8 compared to 7 (104 and 41 °C, 

respectively). However, simultaneously, the types of phases were altered: 7 forms SmC 

and SmA phases whereas 8 exhibits SmC and N phases [11]. 
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Figure 1.8. The phase behaviour of two calamitic mesogens with lateral substituents 
[11]. 

Figure 1.9 demonstrates the effect of functionalization with different end groups. 

Replacing the alkyl terminal groups by alkoxy chains raises Tm slightly and increases Tc 

more significantly, leading to a wider overall phase range for 10 relative to 9 (88 and 51 

°C, respectively). At the same time, LC phase diversity increases, with SmA, SmC, and 

SmB phases observed for 10, while 9 exhibits only a SmA phase [11].   

 

Figure 1.9. The phase behaviour of two calamitic mesogens with different terminal 
groups [11]. 

These examples illustrate that LC phase behaviour is highly sensitive to the 

molecular structure of a mesogen, but these modifications can have complex effects on 

several parameters. It is difficult to control LC properties in a strategic manner; often 

both the melting and clearing temperatures experience similar effects, the type of phase 

is altered, or the structural changes impact the opto-electronic properties of the 

compound. Our goal is to develop a systematic approach to tune the LC phase ranges of 

a material while avoiding these ‘side effects’, which are potentially detrimental for 

applications.  

Ideally, we would like to selectively control the melting and clearing temperatures 

(or in some cases TLC-LC) while maintaining the type of phase and the opto-electronic 

properties within a series. The solution that we explored was inspired by Thomas 

Carnelley’s 19th century observation on the relationship between molecular symmetry 

and melting point [30,31]. Based on a review of the melting temperature of about 15,000 
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compounds, he concluded that unsymmetrical compounds exhibit lower melting points 

from the crystalline solid to the isotropic liquid than their symmetrical isomers. The 

underlying principle for this observation stems from the Gibbs free energy and how it 

relates to phase transition temperatures. The change in Gibbs energy, ∆G, associated 

with a reversible thermodynamic process at constant temperature and pressure is 

defined as: 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆    (1-1) 

where ∆H is the change in enthalpy and ∆S is the change in entropy. At a phase 

transition, ∆G = 0. It follows that the temperature at which a phase transition occurs, Tt, 

is given by: 

 𝑇𝑡 =    
∆𝐻

∆𝑆
   (1-2) 

Thus, the phase transition temperature, Tt, is determined by the differences in enthalpy 

and entropy between the two states. Consider the melting points of a specific set of 

isomers; e.g. the high symmetry 1,3,5-tribromobenzene (m.p. 117-121 °C) and the low 

symmetry 1,2,4-tribromobenzene (m.p. 41-43 °C) as shown in Figure 1.10. Based on 

equation 1-2 above, there are two ways to rationalize this effect. 

 

Figure 1.10. Melting points, m.p., and symmetry number, σ, of 1,2,4-tribromobenzene 

(a) and 1,3,5-tribromobenzene (b).  

The first explanation is related to how symmetry breaking influences the enthalpy 

change (∆H), which depends on the intermolecular interactions that must be broken in 

going from solid to liquid. In general, the crystal is a relatively close packed structure 
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with strong intermolecular forces and the liquid is a relatively disordered state with weak 

intermolecular forces. It has been suggested that high symmetry molecules pack more 

efficiently than low symmetry molecules, allowing for stronger intermolecular interactions 

in the crystal [32,33]. Therefore, more energy is required to break the intermolecular 

forces in going from the crystalline state to the isotropic liquid, corresponding to a larger 

enthalpy change, and thus a higher melting point for the high symmetry 1,3,5-

tribromobenzene. 

The second explanation is related to how symmetry breaking influences the 

entropy change (∆S), which depends on the increase in disorder from solid to liquid. In 

general, the liquid is a relatively disordered, high entropy state and the crystal is a 

relatively ordered, low entropy state. The entropy of the liquid state is not significantly 

affected by changes in molecular symmetry due to its lack of positional and orientational 

order. In contrast, molecular symmetry does impact the entropy of the crystalline state. 

In an idealized crystal lattice, each molecule assumes a fixed position and orientation in 

order to pack into a specific lattice site. The entropy of the crystal lattice is proportional 

to the number of equivalent orientations a molecule can assume, indicated by its 

symmetry number, σ. 1,2,4-tribromobenzene only has one equivalent orientation (Figure 

1.10a) and thus has a σ of 1. On the other hand, 1,3,5-tribromobenzene possesses six 

equivalent orientations, arising due to the C3 axis in/out of the page and the 

perpendicular C2 axis, as illustrated by the color coded bromo- groups in Figure 1.10 and 

thus has a σ of 6. Hence, the high symmetry 1,3,5-tribromobenzene has a higher 

entropy crystalline state and consequently a smaller entropy change associated with the 

melting into a liquid; according to 1-2 this results in a higher melting point, assuming the 

enthalpy change does not vary substantially.  

In practice, both the larger enthalpy change and smaller entropy change likely 

contribute to the significantly higher melting point of 1,3,5-tribromobenzene compared to 

1,2,4-tribromobenzene. The same kind of rationale can be generalized to the melting 

temperatures of other high and low symmetry isomers.  

This trend, known as Carnelley’s rule, is widely applicable to materials that melt 

directly from solid to liquid. However, it is unclear whether it also applies to the phase 

transitions of LCs because their melting and clearing points are determined by a different 

balance of enthalpy and entropy changes. Previous work in the Williams group explored 
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how symmetry breaking affects the LC phase behaviour of discotic mesogens, mainly 

focused on the dibenzophenazine derivatives shown in Figure 1.11a [34–37]. In order to 

maintain the existing opto-electronic properties of the compound, we avoided perturbing 

the aromatic core of the mesogen and selected an approach to symmetry breaking 

based on varying the flexible chains groups on the periphery. By systematically 

substituting a mesogen with different chain lengths, symmetric and unsymmetric isomers 

are obtained, as illustrated in Figure 1.11a. 

 

Figure 1.11. Discotic mesogens previously studied (a) and calamitic mesogens studied 
herein (b), showing symmetric and unsymmetric isomers obtained by 
varying alkyl chain substitution. 

Dr. Emilie Voisin compared isomeric molecules and found that symmetry 

breaking resulted in a greater depression of the melting temperature than the clearing 

temperature, and consequently the less symmetric isomers exhibited broader LC phase 

ranges [36]. However, it is difficult to predict whether symmetry breaking would have the 

same impact for calamitic mesogens, since the nature of their self-assembly is rather 

distinct. Compared to columnar phases, the formation of smectic phases is governed by 

a different combination of intermolecular forces and molecular shape. 
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Therefore, my research has focused on the impact of molecular symmetry on the 

LC phase behaviour of calamitic mesogens. Although there are many examples of 

unsymmetric calamitic LCs, to the best of our knowledge, there are no systematic 

studies that have assessed if Carnelley’s rule applies to their Tm, TLC-LC, and Tc. To 

address this, I studied a series of naphthalene derivatives (Figure 1.11b) that form low 

order nematic and SmC phases, as presented in Chapter 2, and a series of biphenyl 

derivatives (Figure 1.11b) that form highly ordered SmF and CrG phases, as presented 

in Chapter 3. For these compounds, molecular symmetry was adjusted by appending 

different alkyl groups to either end of the mesogen (CmH2m+1 and CnH2n+1 as denoted by 

m and n, respectively). For both studies, I prepared numerous compounds with different 

alkyl chains to give several series of isomers. Following our previously developed 

approach, a systematic analysis was carried out by comparing the transition 

temperatures of sets of isomers with varying degrees of symmetry.  

1.4. Supramolecular Structure and Self-Assembly for 
Organic Materials 

Since LC materials self-assemble into a variety of ordered and semi-ordered 

structures, they are promising to exploit for the control of supramolecular structure, 

which plays a major role in determining the bulk properties of organic materials. Organic 

materials have been explored for a wide variety of optical and electronic device 

applications and are highly attractive due to their unique combination of physical, 

chemical, biological, optical, and electronic properties. They are readily tunable through 

chemical modification, which allows for carefully tailored properties, including light 

absorption or emission at a certain wavelength, or metallic, semiconducting, or insulating 

behaviour. A major advantage over their inorganic counterparts is their compatibility with 

high-throughput, large-scale solution processing techniques that enable low-cost device 

fabrication. Furthermore, they have the potential to be lightweight, flexible, transparent, 

bio-compatible, and bio-degradable [38–40]. 

One of the major challenges in the development of organic materials is that the 

bulk material properties do not simply correlate with the molecular properties, but are 

strongly dependent on the supramolecular structure. A striking example is the “ROY” 

molecule, which can assume several polymorphic structures with different colors and 

crystal habits in the solid state, as illustrated in Figure 1.12 [41]. More generally, 
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compounds with very similar molecular properties often exhibit distinct bulk material 

properties that arise from differences in their solid state packing. These effects extend to 

various properties including light absorption/ emission and electronic conductivity. 

Consequently, it is not sufficient to merely tune the molecular properties; the 

arrangement of the individual molecules in supramolecular structures must also be 

optimized to achieve the desired bulk material properties. 

 

Figure 1.12. The molecular structure of ROY and the bulk properties of its various 
polymorphs. Reproduced with permission [41].  

In light of their ability to self-assemble into a variety of phases with different 

structures, LC materials have the potential to control the supramolecular order and thus 

tune bulk material properties. Therefore, LC self-assembly is a promising strategy to 

exploit in the design of organic materials, which is a central theme in Chapter 4 and 

Chapter 5.  

1.5. LC Materials for Organic Semiconductors 

The exploitation of LC materials for organic semiconductors is a promising 

research area and represents a major focus of this thesis. In this section, we introduce 

organic semiconductors and discuss their advantages and applications as well as the 

associated problems. Then we describe how LC materials offer potential solutions to 

these problems, we will provide an overview of the literature on rod-shaped LC organic 

semiconductors, the key principles governing their performance, and their requirements 

for applications. 

Semiconductors are essential components to control the flow of current in all 

electronic devices. The primary figure of merit for the performance of a semiconductor is 
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its charge carrier mobility, µ, usually given in cm2/Vs, which is a measure of the speed 

(cm/s) of carrier migration through the material in the presence of an applied electric field 

(V/cm). The negative and positive charge carriers are electrons and holes with µe and µh, 

respectively. As a reference point, the mobility of amorphous silicon is 0.1-1 cm2/Vs, 

while that of polycrystalline silicon is greater than 10 cm2/Vs; the latter is the most 

commonly used inorganic semiconductor for thin-film applications [39]. 

Organic semiconductors are an attractive class of materials due to their light 

weight, mechanical flexibility, potential bio-compatibility, highly tunable properties 

through chemical modification, and compatibility with solution processing techniques 

allowing for low-cost device fabrication [38–40]. Their viability for numerous applications 

including organic light emitting diodes (OLEDs) [42], organic field-effect transistors 

(OFETs) [43], and organic photovoltaics (OPVs) [44] has been demonstrated, but there 

are some outstanding issues. Although the mechanism is not yet fully understood, both 

experimental and theoretical work has shown that charge transport relies heavily on π-π 

orbital overlap between adjacent molecules [45,46]. Consequently, a highly ordered 

morphology with close intermolecular contacts is essential for high performance organic 

semiconductors. 

In light of this strong performance dependence, numerous studies have been 

carried out to optimize supramolecular structure either through modifications to 

molecular structure (chemical approach) or changes in the processing conditions 

(physical approach) [39]. An example of the chemical approach is presented by 

pentacene and the functionalized TIPS-pentacene as illustrated in Figure 1.13a. The 

former exhibits a ‘herringbone’ packing and has relatively low conductivity on the order 

of 10-12 S/cm, whereas the latter assumes a ‘brickwork’ structure and consequently 

displays much higher conductivity of 5*10-8 S/cm and 2.5*10-6 S/cm in the x and y 

directions, respectively [47]. The brickwork structure is advantageous over the 

herringbone packing since it features closer intermolecular contacts and increased π-π 

orbital overlap between adjacent molecules, allowing for more efficient charge carrier 

transport through the material.  

An example of the physical approach is given by the comparison of pentacene 

thin-films obtained under different processing conditions, as illustrated in Figure 1.13b. 

Through variation of the substrate temperature and deposition rate, vacuum deposited 
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thin films of pentacene can exhibit an amorphous structure with a mobility of 10-9 cm2/Vs, 

or a highly ordered crystalline structure with a mobility of 0.6 cm2/Vs [48]. This 

improvement in performance is attributed to increased π-π orbital overlap between 

adjacent molecules.  Both of these examples demonstrate that supramolecular structure 

is a key factor to optimize bulk material properties as discussed in section 1.4. 

a) 

 

b) 

 

Figure 1.13. The packing of pentacene vs TIPS-pentacene and their conductivity (a) and 
the supramolecular structure and mobility dependence on substrate 
temperature during vacuum deposition of pentacene (b). Reproduced in 
modifed form with permission [49,50].  

Despite extensive research efforts exploring chemical and/or physical 

approaches, a reliable strategy to optimize supramolecular ordering for high 

performance organic semiconductors remains elusive [39,51–55]. The vast majority of 

the literature has focused on the development of organic semiconductors based on 3D 

crystalline materials, since they exhibit highly ordered supramolecular structures. 
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However, their fixed molecular packing, due to the rigid nature, is highly susceptible to 

grain boundaries, poor alignment, and structural defects in the thin-film that create 

charge trap sites and rapidly degrade mobility [56–58]. 

Liquid crystalline materials are promising to address this problem because their 

fluid phases are capable of self-healing defects and can be uniformly aligned over large 

areas [28,59,60]. Originally, discotic mesogens were most commonly explored in this 

context, since columnar phases favor π-π stacking between conjugated aromatic discs, 

which should be beneficial for efficient charge transport along the columns (see black 

arrow in Figure 1.14a) [61]. Although columnar phases have recorded mobilities up to 

1.4 cm2/Vs, their macroscopic (µm) mobilities tend to be much lower than their local (nm) 

mobility, reflecting the sensitivity of the 1D transport pathways to defects and grain 

boundaries that degrade mobility [26,62]. More recently, smectic LCs have emerged as 

promising alternatives, since their layered structure enables charge transport in two 

dimensions (see red arrows in Figure 1.14b) [60]. The local and macroscopic mobilities 

of these smectic phases are usually comparable, owing to the 2D transport pathways 

that are much less susceptible to defects and grain boundaries, potentially leading to 

higher efficiency and more consistent performance [7,27].  

 

Figure 1.14. Charge carrier mobility in columnar (a) and smectic (b) phases. 

Research on charge carrier transport in smectic LC phases was pioneered by 

Masahiro Funahashi and Jun-ichi Hanna in the late 1990s to early 2000s. Their seminal 

work on the three compounds shown in Figure 1.15 established the fundamentals of 

charge transport in smectic LCs and inspired further research and development in the 

field of calamitic LC organic semiconductors.  
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Figure 1.15. Some of the first mesogens studied for charge carrier transport in smectic 
LC phases (a-c) and the electric field and temperature independent 
mobility of 8-PNP-O4 (d). Reproduced in modifed form with permission  
[63]. 

In the LC phase of 7O-PBT-S12 (Figure 1.15a), only hole mobility was observed 

[64] whereas in the LC phases of both 8-PNP-On [65] and Th3(8) [66] (Figure 1.15b and 

c, respectively) comparable hole and electron mobilities were reported. Such ambipolar 

charge transport is an advantage over traditional organic semiconductors that tend to 

exhibit much faster hole transport than electron transport [67]. Ambipolar charge 

transport has been observed for the majority of smectic LC organic semiconductors 

reported [68]. 

The charge carrier mobilities in the LC phases of all three of the compounds 

were found to be independent of electric field strength, as illustrated by the example of 

8-PNP-O4 in Figure 1.15d (top). This is not typical of organic semiconductors, and is 

beneficial for consistent performance as electric field can vary during operation and in 

different regions of a device. Furthermore, the mobilities are also independent of 

temperature within a given LC phase, as illustrated by the example of 8-PNP-O4 in 

Figure 1.15d (bottom). Thus, it is possible to achieve steady device performance over a 

range of operating temperatures. 
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Charge transport is strongly dependent on the type of smectic LC phase. 8-PNP-

On (Figure 1.15b) exhibits ambipolar mobilities of 2.5x10-4, 1.5x10-3, and 1.0x10-2 

cm2/Vs in the SmA, SmB, and CrE phases, respectively. Th3(8) (Figure 1.15c) exhibits 

ambipolar mobilities of 5x10-4, 2x10-3, and 1x10-2 cm2/Vs in the SmC, SmF, and CrG 

phases, respectively. The magnitude of the mobility increases from SmA/C to SmB/F to 

CrE/G, which follows the trend of increasing intra-layer order as discussed in section 

1.2.2. This trend is consistent with the fact that sufficient π-π orbital overlap between 

adjacent molecules is required for efficient charge transport in organic semiconductors. 

Hence, highly ordered smectic phases are desirable for high performance LC organic 

semiconductors.  

In the crystalline states formed below the CrE/G phases of 7O-PBT-S12, 8-PNP-

On, and Th3(8), charge carrier mobilities dropped significantly as a result of the 

introduction of defects and grain boundaries [64–66]. Significant efforts were therefore 

devoted to the pursuit of materials that maintain CrE/G or similar phases at room 

temperature. The challenge is that the π-conjugated systems employed to achieve 

suitable electronic properties for efficient transport also feature strong intermolecular 

interactions that promote crystalline phases, making it difficult to achieve both high 

mobility and a soft crystal phase range at room temperature simultaneously [69]. Several 

mesogen design strategies were explored to address this, including the incorporation of 

bulky groups, lateral substitution of the core, or unsymmetrical structures, all of which 

can lower melting points. For example, Funahashi and Hanna reported 3-TTP-C2CH-5 

(Figure 1.16a) and 3-TTP-yne-4 (Figure 1.16b), which exhibit room temperature CrB 

phases stable up to around 100°C, with mobilities of 1x10-3 and 0.06 cm2/Vs, 

respectively [70,71]. The superior mobility of the latter is attributed to its closer 

intermolecular contacts compared to the steric constraints imposed by the bulky 

cyclohexyl group of the former [71]. 



20 
 

 

Figure 1.16. Some mesogens targeted for room temperature LC phases. 

The charge carrier mobility values discussed up to this point were determined 

based on the time-of-flight (TOF) method. Although TOF provides an accurate measure 

of the local (nm) mobility of a material, the field-effect transistor (FET) technique 

provides an accurate measure of the macroscopic (µm) mobility, which is more sensitive 

to defects and grain boundaries and thus translates more reliably to device applications 

[72]. Hence, FET mobility has become the most widely accepted indicator of organic 

semiconductor performance. Accordingly, LC organic semiconductor studies since the 

late 2000s began to focus on FET mobilities. Funahashi et al. applied the unsymmetric 

design strategy to develop 3-TTP-Ph-5 (Figure 1.16c) that forms a CrH phase stable up 

to 201 °C and measured hole/ electron mobilities of 0.07/ 0.2 cm2/Vs by TOF and a p-

channel FET mobility of 0.02 cm2/Vs in spin-coated thin-films of the material under 

ambient conditions [69]. 

Several other studies have explored approaches related to processing conditions 

to exploit LC materials for high performance organic semiconductors. The work of van 

Breemen et al. demonstrated the importance of the sequence of LC phases for 

processing and suggests that it is not always necessary to maintain an LC phase at 

room temperature for high performance. They designed TR5-C6 (Figure 1.17a), n = 6, 

which exhibited a phase sequence from I to N to SmC to SmB to CrG to Cr upon cooling 

[73]. The material was spin-coated onto a rubbed polyimide alignment layer, heated into 

the N phase, and then slowly cooled to 30 °C to form monodomain films with up to 150 
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mm diameters. Without the use of an alignment layer, polydomain films were obtained. 

Applying the same processing procedure to the n = 4 derivative, which exhibits a phase 

sequence from I to N to SmB to Cr on cooling, also resulted in polydomain films, even 

with an alignment layer. This demonstrates that both the alignment layer and a phase 

sequence with a gradual increase in order are crucial for growing large monodomains. 

The monodomains exhibit superior performance compared to the multidomains, with 

FET mobilities of 0.02 and 0.004 cm2/Vs, respectively, for the n = 6 derivative.  

 

Figure 1.17. Some mesogens explored for processing approaches. 

Maunoury and co-workers likewise prepared thin-film transistors from the melt 

without the need for any solvents. DH-PTTP (Figure 1.17b) has a phase sequence from 

isotropic to SmA to CrG to Cr upon cooling [74]. The material was placed on an 

octadecyltrichlorosilane (OTS) treated SiO2/Si substrate in powder form, heated to its 

isotropic liquid state, and then cooled to room temperature. The resulting well-aligned 

thin-film exhibits a FET mobility of 0.026 cm2/Vs. 

 A study by Oikawa et al. demonstrated that vacuum deposition from the RT 

crystalline state followed by thermal annealing in the LC phase is another viable 

approach for the fabrication of highly uniform thin-films. Transistors prepared by this 

procedure using 8-TNAT-8 (Figure 1.17c), which forms three unidentified mesophases 

before crystallizing at 47 °C, had FET mobilities up to 0.14 cm2/Vs in the polycrystalline 

thin-film at room temperature [75]. Although these results suggest that LC organic 
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semiconductors could approach mobilities of 1.0 cm2/Vs, solution processing generally 

allows faster and cheaper device fabrication than vacuum deposition.  

In order to achieve more scalable, high-throughput solution processing methods, 

further work has been aimed at optimizing the thin-film deposition of LC organic 

semiconductors by spin-coating. The temperature, and thereby the phase, at which a 

thermotropic LC material was spin-coated proved to have a significant impact on 

performance. For example, thin-films of C10-BTBT spin-coated from the room 

temperature crystalline state exhibit FET mobilities of 0.28-0.86 cm2/Vs, whereas those 

processed from the SmA phase at 113 °C, had FET mobilities of 1.0-3.0 cm2/Vs [76,77]. 

Iino and Hanna investigated how spin-coating temperature impacts the thin-film 

morphology and performance of C10-BTBT (Figure 1.18a) and Th3(8) (Figure 1.18c) [77]. 

Optical microscopy, confocal laser scanning microscopy (CLSM), and atomic force 

microscopy (AFM) studies revealed that thin-films of Th3(8) spin-coated from the SmC 

phase at 88 °C exhibit a more uniform morphology on the macro- and micro-scales than 

those cast from the crystalline phase at 38 °C (Figure 1.18c and b, respectively). 

Consequently, the FET mobilities of the former are around 10-1 cm2/Vs, while those of 

the latter are 10-3 cm2/Vs. Similar results were observed for C10-BTBT. Thus, processing 

a material from an LC phase (such as SmA/C) facilitates a uniform thin-film morphology 

with limited defects, which correlates with improved charge carrier mobility. 
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Figure 1.18. The structure of Cn-BTBT (a) and the morphology of Th3(8) as per optical 
microscopy (i), CLSM (ii), and AFM (iii) for a sample spin-coated from the 
crystalline phase (b) or the LC phase (c). Reproduced in modifed form with 
permission [77]. 

The state-of-the-art in the field of calamitic LC organic semiconductors is marked 

by the molecular design of Ph-BTBT-10 (Figure 1.19a) and the associated fabrication 

approach for high performance organic thin-film transistors from LC materials reported 

by Iino et al. [78]. Ph-BTBT-10 exhibits a phase sequence from Cr to CrE to SmA to I. 

The material was spin-coated onto a SiO2/Si substrate from the CrE phase at 110 °C. 

Cooling to room temperature produced uniform thin-films with a FET mobility of 2.1 

cm2/Vs. Thermal annealing at 120 °C in the CrE phase led to an increase in the FET 
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mobility up to 13.9 cm2/Vs, which was associated with a transition from a monolayer to a 

bilayer structure (Figure 1.19b) as indicated by AFM and XRD. These thin-films are 

stable up to 200 °C and exhibit consistent FET performance from device to device and 

between samples.  

 

Figure 1.19. The structure of Ph-BTBT-10 (a) and the monolayer to bilayer transition 
upon annealing as evidenced by AFM and XRD (b) [78]. 

Based on the collective findings of these literature studies, the fundamental 

aspects of charge carrier transport in calamitic LC organic semiconductors include:  

(1) ambipolar mobility; both electrons and holes are transported efficiently 

(2) electric field and temperature independent mobility, within a given LC phase 

(3) mobility increases with the degree of intra-layer order of a phase 

As introduced in section 1.2.2, there are many different types of smectic phases 

that vary in their degree of order and fluidity. The less ordered, more fluid phases are 

easier to align uniformly and self-heal more readily, making them superior for processing 

of the material, while the more ordered phases exhibit higher charge carrier mobilities 

[7]. To combine these benefits, an ideal LC organic semiconductor would display more 

fluid phases at higher temperatures and highly ordered phases at room temperature. 

Through the process of paramorphism, whereby the preceding phase serves as a 

template for the phases below it [79], the morphology can be maintained in subsequent 
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phases, allowing for the formation of highly ordered, uniform thin-films by exploiting LC 

materials. 

In addition, there are several other optical, electronic, physical, and chemical 

properties that are essential for LC organic semiconductors, which are common to all 

organic semiconductors [39]: 

(a) appropriate frontier molecular orbital energy levels (HOMO/ LUMO) and a 

suitable band gap for charge carrier transport, 

(b) light absorption or emission at specified wavelengths, depending on the 

application (e.g. OLEDs, OPVs), 

(c) sufficient solubility for solution processing, and 

(d) stability towards heat, light, oxygen, and moisture to achieve consistent 

performance and avoid degradation over time. 

It is difficult to design a material that meets all of these requirements 

simultaneously. Our work is aimed at advancing the structure-property relationships of 

calamitic mesogens, and to develop approaches to tune both the LC phase behaviour 

and opto-electronic properties of a material. Through these studies, we hope to gain a 

deeper understanding of how molecular structure affects the LC phase behavior, thermal 

stability, and opto-electronic properties of a material, which will guide the development of 

advanced calamitic LC organic semiconductors. Since their potential for organic 

semiconductors has been widely demonstrated in the literature [80], I have focused on 

thiophene-based compounds. In Chapter 4, the influence of the central heterocycle, as 

well as terminal chain length on the LC and opto-electronic properties of dialkyl 

terthiophene analogues is explored (Figure 1.20a). Inspired by the properties of the Th-

Thd-Th derivatives, Chapter 5 extends these studies to the synthesis of unsymmetrical 

mesogens based on this core, substituted with an alkyl chain on one end and an 

aromatic group at the other end (Figure 1.20b).  
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Figure 1.20. The mesogens studied in chapters 4 and 5 (a and b, respectively). 

 

1.6. Liquid Crystal Characterization 

The liquid crystalline properties of the compounds studied are characterized by 

polarized optical microscopy (POM), differential scanning calorimetry (DSC), and x-ray 

diffraction (XRD). The principles of each of these techniques and how they are applied to 

the investigation of LC materials are explained in the following sections. 

1.6.1. Polarized Optical Microscopy (POM) 

Polarized optical microscopy (POM) is used to study the properties of birefringent 

materials, which have directionally-dependent refractive indices [81,82]. This technique 

allows for the identification of the type of LC phases of a material. A polarized optical 

microscope (POM) is a standard light microscope with two plane polarizers that are 

positioned before and after the sample, as illustrated in Figure 1.21a. The light source 

provides unpolarized light, oscillating in multiple directions perpendicular to its 

propagation (1). The first polarizer produces linearly polarized light, vibrating in a single 

plane (2). After passing through the sample, the light reaches the second polarizer, 

crossed at 90° to the first (3). Without a sample, or with a non-birefringent (optically 

isotropic) sample, the polarization of light remains unchanged between the two 

polarizers and no light is transmitted (Figure 1.21b). Thus, isotropic liquids give 

completely dark images by POM. Samples that are birefringent rotate the plane of 

polarization so that the light can pass through the second polarizer to generate an image 

(Figure 1.21c). 
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Figure 1.21. Schematic of components of a POM (a) and the images produced by non-
birefringent (b) and birefringent (c) samples. 

LC phases typically exhibit birefringence due to their directionally-dependent 

orientational and positional order (as discussed in section 1.2.2). In order to study 

thermotropic LC materials by POM, the microscope must have a heating stage to control 

the temperature of the sample. In our experiments, the compound of interest is placed 

on a glass microscope slide, heated into its isotropic liquid state, and then capillary 

loaded under a cover slip. The microscope slide and cover slip are thoroughly cleaned 

with isopropanol prior to use, but otherwise left untreated. Cooling a sample from the 

isotropic liquid into an LC phase gives rise to birefringent images with characteristic 

patterns or “textures”. The deformation of the textures under applied mechanical strain 

(referred to as shearing) is used to probe the fluidity of the sample to confirm that the 

phase is liquid crystalline.  
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The textures observed by POM are characteristic of the structure of a phase and 

its commonly associated defects, thus allowing for identification of the type of LC phase 

formed. Nematic phases generally exhibit schlieren textures (Figure 1.22a) and smectic 

phases often demonstrate focal-conic fan-shaped textures (Figure 1.22b) [83,84].  

The alignment of the LC phase has a major impact on the observed textures. 

Note that POM only provides a 2-dimensional image of the sample. Typically, samples 

consist of many randomly aligned domains, such that all orientations are captured to 

give the typical textures described above. However, samples can be uniformly aligned, 

either spontaneously, through treated surfaces, or by externally applied stimuli, so that 

only a single orientation is captured. The alignment of smectic LC phases can be either 

homogeneous, with the optical axis oriented perpendicular to the viewing direction 

(Figure 1.23a), or homeotropic, with the optical axis oriented parallel to the viewing 

direction (Figure 1.23b); both of which produce distinct textures [81]. A homeotropically 

aligned nematic phase appears isotropic (dark) because this phase is non-birefringent in 

the xy-plane (Figure 1.23c) [83]. In the same way, a homeotropically aligned smectic A 

phase also appears isotropic (Figure 1.23c) [84]. On the other hand, a homeotropically 

aligned smectic C phase produces schlieren textures, similar to those of the nematic 

phase, since this phase is still birefringent in the xy-plane due to the tilted molecular 

orientation (Figure 1.23c) [84].  

 

Figure 1.22. Characteristic schlieren textures of a nematic phase (a) and focal-conic 
fan-shaped textures of a smectic C phase (b). Scale bar is 200 µm. 
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Figure 1.23. Homogeneous and homeotropic aligned samples (a and b, respectively). 
Black arrow indicates optical axis. The effect of homeotropic alignment on 
the observed textures (c).  

The patterns described above are considered as the natural textures, i.e. those 

obtained by cooling directly from an isotropic liquid. The preceding phase influences the 

observed textures, and thus cooling from overlying LC phases often results in so-called 

paramorphic textures, which exhibit modified patterns. In essence, the domains of the 

elevated temperature phase template the morphology of the lower temperature phase. 

1.6.2. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is used to quantitatively study the phase 

transitions of a material, making it indispensable for the characterization of thermotropic 

LCs [85,86]. In this technique, the sample and a reference are simultaneously heated or 

cooled at a constant rate while maintaining both at the same temperature (Figure 1.24, 

inset). The difference in energy input or output between the sample and reference are 

measured to produce the DSC thermogram, a plot of heat flow vs. temperature. Within a 

given phase of the sample (e.g. crystalline solid), the differential heat input is linear and 

the thermogram shows a straight line with a slope related to the heat capacity. At a 

phase transition, the differential heat input is non-linear and a peak is observed in the 

thermogram. To avoid effects due to inhomogeneity of the initially prepared sample or 

metastable paramorphic phases and ensure reproducible results, multiple heating and 
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cooling cycles are performed and the second or third consistent run is reported. LC 

phase behaviour is generally thermally reversible, and thus each endothermic peak on 

heating should have a corresponding exothermic peak on cooling, with a few exceptions 

as discussed below.  

An example DSC thermogram of an LC compound is shown in Figure 1.24. Upon 

heating, two endothermic peaks are observed; the first corresponding to the melting 

temperature (Tm) and the second to the clearing temperature (Tc). Collectively, these 

transition temperatures define the phase ranges of the crystalline solid, liquid crystal, 

and isotropic liquid states. Upon cooling, the transition from liquid to liquid crystal occurs 

at a temperature that is within 1-2 °C of the Tc observed on heating. On the other hand, 

the crystallization peak of an LC phase tends to occur at a lower temperature than the 

Tm observed on heating due to supercooling [87]. Because of this thermal hysteresis, the 

transition temperatures are usually reported based on the heating cycle. Furthermore, as 

a result of supercooling effects, some LC phases are only observed on cooling, these 

phases are referred to as monotropic phases, whereas those appearing on heating and 

cooling are enantiotropic phases [87].   

 

Figure 1.24. The DSC thermogram of an LC compound showing various phase 
transitions. Inset shows the isolated chamber for the sample and 
reference pans. 
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In addition to the transition temperature, the enthalpy change associated with a 

phase transition, determined by integration of the area of a peak, is an important factor 

since it correlates to the change in molecular order and thus provides information about 

the respective phases. A small enthalpy change corresponds to a limited change in 

molecular order; the transition between two disordered phases (e.g. N and I) or two 

highly ordered phases (e.g. Cr and CrE) tends to have a low enthalpy change. A large 

enthalpy change corresponds to a significant change in molecular order; the transition 

between an ordered and a disordered phase (e.g. Cr and N, or SmF and I) generally has 

a relatively high enthalpy change [87].  

1.6.3. X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a technique for the determination of the structure of 

crystalline materials and can also be used to probe the order in LC phases [88,89]. The 

LC is capillary loaded from its isotropic liquid state into a quartz tube that does not 

diffract x-rays and mounted on an in-house built heating stage that allows us to control 

the temperature of the material (Figure 1.25b) [90]. X-rays generated by a copper source 

(Cu K-α, λ = 1.54 Å) are focused on the sample and the resulting diffraction pattern is 

collected on the detector (Figure 1.25a). The initial 2D diffraction pattern (Figure 1.26a) 

is then integrated to give the 1D diffraction pattern (Figure 1.26b); a plot of intensity vs. 

2θ, which is how XRD data is commonly reported. XRD relies on the principle of the 

diffraction of x-rays by a periodic array of atoms or molecules, which is governed by 

Bragg’s law: 

2𝑑 sin 𝜃 = 𝑛𝜆    (1-3) 

where d is the distance between repeating features in the structure, θ is the incidence 

angle of the x-ray beam, n is an integer, and λ is the wavelength of the x-ray (Figure 

1.25c). Constructive interference occurs when d and θ are such that 2d sin θ gives a 

whole integer, n, multiple of the x-ray beam wavelength, λ, to produce a peak in the XRD 

plot. Each peak can be assigned to Miller indices h, k, and l (corresponding to the x, y, 

and z directions, respectively) that define equivalent planes in the crystal lattice, 

separated by a distance dhkl, referred to as the d-spacing. The 2θ angles of each peak 

can be converted to the d-spacing in Å via equation 1-3 to give the distances between 

repeating features in a crystalline or LC phase.  
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Figure 1.25. Schematic of an x-ray diffractometer (a). Components are not to scale. 
Beams are generally diffracted over all azimuthal angles to give complete 
circles but only one angle is shown for clarity. The sample capillary is 
mounted in a thermal stage (b). The 2θ angle between transmitted and 

diffracted beams is dependent on the d-spacing (c). 

The XRD pattern is therefore indicative of the order present in the specific phase 

of the sample. In a disordered phase, no significant diffraction of x-rays occurs; hence, 

the XRD of a nematic phase does not contain any sharp peaks but only low intensity, 

diffuse signals. However, smectic LC phases, which possesses positional order, do 

exhibit diffraction patterns with identifying features. The XRD of a SmC LC phase is 

shown in Figure 1.26. The 2θ range between 0-15° is often referred to as the low angle 

region and corresponds to distances greater than 5.9 Å and thus covers the length 

scales of layer distances commonly observed in smectic phases. The sharp peak, 

indexed to d001, is representative of lamellar order. The d-spacing of this peak 

corresponds to the layer spacing; comparison of this distance to the molecular length 
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allows us to estimate the molecular orientation and thus differentiate between orthogonal 

and tilted smectic phases. The 2θ range between 15-30° is often referred to as the wide 

angle region and corresponds to distances less than 5.9 Å, the length scales of 

distances between adjacent molecules within a layer, and provides information about the 

intra-layer order. The broad, low intensity peak reflects the lack of order within a layer, 

consistent with a SmC phase, and is commonly referred to as the alkyl halo. 

 

Figure 1.26. The collected 2D diffraction pattern (a) and the integrated 1D diffraction 
pattern of a SmC LC phase.      

XRD can also be used to determine the correlation length of the order in a phase, 

which is commonly referred to as grain size, the average size of individual crystallites 

within a polycrystalline sample. The grain size, τ, is inversely proportional to the peak 

broadening, B, according to the Debye-Scherrer equation: 

𝜏 =  
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
    (1-4) 

where K is a dimensionless shape factor, λ is the wavelength of the x-rays, B is 

measured as the full width at half maximum, and θ is the diffraction angle.  

1.7. Optical and Electronic Properties Characterization 

The primary objective of the work reported in this thesis was tuning self-

assembly; thus our main focus was the characterization of the LC properties of the 

synthesized compounds. However, in regards to LC materials for organic 

semiconductors, the optical and electronic properties are an important factor as well. 

Therefore, in chapters 4 and 5, the materials were also characterized by UV-visible and 

fluorescence spectroscopy and cyclic voltammetry (CV). Although the solid-state 
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behaviour is ultimately decisive for device applications, our work thus far was limited to 

solution-state studies, which provide some valuable information on the molecular optical 

and electronic properties. 

UV-visible spectroscopy measures the absorption of light by a molecule, and is 

thus sometimes referred to as absorption spectroscopy. This technique is based on the 

fact that a molecule in the ground state can absorb energy in the form of light to promote 

electrons from a low energy filled orbital to a higher energy unfilled orbital. A dilute 

solution of the analyte is scanned over a range of wavelengths (typically 200-800 nm) 

while the intensity of transmitted/ absorbed light at each wavelength is recorded. The 

wavelength of light at each absorption maxima is related to the energy associated with 

the corresponding electronic transition [91].  

Emission spectroscopy measures the emission of light by an excited molecule, 

and is sometimes referred to as fluorescence spectroscopy. This technique is based on 

the fact that a molecule in the excited state can emit energy in the form of light when 

electrons relax to their ground state configuration. A dilute solution of the analyte is 

irradiated at the wavelength of its absorption maximum to generate excited, and the 

resulting emission is monitored over a range of wavelengths (typically 400-800 nm). The 

wavelength of light at each emission maximum is related to the energy associated with 

the corresponding electronic transition [91].  

For conjugated organic molecules, the highest probability electronic transition 

generally corresponds to the HOMO to LUMO transition [91]. Therefore, UV-vis and 

fluorescence spectroscopy provide information on the separation between the HOMO 

and LUMO energy levels, and the light absorption and emission properties of a 

molecule, all of which are relevant for device applications. 

Cyclic voltammetry (CV) probes the electrochemical properties of a molecule. 

The electrochemical cell used for this method consists of working, reference, and 

counter electrodes. This cell is filled with an electrolyte solution, which conducts 

electricity, containing dilute concentrations of the analyte. The potential at the working 

electrode is linearly ramped between two selected voltages and cycled back and forth 

while the current is recorded, producing a current versus voltage plot, the cyclic 

voltammogram. This process allows for the determination of the reduction and oxidation 
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potentials of a molecule; for organic compounds, these correspond to the energy levels 

of the lowest unoccupied and highest occupied molecular orbitals (LUMO and HOMO), 

respectively. The shape of the peaks in the voltammogram serves to indicate whether 

these processes are reversible or irreversible. Therefore, cyclic voltammetry provides 

information on the HOMO and LUMO energy levels, the electronic band gap, and the 

nature of reduction and oxidation processes of a molecule, which are important for 

organic semiconductors [92]. 

1.8. Thesis Overview 

The overarching theme of the research presented in this thesis is the study of 

structure-property relationships of LCs, which are fundamentally important in the design 

of improved materials for various applications. The temperature range of an LC phase of 

a material is a crucial parameter for any application. In the first part of this thesis, the 

relationship between molecular symmetry and LC phase behaviour is investigated. 

Chapter 2 focuses on the 2,6-di(4ʹ-n-alkoxybenzoyloxy) naphthalene derivatives, 

NP(m,n) (Figure 1.11b), that exhibit N and SmC phases. Chapter 3 concerns the 4,4’-

dialkanoyloxybiphenyl derivatives, BP(m,n) (Figure 1.11b), that form SmF and CrG 

phases. For each study, a family of symmetrical and unsymmetrical derivatives were 

synthesized and their liquid crystal properties were examined by DSC, POM, and XRD. 

The impact of molecular symmetry on their phase behaviour was assessed through a 

systematic isomer comparison. Based on effects on the melting and clearing 

temperatures due to molecular symmetry breaking, we propose a strategy to tune LC 

phase ranges and increase LC phase diversity.  

As described in Section 1.5, LC materials are promising as organic 

semiconductors for OFETs, OLEDs, and OPVs. The latter part of this thesis is aimed at 

the optimization of calamitic mesogens for such applications, and focuses on the 

relationships between molecular structure and the resulting nature of LC phases, as well 

as their opto-electronic properties. In Chapter 4, analogues of 5,5”-dialkyl-α-terthiophene 

were prepared to study the effect of replacing the central thiophene with an oxadiazole 

or thiadiazole ring (Figure 1.20a). The phase behaviour was examined by DSC, POM, 

and XRD, the solid-state structure was determined by single crystal XRD, and the opto-

electronic properties were characterized by UV-vis and fluorescence spectroscopy, 

cyclic voltammetry, and TD-DFT. Inspired by the properties of the thiadiazole derivative 
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that emerged from this work, Chapter 5 explores a series of unsymmetrically substituted 

mesogens based on the Th-Thd-Th core (Figure 1.20b). These display a wide variety of 

phases, including N, SmA, SmC, CrE, and CrH/K, and span a range of molecular energy 

levels with corresponding absorption and emission properties, making them highly 

tunable materials. Collectively, through Chapter 4 and Chapter 5, key structure-property 

relationships are developed to guide the future design of advanced LC organic 

semiconductors.   
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Chapter 2.  
 
Molecular Symmetry and Phase Behaviour of Low 
Order Nematic and Smectic Phases 

 

2.1. Permission of Reprint 

The research presented in this chapter has been published as a full paper in the 

journal Liquid Crystals: “Exploiting molecular symmetry reduction to enrich liquid crystal 

phase diversity” (Ester, D.F.; Williams, V.E. Liq. Cryst. 2019, 46(10), 1505-1516) and is 

reproduced herein with permission from the journal (see Appendix B). We gratefully 

acknowledge the Natural Sciences and Engineering Research Council of Canada 

(NSERC) and Simon Fraser University (SFU) for funding. This work made use of the 4D 

Labs shared facilities supported by the Canada Foundation for Innovation (CFI), British 

Columbia Knowledge Development Fund (BCKDF), Western Economic Diversification 

(WD), and SFU. 

2.2. Abstract 

The strategic tuning of liquid crystalline phase behaviour by adjusting molecular 

symmetry was investigated. A family of sixteen symmetrical and unsymmetrical 2,6-di(4ʹ-
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n-alkoxybenzoyloxy) naphthalene derivatives were prepared and their liquid crystal 

properties examined by differential scanning calorimetry, polarised optical microscopy, 

and x-ray diffraction. All mesogens formed nematic phases, with longer-chain analogues 

also exhibiting smectic C phases at lower temperatures. Melting temperatures of the 

compounds strongly depend on molecular symmetry, whereas clearing transitions are 

relatively insensitive to this effect. A detailed analysis indicates that the clearing point 

can be predicted based on the nature of the terminal alkyl chains, with only a secondary 

effect from molecular symmetry. Moreover, low symmetry molecules showed a greater 

tendency to form smectic C phases, which was ascribed to the selective depression of 

the melting point versus the SmC-N transition. This demonstrates that molecular 

symmetry breaking is a valuable tool both for tuning liquid crystalline phase range and 

for increasing a material’s polymorphism. 

2.3. Introduction 

Liquid crystalline (LC) materials’ unique combination of physical, optical, and 

electronic properties have led to their widespread use in myriad applications, including 

display devices [1–4], biomedical imaging [5–7], drug delivery [8–12], thermography [13–

15], lasing [3,16,17], and organic semiconductors [18–22]. The suitability of a liquid 

crystal for a given function depends both on the type of phase (e.g. nematic, smectic, 

columnar, etc.) and the temperature range over which it is stable. Because self-

assembly processes are highly sensitive to molecular structure, designing materials that 

exhibit both the desired LC properties and the physical, optical and electronic 

characteristics required for the target application remains an important but difficult 

challenge. In this context, we have demonstrated that molecular symmetry provides a 

useful handle for controlling the phase behavior of liquid crystalline materials, as 

symmetry-breaking tends to depress the solid-to-LC melting transition (Tm) without 

substantially altering either the clearing (Tc) or LC-LC transition temperatures, resulting 

in broader mesophases [23–27]. 

In the present work, we explore whether the selective destabilisation of the 

melting point can be exploited to uncover ‘hidden’ LC phases. Consider a hypothetical 

liquid crystal with a Tc that lies below the melting point of the solid phase; the LC would 

either not be observed, or would form only a metastable monotropic phase on cooling 

(Figure 2.1a, top). Using symmetry-breaking to depress the melting point below the 
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clearing point could thus give rise to an enantiotropic liquid crystal phase (Figure 2.1a, 

bottom) observed on both heating and cooling. Because LC-LC transitions also appear 

to be relatively insensitive to symmetry effects, this approach could be used to unmask 

additional phases in cases where the symmetric analog exhibits one or more 

mesophases (Figure 2.1b). As such, lowering the molecular symmetry could serve not 

only to broaden existing phases, but to enrich the phase diversity. 

 

Figure 2.1. The potential effects of symmetry breaking on the phase behaviour of a 
material (a) without or (b) with an existing LC phase. Cr = crystalline solid, I 
= isotropic liquid. 

To test this idea, we prepared a family of 2,6-di(4ʹ-n-alkoxybenzoyloxy) 

naphthalenes NP(m,n) (Figure 2.2), symmetric derivatives of which (i.e. m = n) have 

been reported to possess nematic (N) phases over broad temperature ranges [28–32]. 

Notably, the highest reported homologue in this series, NP(10,10), also exhibits a 

smectic C (SmC) mesophase below its nematic phase [30]. We speculated that other 

members of this series might also assemble into SmC phases if the melting temperature 

could be sufficiently depressed via symmetry breaking. From the N phase, mesogens 

tend to cool into an intermediate, orthogonal SmA phase before forming a tilted SmC 

phase. Compounds that exhibit direct N-SmC transitions are relatively uncommon [33–

37], yet are attractive targets that could potentially avoid buckling defects associated 

with layer-contraction of SmC LCs cooled from SmA phases, which are known to 

degrade the performance of ferroelectric liquid crystals [38–42].  
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Figure 2.2. Compounds prepared for this study. 

Nine unsymmetrical (m ≠ n) NP(m,n) derivatives with chains ranging from four to 

ten carbons in length (Figure 2.2) were synthesised in order to evaluate the effects of 

symmetry-breaking. The seven symmetric derivatives (m= n = 4–10) previously reported 

in the literature were also prepared in order to confirm their phase assignments and to 

enable direct comparisons to the newly prepared low-symmetry analogues. In our initial 

analysis, the properties of derivatives with two chains of unequal lengths (m ≠ n) were 

compared to those of their symmetric isomers. To facilitate this discussion, fourteen of 

the derivatives were arranged into five isomeric series. The two remaining symmetric 

compounds, NP(4,4) and NP(10,10), are included in order to examine the group 

additivity effects in systems that contain either butyl or decyl chains, respectively (vide 

infra). 

2.4. Results and Discussion 

2.4.1. Synthesis 

Symmetric NP(m,n) derivatives were synthesised by the reaction of 2,6-

dihydroxynaphthalene with two equivalents of the corresponding 4-alkoxybenzoic acid, 

employing conditions similar to those described by Tsakos et al. [43]. (Scheme 2.1, route 

a). This route was initially used to prepare NP(7,7) and NP(9,9) in yields of 37% and 
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68%, respectively, after purification. The remaining symmetric derivatives were isolated 

as side products during the synthesis of unsymmetrical derivatives outlined below. 

Scheme 2.1. Synthesis of Diester NP(m,n) Compounds Studied  

 

Conditions: i) DMAP, CH2Cl2, RT, then EDCI, reflux, 24h. 

The unsymmetrical derivatives were prepared as illustrated in route b of Scheme 

2.1. In the first step of this procedure, the appropriate 4-alkoxybenzoic acid was treated 

with an excess of 2,6-dihydroxynaphthalene to favor the production of the monoalkylated 

NP(m,OH) product. The NP(m,m) products with m = 4, 5, 6, 8, and 10 were also 

obtained as side products and isolated in 32–67% yields. After separation, the mono-

substituted product was reacted with a second benzoic acid to afford the final NP(m,n) 

products in yields of 40–75%. 

2.4.2. LC Characterisation 

The liquid crystalline properties of all compounds were investigated by differential 

scanning calorimetry (DSC), polarised optical microscopy (POM), and variable 

temperature x-ray diffraction (VT-XRD), the results of which are summarised in Tables 

2.1–2.6. The shorter chain length symmetrical compounds (m = n = 4–7) exhibited 

similar DSC and POM results. As a representative example, the DSC thermogram of 

NP(5,5) displays two peaks upon heating and three peaks on cooling; all peaks were 

observed on repeated heating/cooling cycles (Table 2.1). 

Upon cooling from the isotropic liquid, POM of this compound revealed the 

formation of a fluid phase that exhibits schlieren textures characteristic of a nematic 
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phase (Figure 2.3a). Below the next transition at 118°C, the texture rapidly transforms to 

needle-like crystals with no observable fluidity (Figure 2.3b). The additional lower 

temperature peak observed in the DSC cooling curve does not correlate with any further 

changes by POM, and was attributed to a crystal-to-crystal transition. Similarly, NP(4,4), 

NP(6,6), and NP(7,7) were also found to exhibit crystalline – nematic – isotropic phase 

sequences. These results are in agreement with the existing literature for these 

symmetric NP(m,n) derivatives [29–32]. 

 

Figure 2.3. Polarised optical micrograph of NP(5,5) showing schlieren textures at 270 °C 
(a) and needle-like textures at 116 °C (b). 

The longer chain symmetrical derivatives exhibit more complex mesophase 

behaviour, as demonstrated by the example of NP(10,10). The DSC shows three peaks 

on heating and four peaks on cooling that are consistently observed on repeated 

heating/cooling cycles (Table 2.6). The XRD diffraction pattern of the phase just below 

the highest temperature transition (215°C) (Figure 2.4a) consists of two low intensity 

broad peaks, indicating a lack of positional order, which is typical of a nematic phase. A 

nearly identical XRD pattern is observed upon cooling to just above the next phase 

transition (176°C) (Figure 2.13), verifying that this structure is maintained over the entire 

phase range. Below the next transition (161°C) (Figure 2.4b), a sharp peak indexed to 

d001 develops in the low angle region, consistent with the onset of lamellar ordering. The 

corresponding layer spacing of 30.3 Å is considerably shorter than the molecular length 

of 47.4 Å calculated by molecular modelling, which suggests that the molecules adopt a 

tilted orientation within each layer. Combined with the broad peak observed in the high 

angle region, indicative of a lack of positional order within individual layers, this XRD 

pattern points to the formation of a SmC phase. At room temperature (Figure 2.4c), the 

low angle d001 peak disappears, suggesting the loss of lamellar order, and numerous 

sharp high angle peaks develop, indicating the formation of a crystalline solid. 
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Figure 2.4. The XRD of NP(10,10) at (a) 215 °C, (b) 161 °C, and (c) 25°C. 

The POM results provide further evidence for this phase sequence. The fluid 

schlieren textures (Figure 2.5a) of the high temperature nematic phase are once again 

formed. Cooling to below the subsequent phase transition at 170°C, we observe the 

sudden onset of a fingerprint-like texture (Figure 2.5b), which quickly gives way to a 

modified schlieren texture of the SmC phase (Figure 2.5c). These intermediate 

‘transition bars’ are commonly observed features of N-SmC transitions [44–50]. At room 

temperature, needle-like crystallites (Figure 2.10) similar to those observed for NP(5,5) 

are formed. Thus, in keeping with the previous report [30], our DSC, POM, and XRD 

data confirm a sequence of crystalline – smectic C – nematic – isotropic phases for 

NP(10,10). 
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Figure 2.5. Polarised optical micrograph of NP(10,10) at 220 °C (a), 171 °C (b), and 168 
°C (c). 

Our findings for the symmetric NP(8,8) and NP(9,9) derivatives deviate from 

those of Pastorelli et al. [31]., who, on the basis of POM studies, reported that these 

compounds exhibit only a nematic mesophase. Our observations confirm the formation 

of a nematic liquid crystal for both compounds, with melting and clearing points in good 

agreement with this earlier work. However the DSC thermogram of NP(9,9) shows an 

additional low enthalpy peak between the melting and clearing transitions, indicating the 

formation of an intermediate phase. This peak is observed on both heating and cooling, 

with limited hysteresis, suggesting an LC-LC transition. POM and XRD studies (see 

experimental section) demonstrate that this is a SmC phase. While we observed phase 

behavior for NP(8,8) on heating that is consistent with Pastorelli’s findings, we note that 

this compound forms a previously unreported monotropic SmC on cooling. 

Like their symmetric isomers, the unsymmetrical compounds in series 1 (m + n = 

10) and 2 (m + n = 12) possess crystalline – nematic – isotropic phase sequences. 

Derivatives in series 3 (m + n = 14) exhibit more complex polymorphism. NP(10,4), 

consistent with its symmetric analog NP(7,7), possesses only a nematic mesophase on 

heating and cooling. In contrast, NP(8,6) and NP(9,5) both form additional monotropic 

SmC phases on cooling. The unsymmetrical compounds in series 4 and 5, like NP(9,9) 

and NP(10,10), display crystalline – SmC – nematic – isotropic phase sequences on 

heating and cooling; the SmC phases in these cases are all enantiotropic. 
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Table 2.1. Phase Behavior of Series 1 (m + n = 10) 

 

  

Table 2.2. Phase Behavior of Series 2 (m + n = 12) 

 

 

Table 2.3. Phase Behavior of Series 3 (m + n = 14) 

 

 



46 
 

Table 2.4. Phase Behavior of Series 4 (m + n = 16) 

 

 

Table 2.5. Phase Behavior of Series 5 (m + n = 18) 

 

 

Table 2.6. Phase Behavior of NP(4,4) and NP(10,10) 

 

 

2.4.3. Symmetry Effects 

Having determined the phase behaviour of these compounds, we turned our 

attention to the impact of molecular symmetry on the LC phase ranges. In order to 
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provide an overview of all sixteen NP(m,n) compounds, their phase behaviour is 

presented graphically in Figure 2.6, with compounds sorted into isomeric series 1–5. 

 

Figure 2.6. LC phase behaviour of the NP(m,n) compounds upon heating. 

Our initial analysis followed an approach inspired by Thomas Carnelley’s 

observation that unsymmetrical molecules melt at lower temperatures than their more 

symmetric isomers [23–27,51,52]. For this reason, we compared isomeric compounds 

with different degrees of symmetry. An examination of the phase behaviour within each 

isomer series reveals clear trends with respect to the melting point (Tm, black-

grey/orange boundary). Without exception, low symmetry compounds melt at lower 

temperatures than the corresponding symmetric isomer, with an average depression of 

−25.9°C. The magnitude of this melting depression increases as the disparity between m 

and n increases within a series. In contrast, the clearing point (Tc, grey-white boundary) 

exhibits small positive and negative fluctuations, with an average change of +0.8°C, 

associated with symmetry-breaking. As a result of these conflicting effects, less 

symmetric isomers uniformly display expanded LC phase ranges, with an average 

increase of 26.8°C. These results are consistent with earlier studies on both columnar 

and highly ordered lamellar mesophases [23–27]. Collectively, these findings suggest 
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that molecular shape and symmetry, in large part determined by the peripheral chain 

lengths, is a major determinant of LC phase formation and stability, as recently argued 

by Goodby [53]. 

As noted above, the clearing temperatures of low symmetry NP(m,n) derivatives 

were in some cases higher than their more symmetrical isomers. The most pronounced 

example is NP(6,4), which has a Tc that is almost 8 °C higher than that of NP(5,5). 

These observations suggest that factors other than molecular symmetry may dominate; 

for example, if odd-even effects have a significant impact on Tc, then replacing two odd-

numbered C-5 chains in NP(5,5) with even-numbered C-6 and C-4 chains in NP(6,4) 

could plausibly cause the observed elevation in Tc, irrespective of symmetry. More 

generally, while clearing temperatures of the symmetrical derivatives tend to decrease 

with increasing chain length (Figure 2.7), this variation is markedly nonlinear; similar 

trends have been noted across other mesogenic series [54]. This non-uniform trend 

indicates that the specific chain lengths, and not just the average number of carbons, 

should be considered in assessing symmetry effects. 

 

Figure 2.7. Clearing temperatures (Tc) of the symmetric NP(m,n) derivatives. 

With these considerations in mind, we undertook an alternative analysis based 

on a group additivity approach that assumes that the contribution of a chain should, in 

the absence of symmetry effects, be the same from molecule to molecule. In other 

words, the transition temperatures can be predicted based on the additive impact of the 

two terminal chains in a mesogen. A similar analysis was employed by Attard and 

coworkers in their examination of non-symmetric dimers [55]. Thus, the Tc of NP(6,4) 
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could be usefully approximated by taking the average value of the two symmetric 

isomers NP(6,6) and NP(4,4). Indeed, this group additivity approach predicts a clearing 

temperature of 282.8°C, in good agreement with the observed value of 281.3°C. 

More generally, we compared the experimentally determined Tc of unsymmetrical 

NP(m,n) derivatives to the temperatures predicted by this group additivity approach, i.e. 

the average Tc for the two symmetric analogs NP(m,m) and NP(n,n) (Figure 2.8a). The 

analogous comparison between the experimentally observed Tc and the values of the 

corresponding symmetric isomer are shown in Figure 2.8b. In both plots, the compounds 

are grouped according to chain length disparity, (m-n), since symmetry effects in Tm 

were noted to increase with m-n. For cases where the discrepancy in chain lengths is 

small (m-n = 2), the trends in observed Tc closely parallel the predictions based on group 

additivity, with the predicted and observed values in all cases being within 1–2°C. In 

contrast, the prediction based on symmetric isomers alternates between values that are 

too high or too low. Hence, it appears that the group additivity approach provides a more 

reliable estimate of clearing temperature than a simple comparison between isomers 

with distinct symmetries.  

The data in Figure 2.8b shows a marked odd-even effect for (m-n = 2); 

unsymmetrical molecules with even numbered carbon alkyl chains have higher than 

predicted clearing temperatures, whereas those with an odd number of carbons are 

lower than predicted. A subtle odd-even effect is also apparent in the plot of Tc of the 

symmetrical derivatives as a function of chain length (Figure 2.7), and may underlie the 

trends in Figure 2.8b. Hence, when an unsymmetrical derivative with two even carbon 

chains, such as NP(6,4), is compared to its symmetric isomer, NP(5,5), the odd-even 

effect elevates the Tc of the former. Conversely, this model correctly predicts that 

NP(5,7) should clear at a lower temperature than its isomer NP(6,6), regardless of 

symmetry considerations. 
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a) 

 

b) 

 

Figure 2.8. Comparison of the experimental clearing points (Tc) for the unsymmetric 
compounds to the ‘group additivity’ predictions (a) and the respective 
symmetric isomer values (b). See discussion for details of predicted values. 

For m–n = 4, both the symmetric and unsymmetrical isomers have chains with 

the same parity, so the odd-even effect should have a negligible impact. In this case, the 

group additivity predictions diverge from the observed Tc with the unsymmetrical 

compounds having uniformly lower clearing temperatures than predicted. This suggests 

that molecular symmetry does cause a depression of Tc, albeit the magnitude of the 

effect is significantly smaller than for Tm. This is in line with our earlier result for Tm; 

symmetry effects become more pronounced at greater chain length disparity. Therefore, 

our analysis indicates that there is a balance between odd-even and symmetry effects 
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that govern the clearing temperature. At small chain length disparity (m-n = 2) odd-even 

effects dominate, whereas at larger chain length differences (m-n = 6) symmetry effects 

become significant. 

When the group additivity approach was applied to the melting temperature, we 

found that the predicted Tm values differed significantly from those of the isomer 

comparison approach (Figure 2.9). However, both models predict melting points that are 

substantially higher than the experimentally-determined values, with an increased effect 

at larger chain length disparities. Thus, while neither model provides a reliable prediction 

of Tm, both support the conclusion that symmetry-breaking serves to depress this 

transition. 

 

Figure 2.9. Comparison of the experimental melting points (Tm) for the unsymmetric 
compounds to the respective symmetric isomer values and the ‘group 
additivity’ predictions. See discussion for details of predicted values. 

What of the prediction, outlined in Figure 2.1, that selective suppression of Tm 

could lead to not just broader mesophases, but also increased phase diversity? Of the 

symmetric derivatives, only NP(9,9) and NP(10,10) form SmC phases on both heating 

and cooling. The unsymmetrical NP(10,8) also forms an enantiotropic smectic phase, 

with a SmC-N transition temperature (157.1°C) that is similar to that of NP(9,9). 

However, because the former compound has a lower melting point, its smectic phase 

range (33°C) is considerably broader than that of the latter (17°C). Notably, because 

both the SmC-N transition and Tc are relatively insensitive to symmetry effects, these 

compounds exhibit similar nematic temperature ranges. 
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The shorter-chain symmetrical derivatives show a decreased tendency to form 

smectic phases. Thus, NP(8,8) exhibits a monotropic SmC phase, only observed upon 

cooling. However, its low symmetry isomers, NP(10,6) and NP(9,7) both possess 

enantiotropic SmC phases over ranges of 12–13°C. This difference can be understood 

in terms of the selective depression of Tm by symmetry-breaking. The monotropic 

nematic-SmC transition of NP(8,8) lies approximately 2°C below the melting point; the 

smectic phase is observed only because of hysteresis between the freezing and melting 

points. Whereas NP(9,7) has a similar SmC-N transition temperature as NP(8,8), de-

symmetrisation lowers the melting point of the former by approximately 15°C, allowing 

the smectic phase to persist on heating as well as on cooling. 

The symmetric homologs with even shorter chain lengths fail to exhibit SmC 

phases on either heating or cooling, presumably because the melting points lie well 

above the SmC-N transition temperatures. However, while NP(7,7) lacks a smectic 

phase, two of its isomers, NP(8,6) and NP(9,5), form monotropic SmC phases upon 

cooling. The remaining isomer in this series, NP(10,4), exhibits only a nematic 

mesophase. No smectic phases were observed for either NP(6,6), NP(5,5) or any of 

their isomers. These results highlight a key constraint of the approach presented in 

Figure 2.1: while it is indeed possible to uncover ‘hidden’ SmC phases through 

symmetry breaking, this strategy is limited by the extent to which Tm can be lowered and 

the relative position of the SmC-N transition. In the present system, the suppression of 

Tm appears to be insufficient to overcome the dramatic reduction of the SmC-N transition 

at shorter chain lengths. Nevertheless, we have successfully demonstrated expanded 

phase ranges, new enantiotropic phases, or exposed monotropic phases of the SmC 

phase in the low symmetry isomers of NP(9,9), NP(8,8) and NP(7,7). 

2.5. Conclusions 

In the present work, we have examined the impact of molecular symmetry as a 

means to broaden liquid crystal temperature ranges and to increase the number of 

thermodynamically-stable mesophases. The sixteen symmetrical, NP(n,n) and 

unsymmetrical, NP(m,n), naphthalene mesogens examined all form nematic 

mesophases, with low symmetry analogs exhibiting an increased tendency to form SmC 

phases. This represents a potentially useful strategy for the creation of materials with 

specified phase sequences. Moreover, our results demonstrate that phase sequences 
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seen only at high molecular weights within a symmetrical series can be observed for 

smaller low-symmetry analogues, which opens the door to the design of liquid crystals 

that are compatible with vapour deposition methods. Such materials could also be more 

easily solution processed because both lower molecular weights and decreased 

symmetry are known to increase solubility [56–58]. 

2.6. Experimental 

2.6.1. Materials and Methods 

All solvents used were reagent grade. Methyl 4-hydroxybenzoate, 2,6-

dihydroxynaphthalene, 4-dimethylaminopyridine (DMAP), and N-(3-

dimethylaminopropyl)-N’-ethylenecarbodiimide hydrochloride (EDCI) were purchased 

from TCI America. All other reagents were purchased from Sigma-Aldrich. All reagents 

were used as received without further purification. 4-Alkoxybenzoic acids were prepared 

from methyl 4-hydroxybenzoate via alkylation followed by hydrolysis according to 

previously reported procedures [59]. Column chromatography was performed on silica 

gel 60 (230–400 mesh) purchased from Silicyle Inc. CDCl3 was obtained from 

Cambridge Isotope Laboratories Inc. 

400 MHz and 500 MHz 1H NMR spectra were obtained on a Bruker AMX-400 

400 MHz and Varian AS500 Unity Inova 500 MHz spectrometers, respectively. High 

resolution mass spectrometry was carried out on an Agilent 6210 TOF LC/MS (ESI+) by 

Hongwen Chen (SFU), and on a Bruker micrOTOF II LC/MS (ESI+) by Nonka Sevova at 

Notre Dame Mass Spectrometry and Proteomics facility. Phase transition temperatures 

and enthalpies were determined using differential scanning calorimetry (DSC) on a TA 

Instruments DSC Q2000 equipped with a TA Instruments Refrigerated Cooling System 

90, heating and cooling at a rate of 10˚C min-1. Polarised optical microscopy was carried 

out using an Olympus BX50 microscope equipped with a Linkam LTS350 heating stage. 

X-ray scattering experiments were conducted using a Rigaku R-Axis Rapid 

diffractometer equipped with an in-house built temperature controller [60]. Calculations 

were carried out by density functional theory (DFT) using B3LYP/3-21G* in Gaussian 09 

[61]. 
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2.6.2. Synthesis 

4-Alkoxybenzoic Acids All of the benzoic acid starting materials with the 

required alkoxy chains (m = 4-10) in the para position were prepared by the synthetic 

route shown in Scheme 2.2, modified from previously reported literature procedures [59]. 

Following this procedure the para alkoxy benzoic acids were obtained in 86-95% 

combined yields over both steps. 

Step 1 

 

Step 2 

 

Scheme 2.2. Synthesis of para-substituted benzoic acid starting materials. 

STEP 1 - In a flame-dried 250 ml round bottom flask, methyl 4-hydroxybenzoate 

(1.0 eq.), potassium carbonate (1.5 eq.), and 1-bromoalkane (1.1 eq.) were combined in 

acetone (100 mL) under N2. This mixture was refluxed for 24 hours.  Once cooled to 

room temperature, the solution was poured over ice; the organic phase was separated 

and washed with water (3 x 100 mL) and brine (100 mL). The organic phase was dried 

over MgSO4 and the solvent was removed by rotary evaporation. This crude product was 

then purified by column chromatography on silica with 20% ethyl acetate in hexanes as 

eluent. Analytical data for these compounds are listed below. 

STEP 2 - In a flame-dried 250 ml round bottom flask, methyl 4-alkoxybenzoate 

(1.0 eq.) isolated from STEP 1 was treated with potassium hydroxide (4.0 eq.) in ethanol 

(100 mL) under N2. After refluxing for 6 hours, the solution was cooled to room 
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temperature and poured over ice. The precipitate formed upon addition of 10% HCl (50 

mL) was filtered and then recrystallized from acetonitrile to give the para alkoxy benzoic 

acids as a white powder. Analytical data for these compounds are listed below. 

Symmetric Derivatives NP(m,n) (m = n) In a flame-dried 50 ml round bottom 

flask, 2,6-dihydroxynaphthalene (0.200 g, 1.25 mmol) was dissolved in dry DCM (30 mL) 

under N2. The appropriate 4-alkoxybenzoic acid (2.75 mmol) was added followed by 

DMAP (3.75 mmol). This mixture was stirred at ~0 °C under N2 for 15 minutes. EDCI 

(2.50 mmol) was then added and the mixture was stirred at ~0 °C under N2 for 15 

minutes before refluxing for 48 hours. The solution was then cooled to room 

temperature, and poured over ice (~50 g); the organic phase was separated and washed 

with water (2 × 30 mL), aqueous HCl (10%, 40 mL), and brine (40 mL). The organic 

phase was dried over MgSO4 and the solvent was removed by rotary evaporation. The 

crude products were then purified by column chromatography on silica with 

dichloromethane as eluent. The solvent was removed under reduced pressure and the 

resultant products were recrystallised from ethyl acetate to afford a white solids in yields 

of 37–68%. Note that several of the symmetric NP(m,n) compounds were isolated as 

side products of the monoester synthesis described below. Analytical data of the 

NP(m,n) (m = n) compounds is given below.  

Monoesters NP(m,OH) In a flame-dried 250 ml round bottom flask, 2,6-

dihydroxynaphthalene (1.00 g, 6.24 mmol) was dissolved in dry DCM (100 mL) under N2. 

The appropriate 4-alkoxybenzoic acid (4.16 mmol) was added, followed by DMAP (6.66 

mmol). This mixture was stirred at ~0 °C under N2 for 15 minutes, at which time EDCI 

(4.16 mmol) was then added. This mixture was stirred at ~0 °C under N2 for 15 minutes, 

then refluxed for 12 hours. The solution was then cooled to room temperature and the 

solid precipitate was removed by filtration. The solution was then poured over ice and 

the organic phase was separated and washed with water (2 × 100 mL), 10% HCl (100 

mL), and brine (100 mL), then dried over MgSO4 and the solvent was removed by rotary 

evaporation. The crude products were then purified by column chromatography on silica 

with a gradient from 5% to 40% of DCM in hexanes as the eluent. The first fraction was 

recrystallised from ethyl acetate to yield NP(m,n) (m = n) products as white solids (32–

67%). The second fraction was recrystallized from acetonitrile to yield NP(m,OH) 

products as a white solids (13–57%). Analytical data for the NP(m,OH) compounds is 

given below.  
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Unsymmetrical Derivatives NP(m,n) (m ≠ n) In a flame-dried 50 ml round 

bottom flask, NP(m,OH) (0.10 g) was dissolved in dry DCM (25 mL) under N2. The 

appropriate 4-alkoxybenzoic acid (1.5 equiv.) was added followed by DMAP (3 equiv.). 

This mixture was stirred at 0 °C under N2 for 15 minutes. EDCI (2 equiv.) was then 

added. This mixture was stirred at 0 °C under N2 for 15 minutes before refluxing for 48 

hours. The solution was then cooled to room temperature, then poured over ice. The 

organic phase was separated and washed with water (2 × 25 mL), aqueous HCl (10%, 

30 mL), and brine (30 mL), then dried over MgSO4 and the solvent was removed by 

rotary evaporation. The crude products were then purified by column chromatography on 

silica gel with dichloromethane as eluent. The resultant products were recrystallised from 

ethyl acetate to afford a white solids in yields of 40–75%. Analytical data of the NP(m,n) 

(m ≠ n) compounds is given below.  

Analytical Data: 

p-OR-BE(4): 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.00 – 7.94 (m, 2H), 

6.93 – 6.86 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.86 – 1.76 (m, 2H), 1.56 – 

1.45 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 

p-OR-BE(5): 96% yield. 1H NMR (500 MHz, Chloroform-d) δ 8.00 – 7.93 (m, 2H), 

6.91 – 6.86 (m, 2H), 3.98 (t, J = 6.6 Hz, 2H), 3.87 (s, 3H), 1.84 – 1.74 (m, 2H), 1.50 – 

1.31 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H). 

p-OR-BE(6): 94% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.95 (m, 2H), 

6.94 – 6.87 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.86 – 1.73 (m, 2H), 1.52 – 

1.41 (m, 2H), 1.38 – 1.29 (m, 4H), 0.91 (t, J = 7.0 Hz, 3H). 

p-OR-BE(7): 95% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.94 (m, 2H), 

6.94 – 6.86 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.84 – 1.75 (m, 2H), 1.51 – 

1.41 (m, 2H), 1.40 – 1.25 (m, 5H), 0.89 (t, J = 7.0 Hz, 3H).  

p-OR-BE(8): 94% yield. 1H NMR (500 MHz, Chloroform-d) δ 8.00 – 7.95 (m, 2H), 

6.93 – 6.87 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.84 – 1.76 (m, 2H), 1.51 – 

1.40 (m, 2H), 1.39 – 1.25 (m, 5H), 0.89 (t, J = 7.0 Hz, 3H). 

p-OR-BE(9): 97% yield. 1H NMR (500 MHz, Chloroform-d) δ 8.00 – 7.95 (m, 2H), 

6.93 – 6.88 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.85 – 1.73 (m, 2H), 1.51 – 

1.40 (m, 2H), 1.39 – 1.21 (m, 12H), 0.88 (t, J = 7.0 Hz, 3H). 
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p-OR-BE(10): 90% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.94 (m, 

2H), 6.93 – 6.87 (m, 2H), 4.00 (t, J = 6.6 Hz, 2H), 3.88 (s, 3H), 1.85 – 1.74 (m, 2H), 1.51 

– 1.40 (m, 2H), 1.41 – 1.20 (m, 13H), 0.88 (t, J = 6.8 Hz, 3H). 

p-OR-BA(4): 90% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.02 (m, 2H), 

6.97 – 6.90 (m, 2H), 4.03 (t, J = 6.5 Hz, 2H), 1.85 – 1.75 (m, 2H), 1.58 – 1.43 (m, 2H), 

0.99 (t, J = 7.4 Hz, 3H). 

p-OR-BA(5): 99% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.02 (m, 2H), 

6.96 – 6.89 (m, 2H), 4.03 (t, J = 6.6 Hz, 2H), 1.87 – 1.77 (m, 2H), 1.53 – 1.32 (m, 4H), 

0.94 (t, J = 7.1 Hz, 3H). 

p-OR-BA(6): 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.10 – 8.01 (m, 2H), 

6.97 – 6.89 (m, 2H), 4.03 (t, J = 6.6 Hz, 2H), 1.86 – 1.75 (m, 2H), 1.53 – 1.41 (m, 2H), 

1.41 – 1.29 (m, 4H), 0.91 (t, J = 7.1 Hz, 3H). 

p-OR-BA(7): 99% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.02 (m, 2H), 

6.96 – 6.90 (m, 2H), 4.02 (t, J = 6.6 Hz, 2H), 1.88 – 1.75 (m, 2H), 1.52 – 1.41 (m, 2H), 

1.42 – 1.27 (m, 4H), 0.90 (t, J = 6.8 Hz, 3H). 

p-OR-BA(8): 97% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.08 – 8.02 (m, 2H), 

6.97 – 6.90 (m, 2H), 4.02 (t, J = 6.6 Hz, 2H), 1.85 – 1.75 (m, 2H), 1.51 – 1.41 (m, 2H), 

1.41 – 1.21 (m, 9H), 0.89 (t, J = 6.8 Hz, 3H). 

p-OR-BA(9): 89% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.01 (m, 2H), 

6.96 – 6.90 (m, 2H), 4.02 (t, J = 6.6 Hz, 2H), 1.85 – 1.76 (m, 2H), 1.52 – 1.41 (m, 2H), 

1.41 – 1.23 (m, 13H), 0.89 (t, J = 6.9 Hz, 3H). 

p-OR-BA(10): 96% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.08 – 8.03 (m, 

2H), 6.97 – 6.90 (m, 2H), 4.02 (t, J = 6.6 Hz, 2H), 1.88 – 1.75 (m, 2H), 1.51 – 1.41 (m, 

2H), 1.41 – 1.21 (m, 14H), 0.89 (t, J = 6.6 Hz, 3H). 

NP(4,4): 36% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 

6.97 (m, 4H), 4.07 (t, J = 6.5 Hz, 4H), 1.88 – 1.78 (m, 4H), 1.61 – 1.47 (m, 4H), 1.01 (t, J 

= 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.18, 163.82, 148.89, 132.48, 132.00, 

129.17, 122.32, 121.78, 118.87, 114.55, 68.23, 31.34, 19.36, 13.94 ppm. 

NP(5,5): 67% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.14 (m, 4H), 7.87 

(d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 6.97 

(m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.91 – 1.78 (m, 4H), 1.53 – 1.36 (m, 8H), 0.96 (t, J = 

7.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.82, 148.90, 132.49, 132.01, 

129.18, 122.33, 121.79, 118.88, 114.56, 68.55, 28.99, 28.33, 22.59, 14.12 ppm. 
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NP(6,6): 32% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.17 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.05 – 

6.95 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.90 – 1.78 (m, 4H), 1.55 – 1.44 (m, 4H), 1.43 – 

1.32 (m, 8H), 0.93 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.17, 163.81, 

148.89, 132.48, 132.00, 129.17, 122.32, 121.77, 118.87, 114.55, 68.55, 31.71, 29.26, 

25.83, 22.73, 14.13 ppm. 

NP(7,7): 37% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 

6.97 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.91 – 1.77 (m, 4H), 1.54 – 1.44 (m, 4H), 1.43 – 

1.27 (m, 12H), 0.91 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.20, 163.83, 

148.90, 132.49, 132.01, 129.19, 122.33, 121.78, 118.88, 114.56, 68.57, 31.93, 29.30, 

29.19, 26.13, 22.75, 14.20 ppm. 

NP(8,8): 38% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.2 Hz, 2H), 7.38 (dd, J = 8.8, 2.2 Hz, 2H), 7.02 – 

6.97 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.90 – 1.77 (m, 4H), 1.54 – 1.44 (m, 4H), 1.43 – 

1.24 (m, 16H), 0.91 (t, J = 6.9 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.83, 

148.91, 132.49, 132.02, 129.18, 122.33, 121.79, 118.88, 114.57, 68.57, 31.97, 29.49, 

29.37, 29.30, 26.17, 22.81, 14.21 ppm. 

NP(9,9): 68% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.2 Hz, 2H), 7.38 (dd, J = 8.8, 2.2 Hz, 2H), 7.04 – 

6.97 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.90 – 1.79 (m, 4H), 1.54 – 1.43 (m, 4H), 1.43 – 

1.24 (m, 20H), 0.90 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.18, 163.82, 

148.90, 132.48, 132.01, 129.18, 122.33, 121.78, 118.88, 114.56, 68.56, 32.04, 29.67, 

29.53, 29.40, 29.30, 26.16, 22.82, 14.22 ppm. 

NP(10,10): 64% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.04 – 

6.95 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.90 – 1.77 (m, 4H), 1.54 – 1.44 (m, 4H), 1.43 – 

1.21 (m, 24H), 0.90 (t, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.83, 

148.91, 132.49, 132.01, 129.18, 122.33, 121.78, 118.88, 114.57, 68.57, 32.06, 29.72, 

29.71, 29.53, 29.47, 29.30, 26.17, 22.83, 14.23 ppm. 

NP(4,OH): 18% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.16 (m, 2H), 

7.67 (dd, J = 8.8, 3.1 Hz, 2H), 7.58 (d, J = 2.3 Hz, 1H), 7.28 (dd, J = 8.9, 2.3 Hz, 1H), 

7.13 – 7.06 (m, 2H), 7.02 – 6.96 (m, 2H), 5.16 (s, 1H), 4.07 (t, J = 6.5 Hz, 2H), 1.87 – 

1.76 (m, 2H), 1.60 – 1.47 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 

NP(5, OH): 16% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.16 (m, 2H), 

7.66 (dd, J = 8.7, 3.2 Hz, 2H), 7.57 (d, J = 2.3 Hz, 1H), 7.30 – 7.26 (m, 1H), 7.11 – 7.05 
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(m, 2H), 7.02 – 6.96 (m, 2H), 5.22 (s, 1H), 4.06 (t, J = 6.6 Hz, 2H), 1.89 – 1.79 (m, 2H), 

1.55 – 1.36 (m, 4H), 0.95 (t, J = 7.1 Hz, 3H). 

NP(6, OH): 57% yield. 1H NMR (500 MHz, Chloroform-d) δ 8.27 – 8.18 (m, 2H), 

7.93 (s, 1H), 7.91 – 7.83 (m, 2H), 7.71 (d, J = 2.3 Hz, 1H), 7.57 – 7.47 (m, 2H), 7.39 (dd, 

J = 8.8, 2.3 Hz, 1H), 7.06 – 7.00 (m, 2H), 4.09 (t, J = 6.6 Hz, 2H), 1.92 – 1.80 (m, 2H), 

1.56 – 1.48 (m, 2H), 1.45 – 1.35 (m, 4H), 0.96 (d, J = 7.2 Hz, 3H). 

NP(8, OH): 24% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.15 (m, 2H), 

7.70 (dd, J = 8.8, 2.8 Hz, 2H), 7.59 (d, J = 2.3 Hz, 1H), 7.29 (dd, J = 8.9, 2.4 Hz, 1H), 

7.15 (d, J = 2.5 Hz, 1H), 7.11 (dd, J = 8.8, 2.5 Hz, 1H), 7.02 – 6.96 (m, 2H), 4.98 (s, 1H), 

4.06 (t, J = 6.6 Hz, 2H), 1.89 – 1.78 (m, 2H), 1.53 – 1.44 (m, 2H), 1.42 – 1.22 (m, 8H), 

0.90 (t, J = 6.8 Hz, 3H). 

NP(9, OH): 19% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 2H), 

7.58 (t, J = 8.5 Hz, 2H), 7.54 (d, J = 2.4 Hz, 1H), 7.26 – 7.22 (m, 1H), 7.04 – 6.94 (m, 

4H), 5.69 (s, 1H), 4.06 (t, J = 6.5 Hz, 2H), 1.90 – 1.77 (m, 2H), 1.55 – 1.42 (m, 2H), 1.43 

– 1.20 (m, 10H), 0.90 (t, J = 6.9 Hz, 3H). 

NP(10, OH): 13% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.16 (m, 2H), 

7.59 – 7.50 (m, 3H), 7.24 (dd, J = 8.9, 2.3 Hz, 1H), 7.03 – 6.91 (m, 4H), 5.94 (s, 1H), 

4.06 (t, J = 6.5 Hz, 2H), 1.90 – 1.77 (m, 2H), 1.55 – 1.43 (m, 2H), 1.43 – 1.21 (m, 12H), 

0.90 (t, J = 6.7 Hz, 3H). 

NP(6,4): 67% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.15 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.04 – 

6.96 (m, 4H), 4.12 – 4.03 (m, 4H), 1.89 – 1.77 (m, 4H), 1.61 – 1.46 (m, 4H), 1.41 – 1.33 

(m, 4H), 1.01 (t, J = 7.4 Hz, 3H), 0.93 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

165.20, 163.83, 148.91, 132.49, 132.02, 129.19, 122.34, 121.79, 118.89, 114.57, 68.57, 

68.25, 31.72, 31.35, 29.27, 25.84, 22.74, 19.38, 14.14, 13.94 ppm. HRMS (ESI+ of m + 

H+): m/z calcd for C34H37O6: 541.2545, found: 541.2585. 

NP(7,5): 65% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.24 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.02 – 

6.98 (m, 4H), 4.06 (t, J = 6.5 Hz, 4H), 1.91 – 1.76 (m, 4H), 1.53 – 1.28 (m, 8H), 0.96 (t, J 

= 7.1 Hz, 3H), 0.91 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 165.20, 163.83, 

148.91, 132.50, 132.02, 129.19, 122.34, 121.79, 118.89, 114.57, 68.57, 68.55, 31.93, 

29.31, 29.19, 28.99, 28.33, 26.14, 22.75, 22.59, 14.20, 14.13 ppm. HRMS (ESI+ of m + 

H+): m/z calcd for C36H41O6: 569.2858, found: 569.2898. 

NP(8,4): 40% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.04 – 
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6.96 (m, 4H), 4.11 – 4.02 (m, 4H), 1.90 – 1.76 (m, 4H), 1.61 – 1.44 (m, 4H), 1.43 – 1.26 

(m, 8H), 1.01 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

165.20, 163.84, 148.91, 132.50, 132.02, 129.19, 122.34, 118.89, 114.57, 68.58, 68.25, 

31.97, 31.35, 29.49, 29.37, 29.31, 26.18, 22.81, 19.38, 14.21, 13.95 ppm. HRMS (ESI+ 

of m + H+): m/z calcd for C36H41O6: 569.2858, found: 569.2898. 

NP(8,6): 72% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.22 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 

6.97 (m, 4H), 4.06 (t, J = 6.5 Hz, 4H), 1.90 – 1.77 (m, 4H), 1.53 – 1.42 (m, 4H), 1.44 – 

1.23 (m, 12H), 0.98 – 0.86 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.83, 

148.91, 132.49, 132.02, 129.19, 122.33, 121.79, 118.88, 114.57, 68.57, 31.97, 31.72, 

29.49, 29.37, 29.30, 29.27, 26.18, 25.84, 22.81, 22.74, 14.21, 14.14 ppm. HRMS (ESI+ 

of m + H+): m/z calcd for C38H45O6: 597.3171, found: 597.3211. 

NP(9,5): 75% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.22 – 8.16 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 

6.96 (m, 4H), 4.11 – 4.01 (m, 4H), 1.91 – 1.78 (m, 4H), 1.53 – 1.24 (m, 16H), 0.96 (t, J = 

7.1 Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.83, 

148.91, 132.49, 132.02, 129.18, 122.33, 121.79, 118.88, 114.57, 68.57, 68.55, 32.04, 

29.68, 29.53, 29.40, 29.30, 28.99, 28.33, 26.17, 22.82, 22.59, 14.22, 14.12 ppm. HRMS 

(ESI+ of m + H+): m/z calcd for C38H45O6: 597.3171, found: 597.3211. 

NP(10,4): 55% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.22 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.2 Hz, 2H), 7.38 (dd, J = 8.8, 2.2 Hz, 2H), 7.00 (d, 

J = 8.6 Hz, 4H), 4.13 – 4.01 (m, 4H), 1.90 – 1.76 (m, 4H), 1.61 – 1.43 (m, 4H), 1.42 – 

1.21 (m, 12H), 1.01 (t, J = 7.4 Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

CDCl3) δ 165.20, 163.83, 148.91, 132.49, 132.02, 129.19, 122.34, 118.89, 114.57, 

68.58, 68.25, 32.06, 31.35, 29.72, 29.53, 29.47, 29.31, 26.17, 22.83, 19.38, 14.23, 13.94 

ppm. HRMS (ESI+ of m + H+): m/z calcd for C38H45O6: 597.3171, found: 597.3211. 

NP(9,7): 70% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.2 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.04 – 

6.96 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.92 – 1.76 (m, 4H), 1.53 – 1.44 (m, 4H), 1.44 – 

1.22 (m, 16H), 0.96 – 0.86 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 165.19, 163.83, 

148.91, 132.49, 132.02, 129.18, 122.33, 121.79, 118.88, 114.57, 68.57, 32.04, 31.93, 

29.68, 29.53, 29.40, 29.31, 29.19, 26.17, 26.13, 22.82, 22.75, 14.22, 14.19 ppm. HRMS 

(ESI+ of m + H+): m/z calcd for C40H48O6Na: 647.3302, found: 647.3343. 

NP(10,6): 59% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.16 (m, 4H), 

7.87 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.03 – 

6.97 (m, 4H), 4.12 – 4.02 (m, 4H), 1.89 – 1.78 (m, 4H), 1.53 – 1.43 (m, 4H), 1.43 – 1.22 

(m, 16H), 0.97 – 0.85 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 165.20, 163.84, 148.91, 
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132.50, 132.02, 129.19, 122.34, 118.89, 114.58, 68.58, 32.06, 31.72, 29.72, 29.71, 

29.53, 29.47, 29.31, 29.27, 26.17, 25.84, 22.83, 22.74, 14.23, 14.14 ppm. HRMS (ESI+ 

of m + H+): m/z calcd for C40H48O6Na: 647.3302, found: 647.3343. 

NP(10,8): 43% yield. 1H NMR (400 MHz, Chloroform-d) δ 8.23 – 8.15 (m, 4H), 

7.87 (d, J = 8.8 Hz, 2H), 7.71 (d, J = 2.3 Hz, 2H), 7.38 (dd, J = 8.8, 2.3 Hz, 2H), 7.02 – 

6.97 (m, 4H), 4.06 (t, J = 6.6 Hz, 4H), 1.91 – 1.78 (m, 4H), 1.54 – 1.44 (m, 4H), 1.43 – 

1.21 (m, 20H), 0.95 – 0.85 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 165.20, 163.83, 

148.91, 132.49, 132.02, 129.19, 122.34, 121.79, 118.89, 114.57, 68.58, 32.06, 31.97, 

29.72, 29.71, 29.53, 29.49, 29.47, 29.38, 29.31, 26.17, 22.83, 22.81, 14.23, 14.21 ppm. 

HRMS (ESI+ of m + H+): m/z calcd for C42H52O6Na: 675.3615, found: 675.3656. 

 

2.6.3. Polarized Optical Microscopy (POM) 

Samples were prepared as described in Section 1.6.1. 

 

Figure 2.10. Polarised optical micrograph of NP(10,10) showing needle-like textures at 
50 ˚C. 
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a)  b)  

c)  d)  

e)  f)  
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g)  

 

Figure 2.11. Polarized optical micrographs showing the schlieren textures of NP(4,4) at 
300 °C (a), NP(6,4) at 265 °C (b), NP(6,6) at 265 °C (c), NP(7,5) at 255 °C 
(d), NP(8,4) at 255 °C (e), NP(7,7) at 240 °C (f), and NP(10,4) at 240 °C 
(g). Image size of ca. 920 x 1400 µm. 

a)    

b)    
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c)    

d)    

e)    
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f)    

Figure 2.12. Polarized optical micrographs showing the Schlieren, ‘fingerprint transition’, 
and modified Schlieren textures (left to right) of NP(8,6) at 245/115/113 °C 
(a), NP(9,5) at 245/109/103 °C (b), NP(8,8) at 235/144/141 °C (c), NP(9,7) 
at 230/141/137 °C (d), NP(10,6) at 230/129/121 °C (e), and NP(10,8) at 
225/157/150 °C (f). Image size of ca. 920 x 920 µm. 

 

2.6.4. Variable Temperature Powder X-ray Diffraction (VT-XRD) 

Table 2.7. XRD data of the NP(m,n) compounds. 

Compound, 
NP(m,n) 

T (°C) Phase d-spacings (Å) Miller indices (hkl) 
Calculated 

molecular length* 
(Å) 

8,8 138 SmC 
26.7 
4.63 

001 
alkyl halo 

42.49 

9,7 130 SmC 
26.3 
4.58 

001 
alkyl halo 

42.49 

10,6 119 SmC 
27.7 
4.63 

001 
alkyl halo 

42.49 

9,9 150 SmC 
28.6 
4.61 

001 
alkyl halo 

45.09 

10,8 151 SmC 
29.5 
4.61 

001 
alkyl halo 

45.09 

10,10 161 SmC 
30.3 
4.66 

001 
alkyl halo 

47.35 

*Determined based on structure optimized by DFT calculation using B3LYP/3-21G* 
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Figure 2.13. The XRD of NP(10,10) at 176 ˚C. 

 

Figure 2.14. The XRD of NP(10,10) at 25 ˚C. 

a)  
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b)  

c)  

d)  
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e)  

Figure 2.15. The XRD of NP(8,8) at 138 ˚C (a), NP(9,7) at 130 ˚C (b), NP(10,6) at 119 
˚C (c), NP(9,9) at 150 ˚C (d), NP(10,8) at 151 ˚C (e). Horizontal axis is 2θ 
in degrees, vertical axis is intensity in absorbance units (a.u.).  

 

2.6.5. Differential Scanning Calorimetry (DSC) 

a)  
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b)  

c)  

d)  
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e)   

f)  

g)   

Figure 2.16. DSC thermograms of NP(4,4) (a), NP(5,5) (b), NP(6,6) (c), NP(7,7) (d), 
NP(8,8) (e), NP(9,9) (f), and NP(10,10) (g). 
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a)  

b)  

c)  



72 
 

d)   

e)  

f)  
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g)  

h)  

i)  

Figure 2.17. DSC thermograms of NP(6,4) (a), NP(7,5) (b), NP(8,4) (c), NP(8,6) (d), 
NP(9,5) (e), NP(10,4) (f), NP(9,7) (g), NP(10,6) (h), and NP(10,8) (i). 
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2.6.6. Phase Behaviour Bar Graphs 

 

Figure 2.18. LC phase behaviour of NP(m,n) compounds on cooling, showing 
monotropic phases. 
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Chapter 3.  
 
Molecular Symmetry and Phase Behaviour of Highly 
Ordered Smectic Phases 

 

3.1. Permission of Reprint 

The research presented in this chapter has been published as a full paper in the 

journal Liquid Crystals: “Molecular symmetry effects on the stability of highly ordered 

smectic phases” (Ester, D.F.; Williams, V.E. Liq. Cryst. 2019, 46(1), 76-85) and is 

reproduced herein with permission from the journal (see Appendix B). We gratefully 

acknowledge the Natural Sciences and Engineering Research Council of Canada 

(NSERC) and Simon Fraser University (SFU) for funding. This work made use of the 4D 

Labs shared facilities supported by the Canada Foundation for Innovation (CFI), British 

Columbia Knowledge Development Fund (BCKDF), Western Economic Diversification 

(WD), and SFU. 

3.2. Abstract 

In an effort to control the phase ranges of highly ordered smectic phases, we 

examined the impact of molecular symmetry on phase behaviour of a series of 12 
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symmetrical and unsymmetrical 4,4′-dialkanoyloxybiphenyl derivatives. Combined 

differential scanning calorimetry, polarised optical microscopy, and X-ray diffraction 

studies indicated that the compounds studied formed smectic F liquid crystals, and in 

some cases, CrG phases at lower temperatures. Although the clearing temperatures 

were largely unaffected by molecular symmetry, the transitions from the SmF liquid 

crystals to more ordered phases were consistently lowered upon reducing the molecular 

symmetry. As a result, unsymmetrical molecules had broader mesophases than their 

higher symmetry isomers, suggesting a strategy for tuning the phase behaviour of these 

highly ordered lamellar phases, which have been widely targeted for organic 

semiconductors. 

3.3. Introduction 

Although liquid crystals (LCs) are best known for their use in display devices (e.g. 

LCDs) [1–4], their unique combination of order and fluidity has also been exploited in 

applications that include biosensing [5,6], thermography [7], and lasing [8,9]. Notably, 

these materials have also been examined as organic semiconductors capable of self-

healing and uniform alignment over large areas [10–12]. Such applications require 

tuning of the liquid crystalline behaviour while maintaining desirable optoelectronic 

properties. Recently, we have demonstrated that lowering the molecular symmetry by 

introducing multiple distinct aliphatic chains provides an effective way to tune the phase 

behaviour of columnar LC phases while minimally impacting the molecular electronic 

characteristics [13–16]. 

While the semiconducting properties of columnar LCs have been widely studied, 

smectic LCs have received much less attention in this context [17–19]. Columnar phases 

tend to exhibit one-dimensional charge carrier mobilities that are highly sensitive to and 

limited by defects and domain boundaries [20,21], whereas lamellar LCs, capable of 

two-dimensional charge migration, potentially avoid these shortcomings [22–24]. As 

such, we were motivated to examine whether the symmetry effects observed for 

columnar phases would also apply to the highly ordered lamellar phases (e.g. SmF, G) 

that show promise as organic semiconductors. 

Our target compounds were the 4,4ʹ-dialkanoyloxybiphenyls BP(m,n), the 

symmetric analogues (m= n =5–19) of which have been reported to exhibit CrG phases 
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[25]. By preparing derivatives with two chains of unequal lengths (m ≠ n) and comparing 

their properties to those of their symmetric isomers, we hoped to establish what effect, if 

any, symmetry breaking has on the phase behaviour. Although these compounds are 

unlikely to be useful as organic semiconductors, their synthetic accessibility makes them 

ideal model systems.  

 

Figure 3.1. Compounds prepared for the present study. 

In addition to the eight low-symmetry BP(m,n) derivatives listed in Figure 3.1, the 

corresponding symmetric isomers BP(m,n) (m= n = 6,7,8,9) were also prepared, both to 

facilitate comparison and to resolve discrepancies between literature-reported phase 

behaviours. Previously, Chen et al. [25] reported that these symmetric derivatives exhibit 

CrG phases directly below the isotropic transition, whereas Kubo et al. [26] identified 

these as SmB phases. To facilitate discussion, the compounds are divided into four 

series of isomers. 

3.4. Results and Discussion 

3.4.1. Synthesis 

Symmetric BP(m,n) derivatives were prepared from 4,4ʹ- biphenol and two 

equivalents of the corresponding alkanoyl chloride using a one-pot procedure similar to 

that reported by Hashimoto et al. [27] (Scheme 3.1, route a). The compounds were 

isolated in yields ranging from 64% to 86% after purification. 
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Scheme 3.1. Synthesis of Diester BP(m,n) Compounds Studied 

 

Conditions: (i) Et3N, CH2Cl2, RT, 48 h, (ii) pyridine, THF, reflux, 18 h. 

The unsymmetrical diesters were prepared as outlined in route b of Scheme 3.1. 

In the first step of this procedure, an acid chloride was reacted with a large excess of 

4,4ʹ-biphenol in order to favour formation of the mono-ester BP(m,OH). After purification 

to remove residual starting materials and symmetric diester side product, the mono-ester 

was treated with a second acid chloride to afford the final BP(m,n) products. 

3.4.2. LC Characterization 

The liquid crystalline phase properties of all compounds in series 1–4 were 

characterised by differential scanning calorimetry (DSC), polarised optical microscopy 

(POM), and variable temperature X-ray diffraction, the results of which are summarised 

in Tables 3.1–3.4, with a complete list of data included in the experimental section. As a 

representative example, the characterisation of BP(9,9) is described below. 

DSC analysis of BP(9,9) showed three peaks upon heating; each of these 

transitions was also observed on cooling with minimal hysteresis. All peaks were 

observed upon subsequent heating/cooling cycles (Table 3.4). The transition 

temperatures and enthalpies for this compound are consistent with those reported by 

Chen and coworkers [25]. Our results for BP(8,8), BP(7,7) are also in keeping with the 

findings from this earlier work; the phase behaviour of BP(6,6) was not reported by those 

researchers. Kubo and coworkers reported the partial phase behaviour of all four 

symmetric derivatives studied in the current work, although they did not report transition 
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enthalpies, and only the two highest temperature transitions were noted for each 

compound [26]. Within these limitations, however, our results are also in good 

agreement with those findings. 

Chen and coworkers identified the BP(9,9) transition at 122°C as the clearing 

temperature (Tc) of a CrG phase to an isotropic liquid. In contrast, Kubo identified this 

same transition as the clearing of a SmB phase. The large transition enthalpy (ΔH = 21.7 

kJ/mol) suggests a considerable loss of order, which is more in keeping with the 

assignment of a highly ordered CrG phase than a fluid SmB phase. These conflicting 

interpretations prompted us to undertake a more detailed investigation of this LC phase. 

POM studies confirmed that this transition corresponds to the conversion 

between a birefringent phase and an isotropic liquid. Slow cooling of the sample from the 

isotropic phase affords monochromatic mosaic and polychromatic focal-conic fan-

shaped patterns in different regions of the same slide (Figure 3.2a/b), consistent with 

those of a SmF phase. Although SmF phases are more commonly observed as 

paramorphotropic textures emerging from higher temperature SmA or SmC phases [28], 

the present images strongly resemble the natural textures reported by Twieg and others 

[29–31]. Samples exhibited noticeable fluidity, with slow movement of textures after 3–5 

min of observation. This fluidity is more in keeping with a SmF LC than with a CrG soft 

crystal phase. 

 

Figure 3.2. Polarised optical micrographs of BP(9,9) showing mosaic and focal-conic 
textures at 118°C, (a) and (b), and the same field of view as (b) at 97°C, (c). 

The X-ray diffraction (XRD) of this phase at 119°C (Figure 3.3a, Table 3.5) 

further supports this phase assignment. In the low angle region, a single sharp high 

intensity peak was observed, assigned to the d001 diffraction of a smectic phase. This 
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corresponds to an inter-layer spacing of 33 Å, considerably shorter than the calculated 

molecular length of 39.0 Å, which suggests that the molecules adopt a tilted orientation 

within the layers, consistent with SmC, SmF, and SmI LCs, but not with the non-tilted 

SmB phase. 

a) 

 

b) 

 

c) 

 
Figure 3.3. The XRD of BP(9,9) at (a) 119 °C, (b) 84 °C, and (c) 24 °C. Insets are on log 

scale. 
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In the wide-angle region of this diffraction pattern, we observe what appears to 

be a single medium intensity peak with two shoulders (inset, Figure 3.3a). The central 

peak corresponds to a d-spacing of 4.42 Å, and is assigned to the packing of the 

mesogens within the layer. The sharpness of this peak suggests appreciable positional 

ordering within the layers, which characterises both SmF and SmI LCs, but not smectic 

C phases. Whereas orthogonal SmB phases adopt hexagonal packing within layers, the 

molecular tilt in SmF and SmI mesophase leads to the distortion of this ordering into a 

pseudohexagonal lattice, which gives rise to the observed shoulders in the XRD. 

Therefore, based on the collective DSC, POM, and XRD evidence, the high temperature 

phase is assigned as a SmF LC phase [32]. 

Further cooling BP(9,9) below 98°C leads to a second transition by DSC. At the 

transition, we observe a rapid change in the POM images, with a fracturing of the focal-

conic textures and the formation of striations across the mosaic domains (Figure 3.2c). 

Similar morphological changes have been reported for SmF to CrG (crystal G) 

transitions [29,30], which is consistent with the moderate enthalpy of transition (12.3 

kJ/mol) observed by DSC. The diffraction pattern of this new phase (Figure 3.3b) is 

similar to the one seen at higher temperatures (119 °C), with a slight decrease in the d001 

distance from 33.3 to 33.0 Å upon cooling. Notably, d003 and d004 peaks are also 

observed for this phase, suggesting the development of long range lamellar ordering. 

Likewise, an increased number and higher intensity of sharp peaks seen in the wide-

angle region likely reflect greater ordering within the layers. Taken together, these 

observations are consistent with the formation of a CrG soft crystal phase [32] that forms 

upon cooling from a SmF LC. 

At a temperature of 82.7 °C, BP(9,9) undergoes a broad transition with a small 

associated enthalpy (2.4 kJ/mol). No obvious changes in the POM textures were 

observed at this temperature, suggesting only minor perturbations in the underlying 

molecular ordering. Observation of d001, d003, and d004 peaks in the XRD pattern (Figure 

3.3c) confirms that lamellar ordering is retained in this phase. We do, however, note an 

increase in the number, intensity and sharpness of the peaks in the wide-angle region, 

consistent with a loss of symmetry and an increase in crystallinity, which could indicate 

the formation of a lamellar solid such as an H phase [32]. 
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The phase behaviours of the remaining BP(m,n) derivatives, summarised in 

Tables 3.1–3.4, are similar to those of BP(9,9). All compounds form a highly ordered LC 

phase immediately upon cooling from the isotropic liquid. POM images of these high 

temperature mesophases display distinct mosaic and focal-conic textures (Figure 3.7-

17), often coexisting in different regions of the same sample. Less commonly observed 

was the mosaic texture in which domains are divided into six segments, such as those 

that were exhibited by BP(6,6) (Figure 3.15a). These textures have also been reported 

as being characteristic of SmF phases [29]. The XRD patterns of these phases are 

consistent with lamellar SmF phases (Table 3.5-3.8, Figure 3.18 and Figure 3.19), with 

low angle reflections that indexed to d001, and, in many cases, higher order d00n 

reflections. Their relatively large transition enthalpies (15.4–28.8 kJ/mol) further support 

this assignment. Therefore, a feature common to all compounds is the formation of a 

high temperature SmF phase directly from the isotropic liquid. 

At lower temperatures, all BP(m,n) compounds exhibit a soft crystalline phase. 

This phase is characterised by POM textures displaying fractures in the focal-conic 

regions and striations across the mosaic domains. In the XRD, higher order d00n 

diffractions are observed in the low angle region while the complexity and intensity of the 

high angle peaks increases compared to the SmF phase. As described for BP(9,9) 

above, this is consistent with the formation of a CrG phase. 

In many cases, this phase is formed directly from the SmF phase with a sharp 

DSC peak of moderate enthalpy (7.67–24.3 kJ/mol) and a sudden change in the POM 

textures at the transition. However, in the cases of BP(9,7), BP(7,7), BP(8,6), BP(6,6), 

BP(7,5), and BP(8,4), the DSC endotherms exhibit a small enthalpy peak (0.13–1.34 

kJ/mol) upon cooling the SmF phase, followed by a second transition to the CrG phase, 

indicating the presence of an intermediate phase. The small enthalpy change associated 

with the first transition suggests the formation of a phase that closely resembles the 

preceding SmF phase, with minimal changes in order, such as a SmI phase. Although 

the most common sequence is SmI to SmF, some instances of SmF to SmI have been 

reported [33,34]. 

In contrast to the SmF to CrG phase transitions, which are marked by sudden 

changes in the POM, the optical textures at the transition into the putative SmI phase are 

associated with relatively small changes that occur gradually over a range of several 
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degrees Celsius. Although we were unable to obtain XRD data for these narrow 

temperature range phases in most cases, diffraction patterns for BP(6,6) and BP(8,4) 

were obtained. These plots (Figure 3.20a and b, respectively) reveal the splitting of the 

high angle peak of the SmF phase into two peaks, which can be attributed to the 

formation of a SmI phase [35,36]. 

The majority of compounds studied in the current work show no further 

transitions after cooling into the CrG phase. In a few cases, one or two additional peaks 

in the DSC indicate the presence of further polymorphic phases. These are not 

accompanied by observable changes in the POM textures. The XRD patterns of these 

phases remain similar to those of the CrG phase, with some additional higher order d00n 

peaks observed and an increase in complexity in the high angle region. As such, we 

conclude that these phases have a similar structure to the preceding CrG phase and 

denote them as unidentified Cr X and Cr Y phases. For all compounds, XRD patterns 

show that the compounds maintain lamellar ordering down to room temperature. 

Table 3.1. Phase Behaviour of Series 1 (m + n = 12) 
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Table 3.2. Phase Behaviour of Series 2 (m + n = 14) 

 

 

Table 3.3. Phase Behaviour of Series 3 (m + n = 16)  

 

 

Table 3.4. Phase Behaviour of Series 4 (m + n = 18) 
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3.4.3. Symmetry Effects 

Having established the phase behaviour of these compounds, we turned our 

attention to the impact of molecular symmetry on their LC phase properties. In order to 

provide an overview of all 12 BP(m,n) compounds, their phase behaviour is presented 

graphically in Figure 3.4. 

 

Figure 3.4. LC phase behaviour of the BP(m,n) compounds. 

Our analysis focused on comparing isomeric molecules of differing symmetry, 

which follows the nineteenth century observation of Thomas Carnelley that 

unsymmetrical molecules melt at lower temperatures than their more symmetric isomers 

[37,38]. Although Carnelley’s rule is known to be widely applicable to themelting of solids 

into isotropic liquids [39–41], it is less clear how this rule applies to the phase transitions 

associated with LCs. Our earlier studies with discotic mesogens indicated that molecular 

symmetry is strongly correlated with the melting into the columnar phase, but has little 

impact on the clearing temperature, Tc [13–15]. 

The symmetry effects on the self-assembly of rod-shaped mesogens are less 

well understood, especially in the cases of highly ordered smectic phases. The clearing 

of a liquid crystalline columnar phase typically exhibits a much smaller transition 

enthalpy than those of the SmF-isotropic phase changes studied herein. In this regard, 
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the clearing of a SmF phase more closely resembles melting processes than the 

clearing of more fluid LCs. As such, we anticipated that the SmF-isotropic transition 

would be influenced by molecular symmetry. 

Contrary to this expectation, the clearing temperatures of BP(m,n) show 

remarkably little variation, with values that range from 114–122 °C for the 12 compounds 

examined, as illustrated in Figure 3.5. Nor does molecular symmetry appear to be an 

important factor in determining these transition temperatures. The average decrease in 

Tc between the symmetric member of the series (i.e. m = n) and lower symmetry isomers 

is only 1.7 °C. Only two compounds, BP(8,4) and BP(10,4), exhibit clearing 

temperatures that are noticeably lower than their symmetric isomers (by 3.8 °C and 5.9 

°C, respectively). Perhaps significantly, BP(8,4) and BP(10,4) are the only two 

compounds with butyl groups (n = 4), suggesting that this effect may be related to 

specific factors associated with this short chain. Overall, despite their differences, the 

clearing temperatures of columnar and lamellar phases exhibit similar behaviour. 

 

Figure 3.5. Transition temperatures of the SmF phase of BP(m,n). TSmF denoted by 
filled markers, Tc denoted by unfilled markers. 

The ordering within the SmF phases was examined by XRD. As expected, the 

intra-layer spacing, determined from the d110 peak, remains consistent at around 4.4 Å 

across all compounds regardless of chain length and symmetry. The inter-layer spacing 

(d001) does, however, vary both between and within the series (Figure 3.6). As expected, 
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the layer spacing of the symmetric compounds (m = n) increases steadily from 26.7 to 

34.1 Å for BP(6,6) to BP(9,9), respectively. Notably, within a series, symmetry breaking 

is accompanied by an appreciable increase in the interlayer spacing. For example, the 

d001 spacing within series 2 changes from 29.1 Å for BP(8,8) to 32.1 and 32.3 Å for 

BP(9,7), and BP(10,6), respectively, suggesting either a decrease in the packing 

efficiency or in the tilt angle of the molecules within a layer. Similar trends are also 

observed in the lower temperature phases of these compounds. These effects may 

reflect differences in the free volumes of the side chains, which decrease the packing 

efficiency [42]. 

 
Figure 3.6. Inter-layer spacing in the SmF phase of BP(m,n), symmetric isomers 

denoted by filled markers, unsymmetrical isomers by unfilled markers. 

The influence of molecular symmetry on the lower boundary of the SmF phase, 

i.e. the transition (TSmF) upon heating from either SmI or CrG phases, is illustrated in 

Figure 3.5. In contrast to the clearing temperature, the TSmF is depressed upon 

desymmetrisation, with an average difference of 16.5°C between symmetrical and 

unsymmetrical isomers. We also note that this effect becomes more pronounced as the 

disparity in m and n increases. 

Despite the heats of transition for TSmF being generally lower than those of the 

SmF-isotropic transitions, the latter is less sensitive to symmetry effects than the former. 

Hence, the magnitude of the transition enthalpy change does not seem to be a reliable 

predictor of whether Carnelley’s rule will be obeyed. Regardless of the underlying 

reasons for these differences, the relative sensitivities of TSmF and Tc to symmetry results 
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in unsymmetrical derivatives having uniformly broader SmF phase ranges (Figure 3.5), 

consistent with earlier observations of columnar phases [14,15]. 

3.5. Conclusions 

The results reported herein demonstrate that the clearing temperature of SmF 

phases is insensitive to molecular symmetry, whereas the transition marking the lower 

temperature boundary of this phase does vary appreciably. These observations suggest 

a useful strategy for tuning the phase ranges of ordered smectic phases that have been 

targeted as organic semiconductors. By lowering the molecular symmetry, it becomes 

possible not only to broaden the phase range, but also to create materials that exhibit 

these phases at a desired operating temperature without altering the molecular electro-

optical properties. Moreover, because symmetry breaking is known to increase solubility 

[43,44], this approach could yield materials that are more easily solution processed. 

3.6. Experimental 

3.6.1. Materials and Methods 

All solvents used were reagent grade. 4,4’-biphenol was purchased from TCI 

America. Undecanoyl chloride was purchased from TCI America. Triethylamine and 

pyridine were purchased from Anachemia. All other reagents were purchased from 

Sigma-Aldrich. All reagents were used as received without further purification. Column 

chromatography was performed on silica gel 60 (230–400 mesh) purchased from Silicyle 

Inc. CDCl3 was obtained from Cambridge Isotope Laboratories Inc.  

400 MHz 1HNMRspectrawere run on a Bruker AMX- 400 400 MHz NMR 

spectrometer. 500 MHz 1H NMR spectra were run on a Varian AS500 Unity Inova 500 

MHz spectrometer. High resolution mass spectrometry was carried out on an Agilent 

6210 TOF LC/MS (ESI+) by Hongwen Chen (SFU), and on a Bruker micrOTOF II LC/MS 

(ESI+) by Nonka Sevova at Notre Dame Mass Spectrometry and Proteomics facility. 

Phase transition temperatures and enthalpies were determined using DSC on a TA 

Instruments DSC Q2000 equipped with a TA Instruments Refrigerated Cooling System 

90, heating and cooling at a rate of 10°C min−1. POM was carried out using an Olympus 

BX50 microscope equipped with a Linkam LTS350 heating stage. X-ray scattering 
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experiments were conducted using a Rigaku R-Axis Rapid diffractometer equipped with 

an in-house built temperature controller [45]. Calculations were carried out by density 

functional theory (DFT) using B3LYP/3-21G* in Gaussian 09 [46]. 

3.6.2. Synthesis 

Symmetric derivatives BP(m,n) (m = n) In a flame-dried 100 mL round bottom 

flask, 4,4′-biphenol (0.50 g, 2.7 mmol) was dissolved in dry DCM (50 mL) under N2. 

Triethylamine (1.15 mL, 8.1 mmol) was added followed by the drop-wise addition of the 

appropriate acid chloride (8.1 mmol) while stirring. The mixture was stirred at room 

temperature under N2 for 48 h. The reaction mixture was then poured over ice (~50 g); 

the organic phase was separated and washed with water (3 × 40 mL) and brine (50 mL). 

The organic phase was dried over MgSO4 and the solvent was removed by rotary 

evaporation. The crude products were then purified by column chromatography on silica 

with 15% ethyl acetate in hexanes as eluent. The solvent was removed under reduced 

pressure and the resulting products were recrystallised from hexanes to afford a white 

solids in yields of 60–90%. Analytical data of the BP(m,n) compounds is given below. 

Monoesters BP(m,OH) In a 100 mL flame-dried round bottom flask flame dried, 

4,4′-biphenol (3.00 g, 16.1 mmol) was dissolved in dry THF (75 mL) and purged with N2. 

Pyridine (0.52 mL, 6.4 mmol) was added followed by the drop-wise addition of the 

appropriate alkanoyl chloride (3.2 mmol) while stirring. This reaction mixture was 

refluxed for 20 h. The reaction mixture was cooled to RT, then poured over ice (~50 g). 

The organic phase was separated, washed with water (3 × 70 mL) and brine (80 mL). 

The solution was dried over MgSO4 and the solvent was removed under reduced 

pressure. The products were purified by column chromatography on silica with 10% ethyl 

acetate in hexanes as eluent, with an increase of ethyl acetate content to 20% once 

BP(m,n) was eluted from the column. The second fraction, corresponding to BP(m,OH) 

was recovered from the column and recrystallized from toluene in 10–80% yields. 

Analytical data of the BP(m,OH) compounds is given below. 

Unsymmetric derivatives BP(m,n) (m ≠ n) In a 50 mL round flame-dried bottom 

flask (50 mL), 0.1 g of BP(m,OH) was dissolved in 20 mL dry DCM under N2. 

Triethylamine (2 equiv.) was added followed by the dropwise addition of the appropriate 

alkanoyl chloride (2 equiv.). This mixture was left to stir at room temperature for 48 h. 
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The reaction mixture was poured over ice (~50 g); the organic phase was separated and 

washed with water (3 × 20 mL) and brine (30 mL). The organic extracts were dried over 

MgSO4 and the solvent was removed under reduced pressure. The crude products were 

purified by column chromatography on silica with 15% ethyl acetate in hexanes as 

eluent. The isolated products were recrystallised from hexanes to afford the products as 

a white solids in 30–80% yields. Analytical data of the BP(m,n) compounds is given 

below. 

Analytical Data: 

BP(6,6): 84% yield. 1H NMR (500 MHz, CDCl3): δ 0.92 (t, 6H, J = 7.0 Hz), 1.35 

(m, 8H), 1.43 (m, 4H), 1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 4H, J 

= 8.6 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.19, 22.65, 

25.08, 28.94, 31.60, 34.59, 122.04, 128.26, 138.20, 150.36, 172.52 ppm. 

BP(7,7): 86% yield. 1H NMR (500 MHz, CDCl3): δ 0.91 (t, 6H, J = 7.0 Hz), 1.27 – 

1.48 (m, 16H) 1.78 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (m, 4H), 7.55 (m, 

4H) ppm; 13C NMR (15 MHz, CDCl3): δ 14.22, 22.76, 25.12, 29.08, 29.23, 31.81, 34.59, 

122.04, 128.25, 138.19, 150.36, 172.50 ppm. HRMS (ESI+ of m + H+): m/z calcd for 

C28H38O4: 439.2870, found: 439.2805. 

BP(8,8): 81% yield. 1H NMR (400 MHz, CDCl3): δ 0.90 (t, 6H, J = 6.9 Hz), 1.25 – 

1.39 (m, 16H), 1.43 (m, 4H), 1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 

4H, J = 8.6 Hz), 7.55 (d, 4H, J = 8.7 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.25, 

22.80, 25.12, 29.28, 29.38, 31.96, 34.59, 122.04, 128.25, 138.20, 150.36, 172.52 ppm. 

BP(9,9): 64% yield. 1H NMR (400 MHz, CDCl3): δ 0.89 (t, 6H, J = 6.9 Hz), 1.22 – 

1.39 (m, 20H), 1.42 (m, 4H), 1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 

4H, J = 8.8 Hz), 7.55 (d, 4H, J = 8.7 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.26, 

22.83, 25.12, 29.27, 29.41, 29.58, 32.01, 34.59, 122.04, 128.25, 138.19, 150.36, 172.52 

ppm. 

BP(4,OH): 41% yield. 1H NMR (400 MHz, CDCl3): δ 0.99 (t, 3H, J = 7.4 Hz), 1.47 

(sex, 2H, J = 7.5 Hz), 1.77 (quin, 2H, J = 7.6 Hz), 2.60 (t, 2H, J = 7.5 Hz), 5.16 (s, 1H), 

6.83 (d, 2H, J = 8.5 Hz), 7.11 (d, 2H, J = 8.7 Hz), 7.39 (d, 2H, J = 8.5 Hz), 7.49 (d, 2H, J 

= 8.5 Hz) ppm. 

BP(5, OH): 75% yield. 1H NMR (400 MHz, CDCl3): δ 0.94 (t, 3H, J = 7.0 Hz), 1.36 

- 1.44 (m, 4H), 1.78 (quin, 2H, J = 7.4 Hz), 2.57 (t, 2H, J = 7.5 Hz), 4.83 (s, 1H), 6.88 (d, 

2H, J = 8.6 Hz), 7.12 (d, 2H, J = 8.6 Hz), 7.43 (d, 2H, J = 8.6 Hz), 7.51 (d, 2H, J = 8.5 

Hz) ppm. 
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BP(9, OH): 45% yield.  1H NMR (400 MHz, CDCl3): δ 0.89 (t, 3H, J = 6.9 Hz), 

1.24 - 1.48 (m, 12H), 1.78 (quin, 2H, J = 7.4 Hz), 2.58 (t, 2H, J = 7.5 Hz), 5.01 (s, 1H), 

6.84 (d, 2H, J = 8.6 Hz), 7.11 (d, 2H, J = 8.6 Hz), 7.40 (d, 2H, J = 8.6 Hz), 7.50 (d, 2H, J 

= 8.5 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.26, 22.83, 25.13, 29.27, 29.42, 29.58, 

32.02, 34.61, 115.79, 121.93, 127.82, 128.46, 133.20, 138.66, 149.81, 153.33, 172.90 

ppm. HRMS (ESI+ of m + H+): m/z calcd for C22H28O3: 341.2138, found: 341.4759. 

BP(10, OH): 13% yield.  1H NMR (400 MHz, CDCl3): δ 0.89 (t, 3H, J = 6.9 Hz), 

1.22 - 1.47 (m, 14H), 1.77 (quin, 2H, J = 7.4 Hz), 2.57 (t, 2H, J = 7.5 Hz), 4.88 (s, 1H), 

6.87 (d, 2H, J = 8.6 Hz), 7.11 (d, 2H, J = 8.6 Hz), 7.43 (d, 2H, J = 8.6 Hz), 7.51 (d, 2H, J 

= 8.5 Hz) ppm. 

BP(6,4): 48% yield. 1H NMR (500 MHz, CDCl3): δ 0.92 (t, 3H, J = 7.0 Hz), 0.98 (t, 

3H, J = 7.4 Hz), 1.30 - 1.39 (m, 4H),  1.39 – 1.52 (m, 4H), 1.77 (m, 4H), 2.58 (m, 4H), 

7.14 (d, 4H, J = 8.4 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 

13.89, 14.19, 22.42, 22.65, 25.08, 27.18, 28.94, 31.60, 34.31, 34.60, 100.26, 122.06, 

128.26, 138.12, 150.39, 172.52 ppm; HRMS (ESI+ of m + H+): m/z calcd for C24H30O4: 

383.2244, found: 383.2217. 

BP(7,5): 73% yield. 1H NMR (500 MHz, CDCl3): δ 0.90 (t, 3H, J = 6.8 Hz), 0.94 (t, 

3H, J = 7.0 Hz), 1.27 - 1.48 (m, 12H), 1.78 (m, 4H), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 4H, 

J = 8.4 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.08, 14.22, 

22.48, 22.76, 24.80, 25.12, 29.08, 29.23, 31.43, 31.82, 34.55, 34.59, 122.04, 128.25, 

138.20, 150.36, 172.52 ppm; HRMS (ESI+ of m + H+): m/z calcd for C26H34O4: 411.2557, 

found: 411.2530. 

BP(8,4): 54% yield. 1H NMR (500 MHz, CDCl3): δ 0.89 (t, 3H, J = 6.9 Hz), 0.98 (t, 

3H, J = 7.4 Hz), 1.23 - 1.38 (m, 8H),  1.38 – 1.52 (m, 4H), 1.77 (m, 4H), 2.58 (m, 4H), 

7.14 (d, 4H, J = 8.4 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 

13.89, 14.25, 22.42, 22.81, 25.13, 27.18, 29.28, 29.38, 31.97, 34.31, 34.60, 122.06, 

128.26, 138.20, 150.39, 172.30 ppm; HRMS (ESI+ of m + H+): m/z calcd for C26H34O4: 

411.2557, found: 411.2530. 

BP(8,6): 72% yield. 1H NMR (500 MHz, CDCl3): δ 0.91 (m, 6H), 1.24 - 1.50 (m, 

16H),  1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 4H, J = 8.4 Hz), 7.55 

(d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.18, 14.25, 22.65, 22.80, 25.08, 

25.12, 28.94, 29.28, 29.38, 31.60, 31.96, 34.60, 122.06, 128.26, 138.20, 150.37, 172.51 

ppm; HRMS (ESI+ of m + H+): m/z calcd for C28H38O4: 439.2870, found: 439.2797. 

BP(9,5): 37% yield. 1H NMR (500 MHz, CDCl3): δ 0.88 (t, 3H, J = 7.0 Hz), 0.94 (t, 

3H, J = 7.1 Hz), 1.23 – 1.47 (m, 16H),  1.78 (m, 4H), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 4H, 

J = 8.4 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.08, 14.27, 



92 
 

22.49, 22.83, 24.80, 25.13, 29.28, 29.42, 29.58, 31.44, 32.02, 34.56, 34.60, 122.06, 

128.26, 138.21, 150.37, 172.51 ppm; HRMS (ESI+ of m + H+): m/z calcd for C28H38O4: 

439.2870, found: 439.2867. 

BP(10,4): 33% yield. 1H NMR (500 MHz, CDCl3): δ 0.89 (t, 3H, J = 6.9 Hz), 0.98 

(t, 3H, J = 7.4 Hz), 1.22 - 1.38 (m, 12H),  1.38 – 1.51 (m, 4H), 1.77 (m, 4H), 2.58 (m, 

4H), 7.14 (d, 4H, J = 8.5 Hz), 7.55 (d, 4H, J = 9.0 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 

13.88, 14.25, 22.39, 22.81, 25.13, 29.28, 29.42, 29.47, 29.63, 31.73, 34.60, 122.03, 

128.26, 138.20, 150.37, 172.51 ppm; HRMS (ESI+ of m + H+): m/z calcd for C28H38O4: 

439.2870, found: 439.2843. 

BP(9,7): 63% yield. 1H NMR (500 MHz, CDCl3): δ 0.89 (m, 6H), 1.23 - 1.47 (m, 

20H),  1.77 (quin, 4H, J = 7.4 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 4H, J = 8.5 Hz), 7.55 

(d, 4H, J = 8.7 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.22, 14.26, 22.76, 22.83, 25.13, 

29.08, 29.24, 29.28, 29.42, 29.58, 31.82, 32.02, 34.60, 122.06, 128.26, 138.20, 150.36, 

172.52 ppm; HRMS (ESI+ of m + H+): m/z calcd for C30H42O4: 467.3183, found: 

467.3175. 

BP(10,6): 61% yield. 1H NMR (500 MHz, CDCl3): δ 0.90 (m, 6H), 1.22 - 1.38 (m, 

16H),  1.38 – 1.48 (m, 4H), 1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 

4H, J = 8.6 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.19, 

22.65, 22.85, 25.13, 29.28, 29.47, 29.63, 29.71, 31.60, 32.06, 34.60, 122.06, 128.26, 

138.20, 150.36, 172.53 ppm; HRMS (ESI+ of m + H+): m/z calcd for C30H42O4: 467.3183, 

found: 467.3156. 

BP(10,8): 72% yield. 1H NMR (500 MHz, CDCl3): δ 0.89 (m, 6H), 1.22 - 1.38 (m, 

20H), 1.38 – 1.46 (m, 4H), 1.77 (quin, 4H, J = 7.5 Hz), 2.58 (t, 4H, J = 7.5 Hz), 7.14 (d, 

4H, J = 8.6 Hz), 7.55 (d, 4H, J = 8.6 Hz) ppm; 13C NMR (15 MHz, CDCl3): δ 14.28, 

22.81, 22.84, 25.13, 29.28, 29.38, 29.42, 29.47, 29.63, 29.71, 31.97, 32.02, 34.60, 

122.06, 128.26, 138.20, 150.36, 172.53 ppm; HRMS (ESI+ of m + H+): m/z calcd for 

C32H46O4: 495.3496, found: 495.3469. 
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3.6.3. Polarized Optical Microscopy (POM) 

Samples were prepared as described in Section 1.6.1. 

h)  i)  

j)  k)  

Figure 3.7. Polarized optical micrographs of BP(10,8) showing mosaic textures at a) 110 
°C and b) 85 °C and striations across the mosaic pattern at c) 84 °C and d) 
25 °C.  All images taken of same region on the slide. 

 

a)  b)  
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c)  d)  

Figure 3.8. Polarized optical micrographs  of BP(8,8) showing fan-shaped textures at a) 
117.5 °C and b) 97.5 °C,  and changes at c) 96.5 °C and d) 25 °C.  All 
images taken of same region on the slide. 

 

a)  b)  

c)  d)  

Figure 3.9. Polarized optical micrographs of BP(9,7) showing a) mosaic textures at 110 
°C, b) gradual changes of mosaic patterns at 85 °C, c) striations across 
mosaic pattern at 80 °C and d) at 25 °C.  All images taken of same region 
on the slide. 
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a)  b)  

c)  d)  

Figure 3.10. Polarized optical micrographs of BP(10,6) showing mosaic textures at a) 
111 °C and b) 76 °C  and gradual changes of mosaic patterns at c) 60 °C 
and at d) 46 °C.  All images taken of same region on the slide. 

 

a)  b)  
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c)  d)  

Figure 3.11. Polarized optical micrographs of BP(7,7) showing a) mosaic and fan-
shaped textures at 110 °C, gradual changes occurring at b) 97 °C and c) 
92 °C,  and d) the final pattern at 25 °C.  All images taken of same region 
on the slide. 

a)  b)  

c)  d)  

Figure 3.12. Polarized optical micrographs of BP(8,6) showing a) mosaic and fan-
shaped textures at 119 °C, gradual changes occurring at b) 89 °C and 
lines forming at c) 69 °C,  and d) the final pattern at 25 °C.  All images 
taken of same region on the slide. 
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a)  b)  

Figure 3.13. Polarized optical micrographs of BP(9,5) showing a) mosaic and fan-
shaped textures at 119 °C and b) the pattern observed at  41 °C.  All 
images taken of same region on the slide. 

a)  b)  

Figure 3.14. Polarized optical micrographs of BP(10,4) showing a) mosaic and fan-
shaped textures at 119 °C and b) the pattern observed at  25 °C.  All 
images taken of same region on the slide. 

a)  b)  
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c)  d)  

Figure 3.15. Polarized optical micrographs of BP(6,6) showing a) mosaic textures at 119 
°C, b) gradual changes occurring at 102 °C followed by lines forming at 82 
°C,  and d) the final pattern at 25 °C.  All images taken of same region on 
the slide. 

a)  b)  

c)  d)  

Figure 3.16. Polarized optical micrographs of BP(7,5) showing a) mosaic and focal-
conic textures at 110 °C, b) gradual changes occurring at 90 °C, c) lines 
formed at 70 °C,  and d) the final pattern at 25 °C.  All images taken of 
same region on the slide. 
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a)  b)  

c)  d)  

Figure 3.17. Polarized optical micrographs of BP(8,4) showing a) mosaic textures at 113 
°C, b) subtle changes occurring at 88 °C, c) further changes at 53 °C,  and 
d) the final pattern at 25 °C.  All images taken of same region on the slide. 
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3.6.4. Variable Temperature Powder X-ray Diffraction (VT-XRD) 

Table 3.5. XRD Data of the SmF Phase of BP(9,9) and its Isomers 

 

Table 3.6. XRD Data of the SmF Phase of BP(8,8) and its Isomers 
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Table 3.7. XRD Data of the SmF Phase of BP(7,7) and its Isomers 

 

Table 3.8. XRD Data of the SmF Phase of BP(6,6) and its Isomers 
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a)  

b)  

c)  

Figure 3.18. The XRD of a) BP(8,8) at 114 ˚C, b) BP(7,7) at 115 ˚C, c) BP(6,6) at 111 
˚C. Horizontal axis is 2θ in degrees, vertical axis is intensity in absorbance 
units (a.u.).  
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a)  

b)  

c)  
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d)  

e)  

f)  
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g)  

h)  

Figure 3.19. The XRD of a) BP(10,8), 114 ˚C, b) BP(9,7), 114 ˚C, c) BP(10,6), 109 ˚C, 
d) BP(8,6), 110 ˚C, e) BP(9,5), 110 ˚C, f) BP(10,4), 106 ˚C, g) BP(7,5), 113 
˚C, h) BP(8,4), 107 ˚C. Horizontal axis is 2θ in degrees, vertical axis is 
intensity in absorbance units (a.u.).  
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a)   

b)   

Figure 3.20. The XRD of a) BP(6,6) at 96 ˚C and b) BP(8,4) at 80 ˚C. Horizontal axis is 
2θ in degrees, vertical axis is intensity in absorbance units (a.u.).  
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a)  

b)  

c)  

Figure 3.21. The XRD of a) BP(10,8) at 80 ˚C, b) BP(8,8) at 80 ˚C, c) BP(9,7) at 78 ˚C. 
Horizontal axis is 2θ in degrees, vertical axis is intensity in absorbance 
units (a.u.). 
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a)  

b)  

c)  
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d)  

e)  

f)  



110 
 

g)  

h)  

i)  



111 
 

j)  

k)  

Figure 3.22. The XRD of a) BP(10,8), b) BP(8,8),  c) BP(9,7), d) BP(10,6), e) BP(7,7), f) 
BP(8,6), g) BP(9,5), h) BP(10,4), i) BP(6,6), j) BP(7,5), and k) BP(8,4) at 
25 ˚C. Horizontal axis is 2θ in degrees, vertical axis is intensity in 
absorbance units (a.u.). 
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3.6.5. Differential Scanning Calorimetry (DSC) 

Table 3.9. Phase transition temperatures and enthalpies as determined by DSC, 
including literature comparison values. 

Compound 
Temperatures/ °C 

(Enthalpies/ kJ/mol) 
Literature 1 

(Chen et al) [25]  
Literature 2 

(Kubo et al) [26]  

BP(9,9) 82.7 (2.42), 97.9 (12.31), 121.7 (21.68) 
82.2 (2.84), 98.7 

(12.81), 123.9 (22.35) 
98.0 (-), 122.0 (-) 

BP(8,8) 
5.17 (5.46), 61.0 (2.27), 94.9 (10.47), 120.0 

(19.70) 
60.3 (2.43), 96.5 

(10.89), 121.1 (20.40) 
95.0 (-), 121.0 (-) 

BP(7,7) 
73.4 (2.46), 95.6 (2.32), 97.9 (0.40), 120.4 

(17.32) 
72.3 (2.75), 95.6 (-), 

99.2 (-), 122.5 (18.81) 
95.0 (-), 122.0 (-) 

BP(6,6) 
33.7 (1.73), 84.6 (2.36), 106.4 (1.34), 118.1 

(18.61) 
no data 105.0 (-), 118.0 (-) 

 

 

Figure 3.23. DSC thermogram of BP(9,9). 

 

Figure 3.24. DSC thermogram of BP(10,8). 
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Figure 3.25. DSC thermogram of BP(8,8). 

 

Figure 3.26. DSC thermogram of BP(9,7). 

 

Figure 3.27. DSC thermogram of BP(10,6). 

 



114 
 

 

Figure 3.28. DSC thermogram of BP(7,7). 

 

Figure 3.29. DSC thermogram of BP(8,6). 

 

Figure 3.30. DSC thermogram of BP(9,7). 
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Figure 3.31. DSC thermogram of BP(10,6). 

 

Figure 3.32. DSC thermogram of BP(6,6). 

 

Figure 3.33. DSC thermogram of BP(7,5). 
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Figure 3.34. DSC thermogram of BP(8,4). 
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Chapter 4.  
 
Tuning Properties of Symmetric Terthiophene 
Derivatives 

 

4.1. Permission of reprint and contributions 

The research presented in this chapter has been published as a full paper in the 

journal Materials: “Heterocycle effects on the liquid crystallinity of terthiophene 

analogues” (Ester, D.F.; McKearney, D.; Herasymchuk, K.; Williams, V.E. Materials 

2019, 12(14), 2314) and is reproduced herein with permission from the journal (see 

Appendix B). Declan McKearney obtained the single crystal XRD data and assisted with 

cyclic voltammetry experiments. Khrystyna Herasymchuk performed the time-dependent 

DFT calculations. Both co-authors were involved in the final editing of the manuscript. All 

other synthesis and characterization and preparation of the manuscipt was carried out 

by David Ester. We gratefully acknowledge the Natural Sciences and Engineering 

Research Council of Canada (NSERC) and Simon Fraser University (SFU) for funding. 

This work made use of the 4D Labs shared facilities supported by the Canada 

Foundation for Innovation (CFI), British Columbia Knowledge Development Fund 

(BCKDF), Western Economic Diversification (WD), and SFU. 
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4.2. Abstract 

Liquid crystalline self-assembly offers the potential to create highly ordered, 

uniformly aligned, and defect-free thin-film organic semiconductors. Analogues of one of 

the more promising classes of liquid crystal semiconductors, 5,5”-dialkyl-α-

terthiophenes, were prepared in order to investigate the effects of replacing the central 

thiophene with either an oxadiazole or a thiadiazole ring. The phase behaviour was 

examined by differential scanning calorimetry, polarized optical microscopy, and variable 

temperature x-ray diffraction. While the oxadiazole derivative was not liquid crystalline, 

thiadiazole derivatives formed smectic C and soft crystal lamellar phases, and 

maintained lamellar order down to room temperature. Variation of the terminal alkyl 

chains also influenced the observed phase sequence. Single crystal structures revealed 

the face-to-face orientation of molecules within the layers in the solid-state, a packing 

motif that is rationalized based on the shape and dipole of the thiadiazole ring, as 

corroborated by density functional theory (DFT) calculations. The solution opto-

electronic properties of the systems were characterized by absorption and emission 

spectroscopy, cyclic voltammetry, and time-dependent density functional theory (TD-

DFT). 

4.3. Introduction 

Organic semiconductors are attractive materials due to their light weight, 

mechanical flexibility, tunability through chemical modification, and compatibility with 

solution processing techniques that allow for low-cost device fabrication [1–4]. Although 

they have proven suitable for applications such as light emitting diodes (OLEDs) [5–8], 

field-effect transistors (OFETs) [9–13], and photovoltaics (OPVs) [14–17], an organic 

semiconductor’s performance is ultimately limited by its supramolecular ordering. 

Structural defects, poor alignment, and grain boundaries all degrade mobility [18–21]. 

Despite significant efforts to address these issues through chemical modification and 

sample processing [22–30] reliable approaches for optimizing supramolecular ordering 

for high performance organic semiconductors based on 3D crystalline materials remain 

elusive. 
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Liquid crystals (LCs) represent a promising alternative to common crystalline 

solid organic semiconductors, owing to their ability to self-assemble into ordered self-

healing structures capable of uniform alignment over large areas, and with 

supramolecular order that can be maintained in the solid-state [31–37]. Although 

columnar phases have been the most commonly explored liquid crystalline 

semiconductors, their one dimensional charge conduction is highly susceptible to 

defects [38–44]. More recently, smectic LCs have emerged as more attractive candidate 

materials since their layered structure permits conduction in two dimensions, potentially 

leading to more consistent performance [45–49]. Simultaneously tuning both the opto-

electronic properties and self-assembly of smectic LC materials represents an ongoing 

challenge in their exploitation as organic semiconductors. 

Terthiophene derivatives are among the most extensively studied smectic LC 

organic semiconductors. Of particular interest, the 5,5”-di(n-alkyl)terthiophenes, Th3(n) 

(n = 7–10) (Figure 4.1), exhibit both crystalline lamellar phases at room temperature and 

smectic F (SmF) and C (SmC) phases at elevated temperatures [50–55]. Whereas 

charge carrier mobility increases in highly ordered lamellar crystalline phases [46,56,57] 

overlying smectic LC phases enable uniformly aligned, defect-free thin-films to be 

formed during processing [58]. For example, Hanna demonstrated that films of Th3(8) 

obtained from liquid crystalline phases at elevated temperatures exhibit improved OFET 

mobilities in the room temperature crystalline state [59,60]. In addition, samples cooled 

through multiple similar LCs, such as SmC and SmF phases, tend to possess improved 

morphologies [37,61].  

The majority of studies on terthiophene-based mesogens have focused on 

modification of the terminal groups [37,50–52,62–66], whereas changes to the central 

terthiophene core have largely been neglected [57]. In the present work, we replaced the 

central thiophene of Th3(n) with either oxadiazole or thiadiazole rings to afford Th-Oxd-

Th(n) and Th-Thd-Th(n), respectively (Figure 4.1), and examined the impact of these 

changes on both the phase behavior and photophysical properties. While these rings are 

more electron-accepting than thiophene, allowing for the tuning of opto-electronic 

properties, their geometric similarities to thiophene and the precedent of oxadiazole- and 

thiadiazole-based mesogens in the literature [67–71] suggested that these compounds 

would be compatible with the formation of smectic phases similar to those of Th3(n). 
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Figure 4.1. The structures of compounds Th3(n), Th-Oxd-Th(n) and Th-Thd-Th(n). 

Our initial efforts focused on a comparison of the opto-electronic properties and 

self-assembly of Th-Oxd-Th(10) and Th-Thd-Th(10) to those of Th3(10). Based on the 

promising liquid crystalline properties of Th-Thd-Th(10), we extended our study to Th-

Thd-Th(n) for (n = 4, 6, 8, 12) to more fully examine this series. To our knowledge, this 

represents the first systematic examination of either of these systems [72]. 

4.4. Results and Discussion 

4.4.1. Synthesis 

Our initial studies focused on the n = 10 derivatives because the parent 

terthiophene system Th3(n) was reported to form stable SmC and SmF LC phases [50]. 

Th3(n) was prepared in order to confirm the literature reports and to facilitate direct 

comparison to the newly synthesized thiadiazole and oxadiazole analogues. 

Terthiophene was obtained by Kumada coupling of 2,5-dibromothiophene and 2-

bromothiophene [73]. Subsequent di-alkylation through treatment with n-butyl lithium, 

potassium t-butoxide and 1-bromodecane gave Th3(10) [48]. 

The terthiophene analogues incorporating oxadiazole and thiadiazole were 

synthesized according to Scheme 4.1. 2-Decylthiophene was prepared from thiophene 

according to literature methods [74]. A carboxylic acid group was installed in the 5-

position by treatment with n-butyl lithium, followed by carbon dioxide [75]; this acid was 

then treated with thionyl chloride to produce the acid chloride in situ, two equivalents of 

which were condensed in the presence of hydrazine hydrate and trimethylamine to give 

1 [76]. The ring-closing of 1 in the presence thionyl chloride produced Th-Oxd-Th(10) 



121 
 

[76]. Alternatively, treatment of 1 with Lawesson’s reagent produced Th-Thd-Th(10) 

[76]. 

Scheme 4.1. Synthetic Route to Th-Oxd-Th(10) and Th-Thd-Th(10).  

 

Conditions: (i) (1) n-BuLi, THF, −78 °C; (2) C10H21Br, RT, 81%; (ii) (1) n-BuLi, THF, −78 
°C; (2) CO2, RT, 69%; (iii) SOCl2, reflux; (iv) H2NNH2·H2O, Et3N, NMP, RT, 37%; (v) 
SOCl2, reflux, 64%; (vi) Lawesson’s reagent, toluene, reflux, 51%. 

The alternative 2-step route shown in Scheme 4.2 was adopted for the synthesis 

of the remaining Th-Thd-Th(n) derivatives. The Th-Thd-Th parent compound was 

prepared in a one-pot reaction of 2-thiophenecarboxaldehyde, hydrazine hydrate, and 

sulfur in a high pressure vessel according to literature reports [77]. Di-alkylation of this 

intermediate by deprotonation with n-butyl lithium and potassium t-butoxide, followed by 

the appropriate 1-bromoalkane afforded the final target compounds. 

Scheme 4.2. Synthetic Route Used to Prepare the Complete Series of Th-Thd-Th(n) 
Derivatives (n = 4, 6, 8, 12). 

 

Conditions: (i) H2NNH2·H2O, sulfur, propanol, 150 °C, high pressure, 88%; (ii) (1) n-BuLi, 
t-BuOK, THF, −78 °C; (2) C10H21Br, RT, 29%–69%. 

4.4.2. Phase Behaviour 

The liquid crystal and solid-state self-assembly of all compounds were 

investigated by differential scanning calorimetry (DSC), polarized optical microscopy 

(POM), variable temperature powder x-ray diffraction (VT-pXRD), and single crystal x-

ray diffraction (SC-XRD), the results of which are summarized in Table 4.1. The 

complete data is available in Figure 4.11 - Figure 4.41 and Table 4.4 - Table 4.7 in the 
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experimental section. In all cases, this phase behaviour was observed upon repeated 

heating/cooling cycles. TGA analysis (Figure 4.29-4.34) indicated that no decomposition 

occurs for any of compound studied below 250 °C. 

Th3(n) was reported to form a narrow SmC phase from 92–95 °C, a SmF phase 

from 71–92 °C, and a lamellar crystalline solid at lower temperatures [50]. Our results 

are in agreement with these reports. POM images obtained around the clearing point 

show the emergence of schlieren and focal-conic fan textures (Figures 4.2a and b, 

respectively) from the isotropic liquid (dark regions), consistent with a SmC phase. We 

were unable to corroborate this assignment by XRD due to the narrow temperature 

range of this phase. 

Further cooling leads to a second fluid phase that exhibits POM textures (Figure 

4.2c) resembling those of the overlying SmC phase, indicating that similar ordering is 

maintained. The XRD pattern (Figure 4.16) exhibits a sharp low-angle peak, assigned to 

d001 of a lamellar phase. The layer spacing (36.0 Å) is slightly smaller than the calculated 

molecular length (39.1 Å), which suggests a tilted phase, but could also result from 

interdigitation of the alkyl chains. The peak in the wide-angle region is sharper than that 

of typical fluid smectic phases such as SmA and SmC, consistent with an ordered 

lamellar phase such as SmF or SmI [78], both of which are common underlying phases 

for the SmC phase. Although we cannot rule out the formation of orthogonal phases 

based on the available data, our assignment of SmC and SmF phases is consistent with 

previous reports [50–55].  
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Figure 4.2. POM of Th3(n) showing schlieren (a) and focal-conic (b) textures of the SmC 
phase at 93.5 °C, modified textures of the SmF phase at 91.5 °C (c), and 
changes upon cooling to the crystalline phase at 65.0 °C (d). 

The transition into the next phase upon cooling is accompanied by dramatic 

changes in the POM, with the schlieren regions becoming bright and the fan textures 

distorted by striations (Figure 4.2d). The lack of fluidity under mechanical shearing 

confirms that this phase is a solid. No further changes are observed by POM upon 

cooling to room temperature. The room temperature XRD of this compound consists of a 

low-angle d001 peak along with higher order diffractions demonstrating that layered order 

is maintained; multiple sharp, intense peaks in the wide-angle region indicate increased 

intra-layer ordering (Figure 4.16). 

In contrast, Th-Oxd-Th(10) was not liquid crystalline. Although the DSC shows 

three reversible peaks (Figure 4.23), POM and XRD results rule out the formation of LC 

phases. The POM images of the phase immediately below the isotropic liquid display 

needle-like crystallites that do not shear (Figure 4.11). The XRD of this phase exhibits 

numerous sharp, low intensity peaks (Figure 4.17), consistent with a crystalline solid 

phase. Thus, the observed phase transitions are assigned as crystal-to-crystal 

transitions. 

The DSC of Th-Thd-Th(10) contains three peaks that are observed on repeated 

heating and cooling cycles (Figure 4.27). POM images of the high temperature phase 

obtained on cooling from the isotropic liquid are shown in Figure 4.3a. As observed for 

Th3(n), the coexistence of these focal-conic fan and schlieren textures is characteristic of 
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a SmC LC phase. This assignment was confirmed by XRD (Figure 4.4a). In the small 

angle region, a sharp d001 peak and a low intensity d002 diffraction can be identified, 

indicative of lamellar packing with a d-spacing of 30.1 Å. This layer spacing is 

considerably shorter than the calculated molecular length of 40.0 Å, suggesting that the 

molecules are tilted within the layers, although interdigitation may also account for a 

portion of this discrepancy. In the wide angle region, the broad, low intensity peak at a d-

spacing of 4.37 Å is ascribed to the alkyl halo commonly observed for disordered 

smectic phases. 

 

Figure 4.3. POM of Th-Thd-Th(10) showing schlieren and focal-conic textures of the 
SmC phase at 125.0 °C (a), modified textures of the CrJ phase at 91.0 °C 
(b), and changes upon cooling to the crystalline phase at 79.0 °C (c). 

Upon further cooling below the transition at 91 °C, the POM textures develop 

striations across the fan-shaped regions, and the schlieren patterns blur into a mosaic 

texture (Figure 4.3b). These changes are commonly associated with the formation of 

more highly ordered smectic phases [47,48,79,80], which is further supported by the 

XRD data (Figure 4.4b). The lamellar d001, d002 and d003 peaks become more 

pronounced, signifying an increase in long-range layer ordering, and the layer spacing 

increases to 33.3 Å, from 30.1 Å in the SmC phase. In the wide angle region, several 

sharp peaks appear, associated with an increase in intra-layer ordering. This XRD 

pattern is more consistent with an ordered lamellar soft crystal CrG or CrJ phase than 

SmF/I phases (see above). Single crystal studies discussed below indicate that the 

orientation of the molecules tilt towards the apex of the hexagonal intra-layer packing, 

and thus this phase was assigned as a CrJ phase. 
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Figure 4.4. XRD of Th-Thd-Th(10) at 126 °C, in the SmC phase (a); at 88 °C, in the CrJ 

phase (b); and at 25 °C, in the crystalline phase (c). 

Further cooling of this sample below 82 °C results in the loss of the preceding 

POM textures to give relatively featureless domains that are maintained down to room 

temperature (Figure 4.3c). The XRD of this phase is shown in Figure 4.4c. The sharp 

low-angle d001, d002, and d003 peaks demonstrate that the lamellar order is maintained. 

The pattern in the wide-angle region becomes even more complex with higher intensity 

peaks corresponding to increased intra-layer order, leading to the assignment of this 

room temperature phase as a highly ordered lamellar crystalline phase (Cr). 
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Prompted by the observation of LC properties of Th-Thd-Th(10), we extended 

our study to derivatives with varying terminal chain lengths (n) for comparison to the 

literature Th3(n) series. The phase transitions of all compounds, as determined by DSC 

(Figure 4.22 - Figure 4.28), are listed in Table 4.1. The POM and XRD results are shown 

in Figure 4.11 - Figure 4.15 and Figure 4.16 - Figure 4.21, respectively. 

Table 4.1. Phase Behaviour of the Compounds Studied 

 
a
 as identified by POM and XRD, Cr = crystalline, Sm = smectic, I = isotropic, see discussion for details; 

b
 

transition temperatures and enthalpies determined by DSC at a scan rate = 10 °C/min, upon heating/cooling 

on top/bottom, respectively; * combined enthalpy from overlapping peaks. 

The shortest chain length derivative, terminated in butyl groups, is not liquid 

crystalline, but exhibits several polymorphic crystalline states. POM images of Th-Thd-

Th(4) obtained on cooling from the isotropic liquid display a rigid, needle-like crystalline 

texture, and the XRD consists of numerous sharp, low intensity peaks. 

At intermediate chain lengths, LC behaviour similar to that of Th-Thd-Th(10) is 

observed. The derivatives with n = 6 and 8 exhibit a SmC phase immediately below the 

isotropic liquid, as evidenced by characteristic schlieren and fan-shaped textures in the 

POM and XRD patterns consisting of a sharp low-angle d001 peak and a broad, low 

intensity alkyl halo in the wide-angle region. At the next phase transition, the POM 

images transform into mosaic and striated fan textures and the XRD shows higher order 

d00n diffractions in the low-angle region and additional sharp peaks at wider angles. This 
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phase was identified as a CrJ phase, due to the similarities to observations for Th-Thd-

Th(10). In the case of Th-Thd-Th(6), this phase is maintained down to room 

temperature, whereas Th-Thd-Th(8) exhibits an additional room temperature lamellar 

crystalline phase similar to that of Th-Thd-Th(10). 

POM and XRD studies indicate that Th-Thd-Th(12) also forms SmC and CrJ 

phases. However, the DSC of this compound indicates the presence of an additional 

intermediate phase. The minimal changes in the POM textures and the low enthalpy 

change of the associated DSC peak suggest that this intermediate phase is similar to the 

preceding SmC phase. This is supported by the corresponding XRD pattern, which 

consists of a sharp d001 peak in the low-angle region and a peak of increased intensity 

and sharpness compared to the SmC phase at wider angles. These results, which are 

similar to those described for Th3(n) above, are consistent with SmF/I phases. This 

phase is tentatively assigned as a SmI LC, based on our more detailed analysis of Th-

Thd-Th(10). Like Th-Thd-Th(8) and Th-Thd-Th(10), this dodecyl derivative exhibits a 

room temperature lamellar phase; the XRD patterns and POM textures of this phase 

remained unchanged for over a week, suggesting that it is thermodynamically stable. 

Similar results were also observed for the room temperature phases of the n = 6, 8, and 

10 derivatives. 

The persistence length of the layer ordering can be estimated based on the 

Debye–Scherrer equation applied to the d001 peak in the XRD. The resulting correlation 

lengths of Th3(10) in the SmF and Cr phases are 7 and 8 layers (26 and 27 nm), 

respectively. Those of Th-Thd-Th(10) in the SmC, CrJ, and Cr phases are estimated to 

be between 10–11 layers (31–34 nm), suggesting that the thiadiazole derivatives tend to 

exhibit more long range lamellar order than their terthiophene analogues. 

A comparison between the phase behavior of Th-Thd-Th(n) derivatives and their 

Th3(n) analogues [50] (n = 6, 8, 10) is shown in Figure 4.5. Th3(4) and Th3(12) were 

excluded from this analysis since reliable phase assignments are not available for either 

compound. Both series show a propensity to form layered structures, with SmC phases 

observed at higher temperatures in most cases, and lamellar crystalline phases formed 

at room temperature. With the exception of Th3(10), compounds in both series exhibit 

soft crystalline G/J phases. The Th3(10) and Th3(8) derivatives exhibit an intermediate 

SmF phase; this phase is not observed for the Th-Thd-Th(n) derivatives shown, but a 
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similarly ordered SmI phase emerges at longer chain length (Th-Thd-Th(12), see 

above). Both series exhibit a tendency towards increased phase diversity at longer chain 

lengths. Liquid crystallinity is not observed for the shortest members of either series (Th-

Thd-Th(4) and Th3(n) for n ≤ 6). 

 

Figure 4.5. Phase behaviour of Th-Thd-Th(n) (this work) and Th3(n) (*literature) [74]. 

The Th-Thd-Th(n) compounds exhibit SmC phases at higher temperatures and 

over broader ranges than the corresponding Th3(n) derivatives. For example, Th-Thd-

Th(8) forms a SmC phase over a 34 °C range (95–129 °C), whereas the SmC phase of 

Th3(8) is stable over only a 5 °C range (85–90 °C). As film processing from well-oriented 

but fluid states (e.g., SmA/C) is advantageous for obtaining uniformly aligned samples 

[37,58,59] and thermal annealing at elevated temperatures has been shown to improve 

film morphology [31,48,81], the increased SmC phase stabilities of the thiadiazole 

derivatives make them attractive candidates for device fabrication. 

The highly ordered crystalline lamellar phases of Th-Thd-Th(n) are also stable to 

higher temperatures than those of Th3(n). For example, the Cr phase of Th-Thd-Th(8) is 

maintained up to 92 °C, whereas Th3(8) melts into a liquid crystal at 71 °C. Charge 

carrier mobility tends to increase in more highly ordered phases [56–58], and phase 

transitions lead to discontinuity in performance [82,83]. Higher Cr-Sm transition 

temperatures such as those found for Th-Thd-Th(n) could therefore facilitate a wider 

range of operating temperatures and lower the chance of performance degradation due 

to thermally-induced transitions. 

The pronounced differences in phase behaviour between these series in general, 

and between Th3(n), Th-Thd-Th(10), and Th-Oxd-Th(10) in particular, can be 
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rationalized based on changes in molecular shape and electronics. The density 

functional theory (DFT) optimized structures, determined using B3LYP/6-31G*, (Figure 

4.6) indicate that the bend angle of the molecules, which is largely dictated by the bond 

angles at the 2- and 5-positions of the central heterocycle are 156°, 142°, and 169° for 

Th3(n), Th-Oxd-Th(10), and Th-Thd-Th(10), respectively. Molecular shape is a key 

determinant for liquid crystallinity, with more linear structures promoting these phases 

[84–87]. Therefore, the larger angles in Th3(n) and Th-Thd-Th(10) favor LC phases, 

whereas the more bent structure of Th-Oxd-Th(10) would be detrimental for mesophase 

formation. This is consistent with previous literature suggesting that thiadiazole 

derivatives have a greater tendency to exhibit smectic mesophases than oxadiazole 

analogues [88–91].  

 

Figure 4.6. The optimized structures of the compounds studied, showing differences in 
bend angle, θ, and transverse dipole moment. See experimental section for 
calculation details. 

The transverse dipole moments, i.e., those perpendicular to the long axis of the 

molecule, are 0.65 D, 4.85 D, and 3.48 D for Th3(n), Th-Oxd-Th(10), and Th-Thd-

Th(10), respectively. Because liquid crystalline self-assembly is strongly influenced by 

dipole–dipole interactions [85,92,93] the substantially larger dipole of Th-Thd-Th(10) 

may stabilize its LC phases relative to those of Th3(n). More broadly, the elevated 

transition temperatures of Th-Thd-Th(n) compared to the corresponding terthiophenes 
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Th3(n) can be attributed to a combination of the higher transverse dipole moments and 

more linear structures of the former series. 

In an effort to gain more insight into the solid-state structures of the phases, 

crystal growth via slow evaporation from a variety of solvents was explored. Suitable 

single crystals of Th-Thd-Th, Th-Thd-Th(4) and Th-Thd-Th(10) were obtained from 

acetonitrile or tetrahydrofuran and analyzed by XRD. The single crystal structure of Th-

Thd-Th(10) demonstrates lamellar order with significant tilt angle (~32°, Figure 4.7a and 

Figure 4.35), as well as pseudo-hexagonal packing within each layer (Figure 4.7b), 

consistent with the phase assignments made by POM and XRD above. The single 

crystal structure of Th-Thd-Th(4) also shows lamellar order (Figure 4.37), with one butyl 

chain extending parallel to the core and the other approximately orthogonal. In contrast, 

both the decyl chains of Th-Thd-Th(10) extend along the direction of the core. This 

difference in the orientation of the alkyl chains provides a clue as to why the latter is 

liquid crystalline but the former is non-mesogenic. 

The lamellar order in the crystal structure of Th-Thd-Th(4) is clearly evident in a 

low angle d001 peak in the corresponding simulated powder diffraction pattern (Figure 

4.41a). This peak is not observed in the experimental powder XRD (Figure 4.21), which 

is attributed to distinct polymorphs resulting from the different conditions under which the 

samples were prepared and measured. The simulated and experimental powder XRD 

patterns of Th-Thd-Th(10) are in good agreement (Figure 4.41b) with some variation in 

the relative intensities and positions of the wide angle peaks, which likely can be 

ascribed to the temperature differences between the measurements. 
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(a) (b) 

 

 

Figure 4.7. Crystal structure of Th-Thd-Th(10) showing lamellar order (a) and pseudo-
hexagonal intra-layer packing (b). Legend: Alkyl chains in grey, aromatic 
core in red, hydrogens omitted for clarity. 

The crystal structures obtained for the thiadiazole derivatives can also be 

compared to literature reports of their terthiophene analogues. The crystal structure of 

Th3(8) reported by Lercher et al. [94] also exhibits lamellar order with pseudo-hexagonal 

intra-layer packing, in line with our POM and XRD results. Consistent with the DFT 

models, the crystal structures show that Th3(8) is more bent than Th-Thd-Th(10), with 

angles between the bonds at the 2- and 5-positions of the central heterocycle of 147° 

and 157°, respectively (Figure 4.36). The crystal structures differ with respect to the 

correlation of molecular orientation from one layer to the next. In Th-Thd-Th(10), each 

successive layer has the same tilt direction (synclinic), whereas alternating layers exhibit 

opposing (anticlinic) tilt directions in the structure of Th3(8). 

Another distinction in the packing motif of the two compounds becomes evident 

upon closer inspection of the relative orientation of adjacent molecules within a layer. 

Figure 4.8a shows that for Th-Thd-Th(10) two molecules pack with their aromatic cores 

in a face-to-face fashion, with an antiparallel arrangement. In contrast, molecules of 

Th3(8) orient in a herringbone configuration, with an approximate 55° angle between the 

planes of the molecules (Figure 4.8b). An increased tendency for face-to-face packing is 
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also found in the crystal structures of the unsubstituted Th-Thd-Th core (Figure 4.38) 

compared to the analogous terthiophene Th3 [95]. The latter assumes a herringbone 

structure with molecules close to 90° to one another, while the former exhibits a modified 

herringbone-type configuration composed of co-facially packed pairs of molecules, with 

adjacent pairs arranged in a herringbone structure. Th-Thd-Th(4) shows a similar co-

facial arrangement of adjacent molecules. 

(a) (b) 

 
 

Figure 4.8. Packing of adjacent molecules in Th-Thd-Th(10) (a) and Th3(8) (b) as 
viewed along the long axis of the molecule (left) and the short axis of the 
molecule (right). Legend: sulphur in yellow, nitrogen in light blue, carbon in 
grey, hydrogens omitted for clarity. 

The stronger tendency of the thiadiazole derivatives to adopt face-to-face 

packing can be rationalized based on dipolar interactions. As already noted, DFT 

calculations indicate that Th-Thd-Th(10) has a much larger transverse dipole moment 

than Th3(n), which favours the antiparallel stacked structures observed for the former. 

Similar effects have been noted in the self-assembly of discotic mesogens [92,93]. As a 

result, Th-Thd-Th(10) displays close intermolecular contacts, with a distance of 3.5 Å 

between the aromatic cores. These differences in the packing present a potential 

advantage for organic semiconductor applications since charge carrier transport is 

strongly dependent on close contacts and π-π overlap between adjacent molecules 

[18,96–100]. The stronger interactions within the layers of the thiadiazole analogues may 

also cause the increased transition temperatures of their LC and solid-state phases, as 

discussed above. 

4.4.3. Molecular Opto-Electronic Properties 

The UV-vis absorption spectra of Th3(10), Th-Thd-Th(10), and Th-Oxd-Th(10) in 

chloroform solutions (4 × 10−5 M) are shown in Figure 4.9a, with the data summarized in 

Table 4.2. The line shape and absorptivity values were independent of concentration 
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(Figure 4.42 - Figure 4.44). All three compounds feature a single strong absorption 

between 300 and 400 nm, with extinction coefficients greater than 25,000 M−1·cm−1. In 

all cases, these peaks are relatively broad and lack obvious fine vibrational structure, 

indicating the conformational flexibility of the ground state in solution, which has 

previously been demonstrated for oligothiophene systems [101,102]. The absorption 

band is blue-shifted on going from Th3(10) (λmax = 367 nm) to Th-Thd-Th(10) (λmax = 359 

nm) to Th-Oxd-Th(10) (λmax = 328 nm). Time-dependent density functional theory (TD-

DFT) calculations reproduce the trend and shape of the experimental spectra, with 

absorption maxima of 383 nm (f = 1.17), 354 nm (f = 1.11), and 323 nm (f = 1.07) for 

Th3(10), Th-Thd-Th(10), and Th-Oxd-Th(10), respectively. The TD-DFT results indicate 

that the observed UV-vis absorptions correspond to S0 to S1/HOMO-LUMO transitions 

from the π to π* orbitals. The optical band gaps calculated from the absorption onset 

were estimated to be 2.93, 3.04, and 3.35 eV for Th3(10), Th-Thd-Th(10), and Th-Oxd-

Th(10), respectively. 

 

Figure 4.9. Absorption (a) and emission (b) spectra of Th3(n), Th-Oxd-Th(10) and Th-
Thd-Th(10) in CHCl3. 



134 
 

The emission spectra of Th3(10), Th-Thd-Th(10) and Th-Oxd-Th(10) measured 

in chloroform (10−6–10−5 M) are shown in Figure 4.9b, with the data summarized in Table 

4.2. The excitation spectra recorded match the UV-vis absorption spectra of the 

respective compounds (Figure 4.45). The emission spectra were recorded at the 

wavelength of maximum excitation intensity (λ𝑒𝑥
𝑚𝑎𝑥= 340, 369, and 380 nm for Th-Oxd-

Th(10), Th-Thd-Th(10), and Th3(10), respectively). All three compounds exhibit strong 

emission between 350–550 nm, with moderate 45–65 nm Stokes shifts. In contrast to 

the absorption spectra, the emission spectra display defined vibronic structure that is 

ascribed to the quinoidal character of the excited state, as previously reported for 

thiophene oligomers [101,102]. The fluorescence quantum yield (Φf) of Th3(10), 

determined relative to a quinine sulfate standard, was 0.56. Although this is higher than 

previously reported values, which range from 0.02 to 0.24, significant disparities in Φf 

under different experimental conditions are common in the literature [101–103]. Th-Oxd-

Th(10) and Th-Thd-Th(10) exhibit similar fluorescence quantum yields of 0.48 and 0.49, 

respectively. These spectroscopic studies indicate that both the thiadiazole and 

oxadiazole derivatives exhibit strong absorption and emission, comparable to the parent 

terthiophene compound. 

Table 4.2. Summary of the Optical Properties of the Compounds Studied 

Compound 𝛌𝒂𝒃𝒔
𝒎𝒂𝒙(nm) ε (M−1·cm−1) Eg

opt a (eV) [calc.] 𝛌𝒆𝒙
𝒎𝒂𝒙 (nm) 𝛌𝒆𝒎

𝒎𝒂𝒙(nm) Φf 
b 

Th-Oxd-Th(10) 328 28200 3.35 [3.26] 340 387 0.48 

Th-Thd-Th(10) 359 26800 3.04 [2.94] 369 430 0.49 

Th3(10) 367 25900 2.93 [2.67] 380 443 0.56 

a 
Optical bandgap, estimated by Eg = hc/λ𝑎𝑏𝑠

𝑜𝑛𝑠𝑒𝑡, calc. value obtained from TD-DFT (CAM-B3LYP/TZVP/pcm); 

b
 Relative to quinine sulfate standard (Φf = 0.54) in 0.1 M H2SO4. 

The cyclic voltammograms of select compounds are shown in Figure 4.10, with 

the data summarized in Table 4.3. Th-Thd-Th(6) exhibits a quasi-reversible wave at -

2.41 V, which we assign to a stable one-electron reduction process, as well as an 

irreversible oxidation at 1.18 V. Based on these reduction and oxidation waves 

measured relative to ferrocene, the HOMO and LUMO energy levels of Th-Thd-Th(6) 

were estimated as -5.98 and -2.39 eV, respectively, giving an electronic band gap of 

3.59 eV. The corresponding theoretical values from DFT calculations (HOMO = -5.54, 

LUMO = -1.90 eV, band gap = 3.64 eV) are in reasonable agreement with the 
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experimental numbers; the deviations are within the range reported for systems such as 

Th3(6) (see Table 4.3). The discrepancy between the electronic band gap (3.59 eV) and 

the optical gap (3.04 eV) yield an approximate exciton binding energy of 0.55 eV [104]. 

 

Figure 4.10. Cyclic voltammograms of 1.0 mM solutions showing reduction of Th-Thd-
Th(6) (red) and Th-Oxd-Th(10) (blue) in THF with 0.1 M TBAP supporting 
electrolyte and oxidation of Th-Thd-Th(6) (red, dotted) in MeCN with 0.1 M 
TBAF supporting electrolyte. 

Th-Oxd-Th(10) displays a wave at -3.11 V which gives a corresponding LUMO 

energy of -1.69 eV, consistent with the DFT predicted value of -1.62 eV. The 

experimental reduction wave is irreversible, indicating that the reduced form of this 

compound is unstable. The oxidation wave of this compound could not be recorded due 

to a combination of low solubility and limitations imposed by the potential windows of the 

solvents. 

Table 4.3. Summary of the Electrochemical Properties of Th-Oxd-Th(10) and Th-Thd-
Th(6) along with Literature Data for Th3(6) 

Compound 
Oxidation (V) Reduction (V) Energy Levels (eV) [calc.] Band Gap (eV) 

E1
1/2 E1

1/2 HOMO a LUMO b Eg
CV c Eg

calc. d 

Th-Oxd-Th(10) – −3.11 [−5.59] −1.69 [−1.62] – 3.97 

Th-Thd-Th(6) 1.18 −2.41 −5.98 [−5.54] −2.39 [−1.90] 3.59 3.64 

Th3(6)* 1.51 −2.14 −5.92 [−4.87] −2.70 [−1.52] 3.22 3.35 

*Literature reported properties [102]; 
a
 Calculated based on Fc HOMO = 4.8 eV, HOMO = 

−(E1
1/2

(ox) + 4.8); 
b
 Calculated based on Fc HOMO = 4.8 eV, LUMO = −(E1

1/2
(red) + 4.8);              

c
 Electrochemical band gap, Eg

CV
 = E1

1/2
(ox) – E1

1/2
(red); 

d
 Theoretical band gap based on DFT 

(B3LYP/6-31G*) computations, Eg
calc

 = ELUMO – EHOMO. 
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The experimental and theoretical results show good agreement with the 

observed trend in the band gap, which was found to increase from Th3(n) to Th-Thd-

Th(n) to Th-Oxd-Th(n). In principle, we had anticipated the introduction of electron-poor 

thiadiazole and oxadiazole acceptors to decrease the band gap by lowering the LUMO 

level. However, experimentally, the reduction potential was found to increase 

successively from Th3(n) to Th-Thd-Th(n) to Th-Oxd-Th(n). This is likely a 

consequence of decreased conjugation between the aromatic rings upon introduction of 

the thiadiazole or oxadiazole heterocycles, as has previously been demonstrated for 

mixed-ring oligomers [101,105,106]. We do not expect appreciable differences in these 

values for other homologs in this series since the length of terminal alkyl chains has a 

minimal impact on the opto-electronic properties [107,108], and DFT shows the electron 

distribution of the HOMO and LUMO molecular orbitals is concentrated on the aromatic 

rings (Figure 4.53). 

4.5. Conclusions 

In the present work, we examined the effects of replacing the central thiophene 

of liquid crystalline terthiophenes with either an oxadiazole or thiadiazole ring. This study 

revealed the pronounced impact of the central heterocycle on the LC properties of these 

systems. Th3(n) forms SmC, SmF, as well as room temperature lamellar crystalline 

phases. Th-Oxd-Th(10) does not display any LC phases but only polymorphic crystalline 

states. Th-Thd-Th(10) forms SmC, CrJ, and room temperature lamellar crystalline 

phases. All three classes of compound displayed strong absorption in the ultraviolet 

region and strong emission in the visible region, with band gaps between 3–3.5 eV. 

We postulate that the pronounced differences in LC and solid-state self-assembly 

arise primarily due to the variation in bend angle and transverse dipole moment among 

the compounds, as corroborated by single crystal structures and DFT modelling studies. 

Compared to Th3(n), the Th-Thd-Th(n) analogs exhibit SmC phases at higher 

temperatures and over broader ranges, maintain highly ordered lamellar phases to 

higher temperatures, possess longer correlation lengths of the lamellar order in the 

smectic phases, and display an increased tendency for molecules to assume face-to-

face packing. In light of these differences, Th-Thd-Th(n) demonstrates potential as an 

organic semiconductor. Future studies will examine the performance of these materials 

in thin-film transistor (TFT) devices. 
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4.6. Experimental 

4.6.1. Materials and Methods 

All solvents used were reagent grade. 1-Bromooctane was purchased from TCI 

America. Triethylamine was purchased from Anachemia. All other reagents were 

purchased from Sigma-Aldrich. All reagents were used as received without further 

purification. Column chromatography was performed on silica gel 60 (230–400 mesh) 

purchased from Silicyle Inc. CDCl3 was obtained from Cambridge Isotope Laboratories 

Inc.  

400 MHz 1H NMR spectra were obtained on a Bruker AMX-400 400 MHz NMR 

spectrometer. 500 MHz 1H and 125 MHz 13C NMR spectra were obtained on a Varian 

AS500 Unity Inova 500 MHz NMR spectrometer. High resolution mass spectrometry was 

carried out on a Bruker micrOTOF II LC/MS (electrospray ionization, ESI+) by Nonka 

Sevova at Notre Dame Mass Spectrometry and Proteomics facility. Phase transition 

temperatures and enthalpies were determined using differential scanning calorimetry 

(DSC) on a TA Instruments DSC Q2000 equipped with a TA Instruments Refrigerated 

Cooling System 90, heating and cooling at a rate of 10 °C min−1. Thermogravimetric 

analysis was carried out on a Shimadzu TGA-50 with a heating rate of 2 °C per minute. 

Polarised optical microscopy was carried out using an Olympus BX50 microscope 

equipped with a Linkam LTS350 heating stage. X-ray scattering experiments were 

conducted using a Rigaku R-Axis Rapid diffractometer equipped with an in-house built 

temperature controller [109]. Single crystal x-ray diffraction data was collected on a 

Bruker Smart instrument equipped with an APEX II CCD area detector fixed at a 

distance from the crystal and a Cu Kα fine focus sealed tube (λ = 1.54178 Å) operated at 

1.5 kW (45 kV, 0.65 mA), filtered with a graphite monochromator. The temperature was 

regulated using an Oxford Cryosystems Cryostream. UV-vis absorption spectroscopy 

was performed using a Varian Cary 300 Bio Spectrometer. Fluorescence measurements 

were performed using a Photon Technologies International (PTI) Quantamaster 

spectrofluorometer. Cyclic voltammetry scans were performed on a PAR-263A 

potentiometer with a glassy carbon working electrode, platinum counter electrode and 

silver wire reference electrode using 1.0 mM analyte solutions, 0.1 M supporting 

electrolyte, and Fc/Fc+ internal reference (further details below). Unconstrained DFT 

geometry optimization of all molecules was carried out at the B3LYP/6-31G* [110–115] 
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level in Gaussian 1 [116], and time-dependent (TD-DFT) [117,118] calculations were 

performed using CAM-B3LYP/TZVP [119–123] in Gaussian 16 [116] (further details 

below). 

4.6.2. Synthesis 

Precursors and literature compounds 

The hydrazide derivative 1 was prepared by slightly modified literature 

procedures as shown in Scheme 4.1 above [76]. Th3(n) was prepared via modified 

literature reactions [73]. The Th-Thd-Th core was prepared under literature conditions 

as shown in Scheme 4.2 above [77]. Synthetic details for each of these compounds are 

as follows: 

2-Decylthiophene : In an oven-dried 100 mL 3-neck round bottom flask, 

thiophene (1.0 g, 11.9 mmol) in dry THF was cooled to -78 °C under a nitrogen 

atmosphere. n-Butyllithium (0.95 eq., 2.5 M solution in hexanes) was added drop-wise. 

The mixture was stirred at 0 °C for 60 minutes. Once cooled back to -78 °C, 1-

bromodecane (0.90 eq.) was added slowly. The reaction was allowed to warm to room 

temperature and stirred overnight. It was then quenched with water, extracted with 

diethyl ether (3x50 mL), and the combined organic fractions were dried over magnesium 

sulfate. The crude was purified by vacuum distillation to give the product as a yellow oil 

(81 % yield). 1H NMR (500 MHz, Chloroform-d) δ 7.18 (dd, J = 5.1, 1.1 Hz, 1H), 7.00 

(dd, J = 5.1, 3.4 Hz, 1H), 6.87 (d, J = 3.2 Hz, 1H), 2.93 (t, J = 7.7 Hz, 2H), 1.79 (p, J = 

7.4 Hz, 2H), 1.53 – 1.33 (m, 16H), 1.02 (t, J = 6.8 Hz, 3H) ppm. 

5-Decyl-2-thiophenecarboxylic acid: In an oven-dried 100 mL 3-neck round 

bottom flask, 2-decylthiophene (1.0 g, 4.46 mmol) in dry diethyl ether was cooled to -78 

°C under a nitrogen atmosphere. n-Butyllithium (1.2 eq., 2.5 M solution in hexanes) was 

added drop-wise. The mixture was stirred at 0 °C for 60 minutes. Once cooled back to -

78 °C, carbon dioxide (excess) in the form of dry ice chunks was added. The reaction 

was allowed to warm to room temperature and stirred overnight. The precipitate was 

filtered and washed with diethyl ether then 10% hydrochloric acid and dried under high 

vacuum overnight to give the product as a white solid (69 % yield). 1H NMR (500 MHz, 

Chloroform-d) δ 7.70 (d, J = 3.6 Hz, 1H), 6.80 (d, J = 3.5 Hz, 1H), 4.65 (s, 1H), 2.83 (t, J 
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= 7.6 Hz, 2H), 1.69 (p, J = 7.5 Hz, 2H), 1.43 – 1.18 (m, 15H), 0.88 (t, J = 6.8 Hz, 3H) 

ppm. 

Hydrazide derivative 1: In an oven-dried 25 mL 3-neck round bottom flask, 5-

decyl-2-thiophenecarboxylic acid (1.0 g, 3.52 mmol) was refluxed in thionyl chloride (5 

mL, excess) under a nitrogen atmosphere for 2 hours. After cooling to room 

temperature, remaining thionyl chloride was removed via high vacuum overnight to 

generate 5-decyl-2-thiophenecarbonyl chloride in situ. This –oyl chloride was added to 

an oven-dried 50 mL 3-neck round bottom flask containing dry NMP. Triethylamine (3 

mL, excess) was added followed by the drop-wise addition of hydrazine hydrate (0.7 eq.) 

at 0 °C. The mixture was warmed to room temperature and stirred overnight. The 

resulting precipitate was collected by filtration. This crude product was purified by 

column chromatography on silica treated with 2% trimethylamine using a gradient from 0 

to 50 % of ethyl acetate in hexanes as the eluent. The pure product was isolated as a 

white powder (37 % yield). 1H NMR (500 MHz, Chloroform-d) δ 9.04 (s, 2H), 7.52 (d, J = 

3.7 Hz, 2H), 6.76 (d, J = 3.7 Hz, 2H), 2.81 (t, J = 7.6 Hz, 4H), 1.67 (p, J = 7.5 Hz, 4H), 

1.26 (s, 28H), 0.88 (t, J = 6.9 Hz, 6H) ppm. 

α-Terthienyl, Th3: Magnesium turnings (0.90 g, 37.0 mmol) were added to a 100 

mL 3-neck round bottom flask, which was then sealed, purged with N2, and flame dried. 

Added dry diethyl ether (50 mL) and cooled to 0 °C, followed by slow addition of 2-

bromothiophene (3.26 mL, 33.7 mmol). Solution was warmed to room temperature and 

then refluxed for 2 hours to generate the Grignard solution. An oven-dried 250 mL 3-

neck round bottom flask was charged with [1,3-bis(diphenylphosphino)propane] 

dichloronickel(II) (catalytic, ~2%) and cycled between N2 and vacuum three times. Dry 

diethyl ether (150 mL) and then 2,5-dibromothiophene (1.71 mL, 15.3 mmol) were added 

and the solution was cooled to 0 °C. The Grignard solution prepared in situ was then 

added dropwise, the reaction was warmed to room temperature and then refluxed for 2 

hours. After cooling to room temperature, the reaction was quenched by slow addition of 

10% hydrochloric acid, the organic was separated out, and the aqueous was further 

extracted with diethyl ether (3x75 mL). The combined organic fractions were dried over 

magnesium sulfate. The crude was purified by column chromatography on silica using 

5% ethyl acetate in hexanes as the eluent to give the final product (57 % yield).  1H NMR 

(500 MHz, Chloroform-d) δ 7.23 (dd, J = 5.1, 1.2 Hz, 2H), 7.18 (dd, J = 3.6, 1.2 Hz, 2H), 

7.09 (s, 2H), 7.03 (dd, J = 5.1, 3.6 Hz, 2H) ppm. 
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Th3(10): A flame-dried 50 mL three-neck round bottom flask was charged with 

Th3 (0.15 g, 0.60 mmol) and cycled between high vacuum and N2 atmosphere three 

times. Dry THF (25 mL) was added by cannula and the solution was cooled to around -

78 °C prior to the drop-wise addition of n-butyllithium solution (2.5 M, 2.5 equivalents). 

After stirring for 30 minutes, potassium t-butoxide (1.0 M solution, 2.5 equivalents) was 

added and the solution was stirred for another 30 minutes. Then 1-decylbromide (2.2 

equivalents) was added drop-wise. This mixture was warmed to room temperature and 

stirred overnight. The reaction was quenched with water (40 mL) and extracted with 

hexanes (3x30 mL). The combined organic fractions were dried over magnesium sulfate. 

Further purification was done by column chromatography on silica using hexanes as the 

eluent. Recrystallization from ethanol afforded the product as a light yellow solid (49 % 

yield). 1H NMR (500 MHz, Chloroform-d) δ 6.96 (t, J = 3.3 Hz, 4H), 6.67 (d, J = 3.4 Hz, 

2H), 2.78 (t, J = 7.6 Hz, 4H), 1.67 (p, J = 7.4 Hz, 4H), 1.42 – 1.21 (m, 28H), 0.92 – 0.84 

(m, 6H) ppm. 13C NMR (101 MHz, Chloroform-d) δ 145.56 , 136.29 , 134.79 , 124.92 , 

123.60 , 123.31 , 32.06 , 31.76 , 30.35 , 29.76 , 29.71 , 29.52 , 29.48 , 29.24 , 22.84 , 

14.27 ppm.  

Th-Thd-Th core: In a 150 mL high pressure vessel, 2-thiophenecarboxaldehyde 

(1.5 g, 13.4 mmol), sulfur (1.5 equivalents), and hydrazine hydrate (4.0 equivalents) 

were combined in propanol (10 mL). The mixture was allowed to react for 4 hours at 150 

°C under high pressure. Once cooled to room temperature, the precipitate was collected 

by vacuum filtration. The crude was then dissolved in dichloromethane (150 mL), 

washed with saturated sodium sulfide (2x120 mL), water (1x150 mL), and then dried 

over magnesium sulfate. Recrystallization from ethanol afforded the final product as a 

light orange solid (88 % yield). 1H NMR (500 MHz, Chloroform-d) δ 7.56 (dd, J = 3.7, 1.1 

Hz, 2H), 7.50 (dd, J = 5.1, 1.1 Hz, 2H), 7.13 (dd, J = 5.0, 3.7 Hz, 2H) ppm. 13C NMR 

(126 MHz, Chloroform-d) δ 161.18 , 132.35 , 129.65 , 129.55 , 128.14  ppm. 

Th-Oxd-Th(10) 

In a flame-dried 10 mL three-neck round bottom flask, hydrazide derivative 1 

(0.12 g, 0.23 mmol) was dissolved in thionyl chloride (5.0 mL, excess). After two hours of 

reflux under N2, the solution was cooled to room temperature. Remaining thionyl chloride 

was removed by rotary evaporation followed by high vacuum overnight. The crude was 

dissolved in chloroform (30 mL) and washed with water (2 × 30 mL), saturated aqueous 
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sodium bicarbonate (30 mL), saturated aqueous sodium thiosulfate (30 mL), brine (30 

mL) and then dried over magnesium sulfate. Further purification was done by column 

chromatography on silica treated with 2% triethylamine using 10% ethyl acetate in 

hexanes as the eluent. Recrystallization from ethanol afforded the product as a yellow 

solid (64% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.60 (d, J = 3.7 Hz, 2H), 6.84 (dd, 

J = 3.7, 1.0 Hz, 2H), 2.87 (t, J = 7.6 Hz, 4H), 1.72 (p, J = 7.6 Hz, 4H), 1.42 – 1.23 (m, 

30H), 0.88 (t, J = 6.9 Hz, 6H) ppm. 13C NMR (126 MHz, Chloroform-d) δ 160.25, 151.93, 

129.83, 125.48, 122.39, 32.04, 31.61, 30.40, 29.72, 29.67, 29.46, 29.17, 22.83, 14.27 

ppm. HRMS (ESI+ of m + H+): m/z calcd for C30H47N2OS2: 515.3085, found: 515.3124. 

Th-Thd-Th(10) 

In a flame-dried 25 mL three-neck round bottom flask, hydrazide derivative 1 

(0.40 g, 0.75 mmol) and 2,4-bis(4-methoxyphenyl)-2,4-dithioxo-1,3,2,4-

dithiadiphosphetane (Lawesson reagent, 0.380 g, 1.25 equivalents) were dissolved in 

toluene (15 mL). After 24 h of reflux under N2, the solution was cooled to room 

temperature. Toluene was removed by rotary evaporation followed by high vacuum 

overnight. The crude was dissolved in chloroform (30 mL) and washed with water (2 × 

30 mL), saturated aqueous sodium bicarbonate (30 mL), saturated aqueous sodium 

thiosulfate (30 mL), brine (30 mL) and then dried over magnesium sulfate. Further 

purification was done by column chromatography on silica treated with 2% triethylamine 

using 10% ethyl acetate in hexanes as the eluent. Recrystallization from ethanol 

afforded the product as an orange solid (51% yield). 1H NMR (500 MHz, Chloroform-d) δ 

7.35 (d, J = 3.7 Hz, 2H), 6.79 (d, J = 3.7 Hz, 2H), 2.84 (t, J = 7.6 Hz, 4H), 1.71 (p, J = 7.5 

Hz, 4H), 1.43 – 1.22 (m, 28H), 0.88 (t, J = 6.9 Hz, 6H) ppm. 13C NMR (126 MHz, 

Chloroform-d) δ 160.97, 151.04, 129.74, 129.52, 125.29, 32.05, 31.61, 30.48, 29.73, 

29.68, 29.47, 29.20, 22.84, 14.27 ppm. HRMS (ESI+ of m + H+): m/z calcd for 

C30H47N2S3: 531.2857, found: 531.2896. 

General procedure for Th-Thd-Th(n) derivatives 

A flame-dried 50 mL three-neck round bottom flask was charged with Th-Thd-Th 

core (0.25 g, 1.0 mmol) and cycled between high vacuum and N2 atmosphere three 

times. Dry THF (25 mL) was added by cannula and the solution was cooled to −78 ◦C 

prior to the drop-wise addition of n-butyllithium (2.5 M in hexanes, 2.5 equivalents). After 
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stirring for 30 min, the appropriate alkyl bromide, CnH2n+1Br, (4.0 equivalents) was added 

in one portion. The resultant mixture was warmed to room temperature and stirred 

overnight. The reaction was quenched with aquoues HCl (10%, 25 mL) and extracted 

with diethyl ether (3 × 30 mL). The combined organic fractions were washed with 

saturated sodium thiosulfate (2 × 80 mL), then water (100 mL) and dried over 

magnesium sulfate. Further purification was done by column chromatography on silica 

using a gradient from 2% to 10% of ethyl acetate in hexanes as the eluent. 

Recrystallization from hexanes afforded the products as a light orange solids (29%–69% 

yield). Analytical results for the individual derivatives are as follows: 

Th-Thd-Th(4): 62% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J = 3.7 

Hz, 2H), 6.79 (dd, J = 3.7, 1.0 Hz, 2H), 2.89 – 2.81 (m, 4H), 1.75 – 1.66 (m, 4H), 1.48 – 

1.36 (m, 4H), 0.95 (t, J = 7.4 Hz, 6H) ppm. 13C NMR (126 MHz, Chloroform-d) δ 160.96, 

150.97, 129.74, 129.53, 125.30, 33.68, 30.15, 22.28,13.96 ppm. HRMS (ESI+ of m + H+): 

m/z calcd for C18H23N2S3: 363.0979, found: 363.1018. 

Th-Thd-Th(6): 29% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J = 3.7 

Hz, 2H), 6.79 (dd, J = 3.7, 1.0 Hz, 2H), 2.85 (t, J = 7.6 Hz, 4H), 1.71 (p, J = 7.6 Hz, 4H), 

1.43 – 1.29 (m, 12H), 0.92 – 0.87 (m, 6H) ppm. 13C NMR (126 MHz, Chloroform-d) δ 

160.97, 151.04 , 129.73 , 129.54, 125.29, 31.57 , 30.47 , 28.86 , 22.70 , 14.24 , 14.19 

ppm. HRMS (ESI+ of m + H+): m/z calcd for C22H31N2S3: 419.1605, found: 419.1644. 

Th-Thd-Th(8): 30% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J = 3.7 

Hz, 2H), 6.79 (d, J = 3.7 Hz, 2H), 2.84 (t, J = 7.6 Hz, 4H), 1.71 (p, J = 7.6 Hz, 4H), 1.43 – 

1.21 (m, 20H), 0.88 (t, J = 6.9 Hz, 6H) ppm. 13C NMR (126 MHz, Chloroform-d) δ 

160.97, 151.03, 129.73, 129.52, 125.28, 31.98, 31.61, 30.46, 29.37, 29.20, 22.80, 14.27, 

14.23 ppm. HRMS (ESI+ of m + H+): m/z calcd for C26H39N2S3: 475.2231, found: 

475.2270. 

Th-Thd-Th(12): 69% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.35 (d, J = 3.6 

Hz, 2H), 6.79 (d, J = 3.7 Hz, 2H), 2.84 (t, J = 7.6 Hz, 4H), 1.71 (p, J = 7.6 Hz, 4H), 1.41 – 

1.22 (m, 36H), 0.88 (t, J = 6.9 Hz, 6H) ppm. 13C NMR (126 MHz, Chloroform-d) δ 160.96 

, 151.03 , 129.74 , 129.51 , 125.29 , 32.07 , 31.61 , 30.47 , 29.78 , 29.68 , 29.50, 29.46, 

29.48, 29.19 , 22.85 , 14.27 ppm. HRMS (ESI+ of m + H+): m/z calcd for C34H55N2S3: 

587.3483, found: 587.3522. 
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4.6.3. Polarized Optical Microscopy (POM) 

Samples were prepared as described in Section 1.6.1. 

 

Figure 4.11. POM of Th-Oxd-Th(10) showing needle-like textures of the crystalline state 
at 72 °C. 

 

Figure 4.12. POM of Th-Thd-Th(4) showing needle-like textures of the crystalline state 
at 94 °C (a) and at 25 °C (b). 

 

Figure 4.13. POM of Th-Thd-Th(6) showing schlieren and focal-conic textures of the 
SmC phase at 111 °C (a and b) and striations across focal-conic textures 
of the CrJ phase at 25 °C (c). 
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Figure 4.14. POM of Th-Thd-Th(8) showing schlieren and focal-conic textures of the 
SmC phase at 125 °C (a and b), striations across focal-conic textures of 
the CrJ phase at 88 °C (c), and changes upon cooling to the crystalline 
phase at 74 °C (d). 
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Figure 4.15. POM of Th-Thd-Th(12) showing schlieren and focal-conic textures of the 
SmC phase at 131 °C (a and b, respectively), striations across focal-conic 
textures of the CrJ phase at 96 °C (c), and changes upon cooling to the 
crystalline phase at 87 °C (d). 
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4.6.4. Variable Temperature Powder X-ray Diffraction (VT-XRD) 

Table 4.4. XRD Parameters of the Phases of Th3(10) and Th-Thd-Th(n) (n=6,8,10,12) 

Compound 
(molecular 

lengtha, nm) 

Temperature 
(°C) 

Phase 
Layer 

spacingb 
(nm) 

Correlation 
lengthc 
(nm) 

# of layers 
Tilt angle, 

θ (°)d 

Th3(10) 
(3.91) 

91 SmF 3.60 26 7 23 

25 Cr 3.85 27 8 10 

Th-Thd-Th(6) 
(2.95) 

110 SmC 2.26 31 13 40 

76 CrJ 2.28 36 16 39 

25 CrJ 2.17 38 17 43 

Th-Thd-Th(8) 
(3.47) 

124 SmC 2.65 25 9 40 

83 CrJ 2.93 31 11 32 

25 Cr 2.49 38 15 44 

Th-Thd-Th(10) 
(4.00) 

126 SmC 3.01 31 10 41 

88 CrJ 3.33 32 10 34 

25 Cr 3.10 34 11 39 

Th-Thd-Th(12) 
(4.49) 

127 SmC 3.38 29 9 41 

101 SmI 3.66 29 8 35 

95 CrJ 3.69 25 7 35 

25 Cr 3.38 29 9 41 
acalculated by DFT using B3LYP/6-31G* 
bdetermined based on d001 peak 
ccalculated using Debye-Scherrer equation applied to d001 peak 
dcalculated from molecular length and layer spacing 

 

 

 

 

 

 

 

 

 



147 
 

Table 4.5. XRD Data of Th3(10) and Th-Thd-Th(n) (n=6,8,10,12) 

Compound 
(molecular lengtha, 

Å) 

Temperature 
(°C) 

Phase d-spacings (Å) Miller indices (hkl) 

Th3(10) 
(39.1) 

91 SmF 
36.0 
4.37 

001 
110 

25 Cr 

38.5 
23.3 
19.6 
4.37 
3.78 
3.06 

001 
--- 

002 
110 
--- 
--- 

Th-Thd-Th(6) 
(29.5) 

110 SmC 
22.7 
4.37 

001 
alkyl halo 

76 CrJ 

22.7 
11.4 
9.08 
7.22 
6.65 
6.24 
5.55 
4.82 
4.43 
3.62 
3.54 
3.27 
3.20 

001 
002 
--- 

003 
--- 
--- 

004 
--- 

110 
--- 
--- 
--- 
--- 

25 CrJ’ 

21.7 
10.9 
7.12 
6.45 
5.78 
4.78 
4.34 
4.03 
3.55 
3.16 
3.02 

001 
002 
003 
--- 
--- 
--- 

110 
--- 
--- 
--- 
--- 

Continued on next page… 
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Table 4.5 continued… 

Compound 
(molecular lengtha, 

Å) 

Temperature 
(°C) 

Phase d-spacings (Å) Miller indices (hkl) 

Th-Thd-Th(8) 
(34.7) 

124 SmC 
26.5 
4.37 

001 
alkyl halo 

83 CrJ 

29.3 
14.7 
9.83 
7.06 
6.73 
5.18 
4.87 
4.45 
4.29 
4.11 
3.81 
3.58 
3.30 

001 
002 
003 
004 
--- 
--- 
--- 

110 
--- 
--- 
--- 
--- 
--- 

25 Cr 

24.9 
12.5 
8.79 
5.78 
4.75 
4.32 
4.15 
3.54 
3.29 
3.14 

001 
002 
003 
--- 
--- 

110 
--- 
--- 
--- 
--- 

Continued on next page… 
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Table 4.5 continued… 

Compound 
(molecular lengtha, 

Å) 

Temperature 
(°C) 

Phase d-spacings (Å) Miller indices (hkl) 

Th-Thd-Th(10) 
(40.0) 

126 SmC 
30.1 
15.1 
4.37 

001 
002 

alkyl halo 

88 CrJ 

33.3 
16.7 
11.1 
9.94 
8.84 
7.59 
5.16 
4.29 
4.27 
4.07 
3.98 
3.80 

001 
002 
003 
--- 
--- 
--- 
--- 

110 
--- 
--- 
--- 
--- 

25 Cr 

31.0 
15.4 
9.78 
7.25 
6.36 
5.04 
4.31 
4.22 
4.11 
3.94 
3.79 
3.65 
3.54 

001 
002 
003 
--- 
--- 
--- 
--- 

110 
--- 
--- 
--- 
--- 
--- 

Continued on next page… 
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Table 4.5 continued… 

Compound 
(molecular lengtha, 

Å) 

Temperature 
(°C) 

Phase d-spacings (Å) Miller indices (hkl) 

 
Th-Thd-Th(12) 

(44.9) 

 
127 

 
SmC 

 
33.8 
17.1 
4.37 

 
001 
002 

alkyl halo 

101 SmI 
36.6 
18.5 
4.37 

001 
002 
110 

95 CrJ 

36.9 
18.8 
12.4 
9.98 
8.95 
5.13 
4.52 
4.33 
4.24 
4.02 
3.88 
3.74 
3.52 

001 
002 
003 
--- 

004 
--- 
--- 

110 
--- 
--- 
--- 
--- 
--- 

25 Cr 

33.8 
17.1 
11.8 
9.83 
8.61 
7.65 
5.07 
4.26 
4.17 
3.80 
3.67 
3.55 
3.44 

001 
002 
003 
--- 

004 
--- 
--- 

110 
--- 
--- 
--- 
--- 
--- 

acalculated by DFT using B3LYP/6-31G* 
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Figure 4.16. XRD of Th3(10) at 91 °C, in the SmF phase (a) and at 25 °C, in the 
crystalline phase (b). 

 

Figure 4.17. XRD of Th-Oxd-Th(10) at 70 °C, in the Cr phase (a) and at 25 °C, in the 
Cr” phase (b). 
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Figure 4.18. XRD of Th-Thd-Th(12) at 127 °C, in the SmC phase (a); at 101 °C, in the 
SmI phase (b); at 95 °C, in the CrJ phase (c); and at 25 °C, in the 
crystalline phase (d). 
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Figure 4.19. XRD of Th-Thd-Th(8) at 124 °C, in the SmC phase (a); at 83 °C, in the CrJ 
phase (b); and at 25 °C, in the crystalline phase (c). 
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Figure 4.20. XRD of Th-Thd-Th(6) at 110 °C, in the SmC phase (a); at 76 °C, in the CrJ 
phase (b); and at 25 °C, in the crystalline phase (c). 
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Figure 4.21. XRD of Th-Thd-Th(4) at 94 °C, in the Cr phase (a) and at 25 °C, in the Cr” 
phase (b). 

 

 

4.6.5. Differential Scanning Calorimetry (DSC) 

Table 4.6. Phase Transition Temperatures and Enthalpies of Th3(n) Reported by 
Boucher et al. [50] 

n Transition Temperature/ °C [enthalpy/ kJ mol-1] 

5 Cr 46 [15.2] CrG 76 [13.6] I 

6 Cr 51 [16.7] CrG 81 [16.4] I 

7 Cr 52 [17.8] CrG 75 [3.8] SmF 82 [0.7] SmC 86 [7] I 

8 Cr 64 [24.4] CrG 71 [3.3] SmF 85 [1.6] SmC 90 [7.3] I 

9 Cr 66 [30.8] SmF 91 [1.8] SmC 94 [10.4] I 

10 Cr1 43 [2.3] Cr2 71 [32.1] SmF 92 [2.7] SmC 95 [10.5] I 
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a)  

 

b)  

 

Figure 4.22. DSC thermogram of Th3(10) (a), including zoomed in high temperature 
peak (b). 
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Figure 4.23. DSC thermogram of Th-Oxd-Th(10). 

 

 

Figure 4.24. DSC thermogram of Th-Thd-Th(4). 
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Figure 4.25. DSC thermogram of Th-Thd-Th(6). 

 

 

Figure 4.26. DSC thermogram of Th-Thd-Th(8). 
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Figure 4.27. DSC thermogram of Th-Thd-Th(10). 

 

 

Figure 4.28. DSC thermogram of Th-Thd-Th(12). 
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4.6.6. Thermogravimetric Analysis (TGA) 

 
Figure 4.29. TGA of Th-Oxd-Th(10). 

 

 
Figure 4.30. TGA of Th-Thd-Th(4). 
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Figure 4.31. TGA of Th-Thd-Th(6). 

 

 

Figure 4.32. TGA of Th-Thd-Th(8). 
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Figure 4.33. TGA of Th-Thd-Th(10). 

 

 

Figure 4.34. TGA of Th-Thd-Th(12). 
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4.6.7. Single Crystal X-ray Diffraction 

Suitable crystals (Th-Thd-Th, Th-Thd-Th(4) and Th-Thd-Th(10)) were coated in 

paratone oil, mounted on a MiTeGen Micro Mount, and transferred to the the X-ray 

diffractometer. Data was collected on a Bruker Smart instrument equipped with an APEX 

II CCD area detector fixed at a distance of 5.0 cm (Th-Thd-Th, Th-Thd-Th(4)) or 4.0 cm 

(Th-Thd-Th(10)), from the crystal and a Cu Kα fine focus sealed tube (λ = 1.54178 Å) 

operated at 1.5 kW (45 kV, 0.65 mA), filtered with a graphite monochromator. Data was 

collected at 150K (Th-Thd-Th(4), Th-Thd-Th(10)) or 296K (Th-Thd-Th); the 

temperature was regulated using an Oxford Cryosystems Cryostream. Additional 

crystallographic information can be found in Table 4.7. All diffraction data were 

processed using the Bruker SAINT software package and were corrected for absorption 

effects using the multi-scan technique (SADABS [124] or TWINABS [125]). The 

structures were solved with direct methods (SIR92) and subsequent refinements were 

performed using SHELXL [126] and ShelXle [127]. Hydrogen atoms on carbon atoms 

were included at geometrically idealized positions (C–H bond distance 0.95Å) and were 

not refined. The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2 

times that of the preceding carbon atom. Diagrams were prepared using ORTEP-3 [128] 

and POV-RAY [129]. Thermal ellipsoids are shown at the 50% probability level. 
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Table 4.7. Crystallographic Information Table for Th-Thd-Th, Th-Thd-Th(4), and Th-
Thd-Th(10) 

Compound Th-Thd-Th Th-Thd-Th(4) Th-Thd-Th(10) 

Chemical Formula C10H6N2S3 C18H22N2S3 C30H46N2S3 

Formula Mass 250.35 362.55 530.87 

a/Å 6.34810(10) 7.3146(4) 7.5511(11) 

b/Å 9.63630(10) 7.6299(3) 9.6532(16) 

c/Å 17.8284(2) 18.0456(9) 23.523(4) 

α/˚ 90 85.306(4) 91.278(8) 

β/˚ 94.9750(10) 84.800(4) 94.604(7) 

γ/˚ 90 67.452(4) 100.468(9) 

Unit cell volume/Å3 1086.49(2) 925.09(8) 1679.5(5) 

Temperature/K 159(2) 150(2) 150(2) 

Space group P21/c P-1 P-1 

Number of formula unit per cell/Z 4 2 2 

Radiation type Cu Kα Cu Kα Cu Kα 

Absorption coefficient, μ/mm-1 5.949 3.651 2.142 

No. of reflections collected 5857 9288 17667 

No. unique reflections 1922 3161 5526 

Rint 0.0288 0.0693 0.0630 

Final R1 values (I>2σ(I)) 0.0449 0.0867 0.2077 

Final wR(F2) values (I>2σ(I)) 0.1299 0.2800 0.5868 

Final R1 values (all data) 0.0475 0.1088 0.2178 

Final wR(F2) (all data) 0.1331 0.2965 0.6060 

Goodness of fit 1.080 1.161 3.232 
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All crystal structure figures below follow the legend: sulphur in yellow, nitrogen in light 

blue, carbon in grey, hydrogen in white. 

 
Figure 4.35. Estimation of the tilt angle in the room temperature smectic phase of Th-

Thd-Th(10) based on the single crystal structure. 

 

 

Figure 4.36. Bond angles at the 2 and 5 positions of the central heterocycle for Th3(8) 
[94] and Th-Thd-Th(10). Alkyl chains and hydrogens omitted for clarity. 

 

a) 
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b) 

 

 

c) 

 

d)   

 

Figure 4.37. Single crystal structure of Th-Thd-Th(4) showing the unit cell (a), lamellar 
order looking down the a- or b- axis (b and c, respectively), and intra-layer 
packing looking down the c-axis (d). 
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a) 

 

 

b) 

 

c) 

 

Figure 4.38. Single crystal structures of Th-Thd-Th showing the unit cell (a), order 
looking down the b-axis (b), and herringbone packing looking down the a-
axis (c). 
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a) 

 

b) 

   

 

c) 

 

Figure 4.39. Literature single crystal structures of Th3(8) [94] showing the unit cell (a), 
lamellar order (b), and intra-layer packing (c). 
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a) 

 

b) 

    

Figure 4.40. Literature single crystal structures of Th3 [95] showing the unit cell (a) and 
herringbone packing (b). 
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a)  

 

b)  

 

Figure 4.41. Simulated powder XRD patterns of Th-Thd-Th(4) (a) and Th-Thd-Th(10) 
(b) as determined based on the single crystal structure. 
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4.6.8. UV-vis and Fluorescence Spectroscopy 

a)  

 

b)  

 

Figure 4.42. Absorption spectra of Th-Oxd-Th(10) in chloroform at various 
concentrations ranging from around 6x10-5 to 2x10-5 M (top to bottom) 
(a) and the resulting Beer-Lambert plot (b). 
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a)  

 

b)  

 

Figure 4.43. Absorption spectra of Th-Thd-Th(10) in chloroform at various 
concentrations ranging from around 5x10-5 to 1x10-5 M (top to bottom) 
(a) and the resulting Beer-Lambert plot (b). 
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a)  

 

b)  

 

Figure 4.44. Absorption spectra of Th3(10) in chloroform at various concentrations 
ranging from around 6x10-5 to 1x10-5 M (top to bottom) (a) and the 
resulting Beer-Lambert plot (b). 
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a)  

 

b)  

 

c)  

 

Figure 4.45. Overlay of UV/vis absorption (solid line) and fluorescence excitation 
(dashed line) spectra of Th-Oxd-Th(10) (a), Th-Thd-Th(10) (b), and 
Th3(10) (c) in CHCl3. 
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a)  b)  

 
 

 
 

Figure 4.46. Fluorescence excitation (top) and emission (bottom) spectra of Th-Oxd-
Th(10) in chloroform at various concentrations ranging from around 5x10-6 
to 1x10-6 M (shown in descending order) (a) and the respective Beer-
Lambert plots demonstrating the linear range (b). 
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a)  b)  

 
 

 
 

Figure 4.47. Fluorescence excitation (top) and emission (bottom) spectra of Th-Thd-
Th(10) in chloroform at various concentrations ranging from around 16x10-

6 to 2x10-6 M (shown in descending order) (a) and the respective Beer-
Lambert plots demonstrating the linear range (b). 
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a)  b)  

 
 

 
 

Figure 4.48. Fluorescence excitation (top) and emission (bottom) spectra of Th3(10) in 
chloroform at various concentrations ranging from around 9x10-7 to 5x10-7 
M (shown in descending order) (a) and the respective Beer-Lambert plots 
demonstrating the linear range (b). 
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a)  b)  

 
 

 
 

Figure 4.49. Fluorescence excitation (top) and emission (bottom) spectra of quinine 
sulfate in 0.1 M sulfuric acid at various concentrations ranging from 
around 17x10-6 to 6x10-6 M (shown in descending order) (a) and the 
respective Beer-Lambert plots demonstrating the linear range (b). 

a)  
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b)  

 

c)  

 

d)  

 

Figure 4.50. Integrated emission intensity vs. maximum absorbance plots created based 
on the fluorescence spectra at various concentrations shown above for Th-
Oxd-Th(10) (a), Th-Thd-Th(10) (b), Th3(10) (c), and quinine sulfate (d). 
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Table 4.8. Detailed fluorescence data used for quantum yield determination. 

Compound 
Concentration 

(x10-6 M) 

Maximum 
absorbance, 

Amax 

Integrated 
emission 

intensity, Iem 

Iem/Amax 
gradienta 

Φf
b 

Th-Oxd-Th(10) 

0.96 
1.91 
2.87 
3.82 
4.78 

552038 
898329 

1235771 
1567427 
1915589 

43751369 
69736325 
94299072 

119646050 
145914659 

74.9 0.48 

Th-Thd-Th(10) 

2.12 
6.35 
8.47 

10.59 
12.70 
16.94 

275332 
559616 
696109 
828772 
983655 

1258332 

21930717 
43049313 
53070730 
63336304 
75462409 
97024851 

76.4 0.49 

Th3(10) 

0.52 
0.62 
0.73 
0.83 
0.93 

376360 
423623 
526075 
599034 
685502 

38399486 
42422719 
51875681 
58557104 
64905104 

87.1 0.56 

Quinine sulfate 

6.65 
8.87 

11.09 
13.30 
15.52 
17.74 

622805 
792582 
985531 

1151426 
1305979 
1459479 

59563561 
76626907 
93600171 

110217780 
126343550 
142261748 

98.2 0.54 

 

a Determined from slope of Iem vs. Amax at various concentrations, see plots below 
b Calculated according to: Φf,x = Φf,ref (Iem,x/Amax,x) (Amax,ref /Iem,ref) (ηx /ηref)

2 [130], using the 
quinine sulfate standard (Φf = 0.54) [131] in 0.1 M H2SO4, the gradients above 
determined from experiment, and ηchloroform = 1.444 and ηwater = 1.333. 
 
 
 
 
 
 
 
 
 
 
 
 



181 
 

4.6.9. Cyclic Voltammetry (CV) 

Cyclic voltammetry scans were performed on a PAR-263A potentiometer. All 

analytes were scanned as 1.0 mM solutions in THF (Th-Ox-Th(10) and Th-Thd-Th(6) 

reduction) or MeCN (Th-Thd-Th(6) oxidation) with a 0.1 M tetrabutylammonium 

perchlorate supporting electrolyte. The apparatus was a 20 ml glass cell equipped with a 

glassy carbon working electrode, platinum counter electrode and silver wire reference 

electrode. All scans were reference internally to a Fc/Fc+ reversible redox couple.   

Table 4.9. Summary of the raw CV data for select compounds. 

Compound Process/ solvent 

Analyte (compound) Ferrocene reference 

Ea 
(V) 

Ec 

(V) 
E1/2 
(V)a 

Ea (V) Ec (V) 
E1/2 
(V) 

Th-Oxd-Th(10) Reduction/ THF n/a, irreversible -2.20 1.29 0.53 0.91 

Th-Thd-Th(6) 
Reduction/ THF -1.32 -1.64 -1.48 1.35 0.50 0.93 

Oxidation/ MeCN n/a, irreversible 1.92 0.92 0.56 0.74 

a Irreversible processes estimated based on middle of onset slope 

 

 

Figure 4.51. Unprocessed cyclic voltammograms showing the reversible reduction of 
Th-Thd-Th(6) at different scan rates. 
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a)  

 

 

b)  

 

 

c)  

 

 

Figure 4.52. Unprocessed cyclic voltammograms showing the ferrocene internal 
standard signal (blue star) used for reference for Th-Oxd-Th(10) 
reduction in THF (a), Th-Thd-Th(6) reduction in THF (b), and Th-Thd-
Th(6) oxidation in MeCN (c). 
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4.6.10. DFT and TD-DFT Calculations 

Density functional theory (DFT) – DFT calculations were carried out using B3LYP 

functional [113,114] and 6-31G* basis set (C, H, N, O, S) [110-112,115] in Gaussian 16 

[116] to determine the optimized molecular structures (Figure 4.6) as well as the frontier 

molecular orbitals and respective HOMO/LUMO energy levels (Figure 4.53). All of these 

results were consistent with those obtained by different basis sets used during TD-DFT 

calculations (see following). 

Time-dependent density functional theory (TD-DFT) – Geometry optimization 

calculations were completed using the Gaussian 16 program (Revision B.01) [116], the 

restricted B3LYP functional [113,114], the 6-31G* basis set (C, H, N, O, S), with a 

polarized continuum model (PCM) for CHCl3 (dielectric  = 4.9) [110-112,115]. 

Frequency calculations at the same level of theory confirmed that the optimized 

structures were located at a minimum on the potential energy surface. Single-point 

calculations were done using restricted B3LYP functional, the TZVP basis set (C, H, N, 

O, S) [122,123], with a PCM for CHCl3. The intensities of 30 lowest energy transitions 

using TD-DFT [117,118] calculations were performed using the CAM-B3LYP functional 

[119-121], the TZVP basis set (C, H, N, O, S), with a PCM for CHCl3. 

 

Table 4.10. Summary of predicted properties determined by DFT (B3LYP/6-31G*). 

Compound 

Gas phase Solvated in THF 

HOMO 
(eV) 

LUMO 
(eV) 

Eg
calc 

(eV) 
HOMO 

(eV) 
LUMO 
(eV) 

Eg
calc 

(eV) 

Th3(10) -4.88 -1.51 3.37 -5.05 -1.69 3.36 

Th-Oxd-Th(10) -5.59 -1.62 3.97 -5.77 -1.80 3.97 

Th-Thd-Th(10) -5.54 -1.90 3.64 -5.71 -2.08 3.62 

Th-Thd-Th(6) -5.54 -1.90 3.64 -5.71 -2.09 3.62 
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Table 4.11. Summary of predicted properties determined by TD-DFT (CAM-
B3LYP/TZVP). 

Compound 

TD-DFT 

𝜆𝑎𝑏𝑠
𝑚𝑎𝑥 

(nm) 
fa 

Eg
opt 

(eV)b 

Th3(10) 383 1.15 2.67 

Th-Oxd-Th(10) 323 1.16 3.26 

Th-Thd-Th(10) 354 1.18 2.94 
 

a Oscillator strength 
b Optical bandgap, estimated by Eg = hc/𝜆𝑎𝑏𝑠

𝑜𝑛𝑠𝑒𝑡 

 

 

Figure 4.53. Frontier molecular orbitals of select compounds calculated by DFT at 
B3LYP/6-31G* level. 
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a)  

 

b)  

 

c)    

 

Figure 4.54. TD-DFT predicted UV/vis spectra in chloroform of Th3(10) (a), Th-Oxd-
Th(10) (b), and Th-Thd-Th(10) (c). 
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Chapter 5.  
 
Tuning Properties of Extended 
Thiophene/Thiadiazole-based Mesogens 

5.1. Introduction 

In our continued efforts to deepen our understanding of the structure-property 

relationships of calamitic LCs, we were interested in identifying strategies to 

independently tune both their self-assembly and opto-electronic properties. One group of 

archetypal LC organic semiconductors are the dialkyl-terminated terthiophene 

compounds, Th3(n), shown in Figure 5.1 and discussed in Chapter 4 [1,2]. For example, 

the Th3(8) derivative has reported OFET mobilities of 0.2 cm2/Vs [2]. A drawback of this 

system is its low melting point (71 °C), which limits its operating temperatures. Moreover, 

its fluid LC phase is stable only over a 3 °C range, imposing constraints on device 

fabrication processes. In Chapter 4, we found that LC phase behavior is very sensitive to 

the nature of the central heterocycle in such thiophene oligomers [3]. Particularly, Th-

Thd-Th(n) (Figure 5.1) was shown to possess several potential advantages in LC and 

solid-state self-assembly over Th3(n), including highly ordered crystalline phases that 

are stable up to higher temperatures, and fluid LC phases with wider temperature 

ranges. In this chapter, we further explore mesogens containing the TThdT core as 

candidates for LC organic semiconductors.  

 
Figure 5.1. The compounds discussed in Chapter 4. 

Although Th-Thd-Th(n) meets the basic criteria of an extended π-conjugated 

core and a combination of lamellar crystalline and LC phases, it still displays some 

shortcomings. Th-Thd-Th(n) forms highly ordered lamellar crystalline phases at room 

temperature, but these are still only stable up to 94 – 100 °C. Recall that charge carrier 

mobilities are higher in more ordered lamellar phases, and phase transitions often lead 

to a discontinuity in performance [4]. Therefore, for robust device operation over a broad 
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temperature range, the lamellar crystalline phase should ideally be maintained from 

around -50 °C to 150 °C, although this specific range is somewhat arbitrary and varies 

depending on the application. Additionally, the higher temperature LC phases are highly 

advantageous, since processing a material through a phase sequence from a nematic to 

a fluid smectic LC phase on cooling has been shown to minimize defects and grain 

boundaries and provide more uniform, well-aligned thin-films [5,6]. For optimal device 

fabrication, a combination of fluid SmA/C and N LC phases over a range of 20-30°C are 

desirable above the lamellar crystalline phase. Furthermore, these LC phases should 

have clearing points below 250 °C, to ensure compatibility with other materials 

commonly used in organic electronic devices, and to avoid decomposition during 

processing [7–9]. 

Finally, the band gap of Th-Thd-Th(n) is around 3.5 eV, whereas a value of 3 eV 

or less is generally desirable for organic semiconductors [10]. Therefore, our goal was to 

modify the molecular structure to increase the thermal stability of the highly ordered 

lamellar crystalline phases, while retaining fluid LC phases at higher temperatures, and 

to decrease the band gap. 

In order to tune the opto-electronic properties, we sought to extend the π-

conjugation of the rigid core of the mesogen, and thus lower the band gap [11,12]. 

Instead of the symmetrically substituted, di-alkylated mesogen design employed in the 

case of Th-Thd-Th(n), we opted for unsymmetric substitution, with an alkyl chain on one 

side and an aromatic group on the other side, since this can promote the coexistence of 

both lamellar crystalline and LC phases, as noted by previous studies [5,13]. We 

therefore targeted the family of Ar-TThdT(10) compounds shown in Figure 5.2. This 

molecular design was inspired by the recent reports of Ph-BTBT(10) and Ph-T3(10) (see 

Figure 5.2). Ph-BTBT(10) is one of the best performing LC organic semiconductors 

reported to date. It displays a room temperature CrE phase stable up to 140 °C and a 

SmA phase at higher temperatures. OFET mobilities over 10 cm2/Vs were recorded in 

the CrE phase, with consistent values across the entire phase range [13]. Ph-T3(10) 

exhibits a CrE phase over a wide range (~ 88 – 174 °C) but lacks fluid LC phases at 

higher temperatures [14]. By incorporating the TThdT core, we hoped to promote fluid 

LC phases in addition to the lamellar crystalline phases, similar to our findings in 

Chapter 4 [3]. 
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Figure 5.2. The compounds described in Chapter 5 (a) and two literature reported 
compounds (b).  

The target mesogens are terminated with a decyl chain on one end to provide 

sufficient flexibility and encourage phase segregation to induce LC phase behaviour. 

The other side was terminated with a variety of aromatic groups (Ar) to tune the LC and 

opto-electronic properties. We explored phenyl (Ph), thiophene (Th), and 

benzothiophene (Bzt) rings to study the effects of changing the shape and electronics of 

the Ar group. We compared phenyl derivatives para-substituted with fluoro- (Ph-F), 

methoxy- (Ph-OMe), and ethyl- (Ph-Et) groups to investigate the impact of polar and 

non-polar terminal substituents on the mesogen. Herein, we present the synthesis of 

these compounds, followed by the characterization of their self-assembly and opto-

electronic properties, and discuss the structure-property relationships of the materials.  

5.2. Results and Discussion 

5.2.1. Synthesis 

The Ar-TThdT(10) derivatives were prepared according to Scheme 5.1, which 

builds off of the chemistry developed in our previous work (Chapter 4) [3]. The TThdT 

core was synthesized in a one-pot reaction of 2-thiophenecarboxaldehyde, hydrazine 

hydrate, and sulfur in a high pressure vessel according to literature reports [15]. This 

intermediate was functionalized with a decyl chain at the 5 position using n-butyl lithium 

and potassium tert-butoxide, followed by 1-bromodecane [16]. A bromide group was 

then installed at the 5” position using N-bromosuccinimide to give Br-TThdT(10) [17]. 

This intermediate was then reacted with the appropriate boronic acid via palladium 
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catalyzed Suzuki coupling to give the desired products in 67-88% yield [18]. This 

synthetic route proved to be effective to obtain all target compounds except for the 

thiophene derivative, due to the instability of 2-thiopheneboronic acid under the reaction 

conditions of the Suzuki coupling [19]. Th-TThdT(10) was prepared in 61% yield from 

the Suzuki coupling of the 2-thiopheneboronic acid pinacol ester (Scheme 5.2), which 

was synthesized following a literature procedure (see Appendix) [20]. This synthetic 

route allowed us to prepare six Ar-TThdT(10) derivatives from the common Br-

TThdT(10) precursor. Given the versatility of the final Suzuki coupling reaction [18], this 

synthetic approach extends to provide efficient access to many different Ar-TThdT(10) 

derivatives. 

Scheme 5.1. Synthetic Route Used to Prepare Ar-TThdT(10) Derivatives 

 

Conditions: (i) H2NNH2·H2O, sulfur, EtOH, high pressure, 6h, 125 °C, 81%; (ii) (1) n-BuLi, 

t-BuOK, THF, -78°C, (2) C10H21Br, 3h, then RT overnight, 35%; (iii) NBS, DMF, RT, dark, 

3 days, 65%; (iv) K2CO3, Pd(PPh3)4, THF/H2O, reflux, 24h. Ar = Ph (71%), Ph-Et (74%), 

Ph-OMe (84%), Ph-F (88%), Bzt (67%). 

Scheme 5.2. Modified Synthetic Route Used to Prepare Th-TThdT(10) 

 

Conditions: (i) R = 1,1,2,2-tetramethylethyl (cyclic pinacol boronate), K2CO3, Pd(PPh3)4, 

THF/H2O, reflux, 24h, Ar = Th (61%). 
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5.2.2. Opto-Electronic Properties 

The UV/vis absorption spectra of the Ar-TThdT(10) derivatives are shown in 

Figure 5.3a (4x10-5 M in chloroform), with the data summarized in Table 5.1. Beer-

Lambert analysis demonstrated that the line shape, absorption maxima and ε are 

independent of concentration (Figure 5.25). All six compounds exhibit a strong 

absorption between 350-450 nm, with extinction coefficients ranging from 28,000 to 

38,000 M-1cm-1. The peaks are relatively broad and lack pronounced vibrational 

structure, reflecting the conformational flexibility of the ground state in solution that is 

typical for oligothiophene systems [21,22]. In some cases, subtle shoulders are 

observed; this is particularly evident for Bzt-TThdT(10). Compared to their precursors 

(Ar=H/Br, λmax 351/358 nm) and the previously studied di-alkyl terminated analogues 

(Ar=C10H21, λmax 359 nm), the compounds substituted with an additional conjugated 

aromatic ring exhibit red-shifted absorption bands. Within the series, the Ph (λmax 378) 

and Ph-F (λmax 377 nm) derivatives display the lowest wavelength absorptions, with an 

incremental shift to longer wavelengths for Ph-Et (λmax 382 nm) to Ph-OMe (λmax 389 

nm) to Th (λmax 393 nm) to Bzt (λmax 401 nm). The corresponding optical band gaps of 

the Ar-TThdT(10) derivatives, estimated based on the absorption onset, range from 2.75 

to 2.87 eV (Table 5.1), decreased relative to the parent Th-Thd-Th(10) compound (Eg
opt 

= 3.04 eV). The electronic band gaps, approximated by the HOMO-LUMO orbitals 

energy difference, determined by DFT at B3LYP/6-31G* level are listed in Table 5.1. 

These calculated values are higher than the experimental optical band gaps, as 

expected due to the exciton binding energy [22–24], but do reflect the observed trends in 

energy among the compounds. 
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a) 

 

b) 

 

Figure 5.3. Absorption (a) and emission (b) spectra of Ar-TThdT(10) in CHCl3, inset 
shows relative maxima. Compounds are listed by Ar group only. 

The emission spectra of the Ar-TThdT(10) compounds, excited at λmax, are 

shown in Figure 5.3b (5x10-7 M in chloroform), with the data summarized in Table 5.1. 

The excitation spectra (Figure 5.26) resemble the UV-vis absorption spectra of the 

respective compounds. All compounds display strong emission between 400-550 nm, 

with 65-74 nm Stokes shifts. Unlike the absorption spectra, the emission spectra exhibit 

a defined vibrational structure, which can be ascribed to the quinoidal character of the 

excited state, as previously reported for thiophene oligomers [21,22]. The observed red-
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shift in emission among the compounds follows the same trend as the wavelengths of 

maximum absorption discussed above. 

Table 5.1. Summary of the Experimental and Theoretical Opto-electronic Properties of 
Ar-TThdT(10) (Compounds are Listed by Ar Group Only) 

Ar = 
𝜆𝑎𝑏𝑠

𝑚𝑎𝑥 

(nm) 
ε 

(M-1cm-1) 
Eg

opt 

(eV)a 
Eg

elec, calc 
(eV)b 

𝜆𝑒𝑥
𝑚𝑎𝑥 

(nm) 
𝜆𝑒𝑚

𝑚𝑎𝑥 
(nm)c 

Stokes shift 
(nm) 

Ph 378 30300 2.87 3.42 390 431, 455 65 

Ph-Et 382 33900 2.85 3.39 394 439, 459 65 

Ph-OMe 389 38200 2.81 3.32 398 449, 469 71 

Ph-F 377 31500 2.89 3.41 387 430, 454 67 

Th 393 28400 2.78 3.21 399 448, 473 74 

Bzt 401 31600 2.75 3.15 407 450, 477 70 

a
Optical bandgap, estimated by Eg = hc/𝜆𝑎𝑏𝑠

𝑜𝑛𝑠𝑒𝑡 

b
Calculated HOMO-LUMO energy difference, based on DFT-B3LYP level, 6-31G* basis set 

c
Wavelengths of two major peaks, the underlined values are the maxima 

The DFT optimized structures provide further insight into the electronic properties 

of the compounds. The distribution of the frontier molecular orbitals (MOs) of Ph-

TThdT(10), Th-TThdT(10), and Bzt-TThdT(10) are shown in Figure 5.4a; the orbitals of 

the para-substituted phenyl derivatives (Figure 5.29) are very similar to those of the 

parent compound. Both the HOMO and LUMO orbitals are delocalized across the entire 

aromatic core; no separation of orbital density between electron rich and electron poor 

regions of the molecule is observed, indicating that the system has no appreciable 

donor-acceptor character. 
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a) 

 

b) 

 

c) 

 

Figure 5.4. HOMO/LUMO molecular orbitals of select compounds (a), energy levels of 
Ar-TThdT(10) calculated by DFT, B3LYP/6-31G* (b), and planar view along 
long axis of phenyl and thiophene derivatives, with chains omitted for clarity 
(c). Compounds are listed by Ar group only. 

The energies of the frontier MOs and resulting band gaps of the compounds are 

shown in Figure 5.4b. Substitution of phenyl for the more electron-rich thiophene donor 

increases the HOMO energy (-5.49 and -5.38 eV, respectively) while the LUMO energy 

simultaneously decreases (-2.08 and -2.17 eV, respectively). This is typical of the 

decreased aromaticity/ increased quinoid character of thiophene relative to benzene, as 

well as the increased conjugation of the system due to increased planarity [25,26]; the 

phenyl ring is tilted at around 10° with respect to the TThdT core, whereas the thiophene 

group is fully coplanar (Figure 5.4c). As a result of these effects on the HOMO/LUMO 

energies, Th-TThdT(10) exhibits a decreased band gap compared to Ph-TThdT(10) 

(3.21 and 3.42 eV, respectively). Substitution of thiophene for benzothiophene in Bzt-

TThdT(10) leads to extended conjugation, resulting in an even smaller band gap (3.15 

eV).  
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Para-substitution of the phenyl ring with a fluoro- group lowers both the HOMO 

and LUMO energies by around 0.04 eV, consistent with the weakly electron withdrawing 

nature of this group, resulting in Ph-TThdT(10) and F-Ph-TThdT(10) having similar band 

gaps (3.42 and 3.41 eV, respectively). The weakly electron donating ethyl group 

preferentially increases the HOMO energy such that Et-Ph-TThdT(10) has a slightly 

smaller band gap (3.39 eV). The more strongly electron donating methoxy group leads 

to the decreased band gap for MeO-Ph-TThdT(10) (3.32 eV). 

In summary, the band gap of the Ar-TThdT(10) compounds ranges from 3.15 – 

3.42 eV by changing the nature of the terminal aromatic group. While Bzt-TThdT(10) 

exhibits the lowest band gap, all of the values are smaller than that of Ph-BTBT(10) 

(Eg
elec,calc = 4.03 eV) [13], suggesting that the opto-electronic properties of the 

compounds studied may be suitable for organic semiconductor applications.  

5.2.3. Liquid Crystalline and Solid State Properties 

The liquid crystalline and solid-state structures of all compounds were 

investigated by differential scanning calorimetry (DSC), polarized optical microscopy 

(POM), and variable temperature powder x-ray diffraction (VT-pXRD). The results are 

presented in Figure 5.5 - Figure 5.11 below and in Figure 5.14 - Figure 5.24 in the 

experimental section. The phase behaviour is summarized in Table 5.4. The listed phase 

transition temperatures and enthalpies were measured by DSC and consistently 

observed on repeated heating and cooling cycles.  

H-TThdT(10) does not form any LC phases and melts directly from solid to liquid 

at 93 °C. Br-TThdT(10) melts from the crystalline phase to a mesophase at 122 °C and 

clears to an isotropic liquid at 146 °C. Based on the focal-conic fan shaped textures 

observed by POM (Figure 5.15), the LC phase is identified as a SmA or SmC phase, 

which could not be distinguished due to the lack of XRD data. The six Ar-TThdT(10) 

derivatives exhibit a combination of LC phases at higher temperatures and crystalline 

phases at lower temperatures, as described below. 
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High Temperature LC Phases 

Three major reversible peaks were identified in the DSC thermograms of the 

compounds, with the exception of F-Ph-TThdT(10) and MeO-Ph-TThdT(10), for which 

only two reversible peaks were identified. The POM images above the highest 

temperature phase transition are completely black, corresponding to an isotropic liquid, 

and consequently the respective peak is assigned as the clearing temperature (Tc). As 

corroborated by POM and XRD (see below for details), the lowest temperature phase 

transition among the two or three identified peaks is assigned to the melting temperature 

(Tm). In some cases, additional minor peaks were observed below Tm, which are 

ascribed to crystal-crystal transitions due to the lack of corresponding changes by POM 

and XRD. In light of these collective DSC, POM, and XRD results, Ph-TThdT(10), Et-

Ph-TThdT(10), Th-TThdT(10), and Bzt-TThdT(10) exhibit two LC phases and F-Ph-

TThdT(10) and MeO-Ph-TThdT(10) each exhibit a single LC phase. 

When cooled below Tc, the POM images of Ph-TThdT(10), Et-Ph-TThdT(10), 

MeO-Ph-TThdT(10), Th-TThdT(10), and Bzt-TThdT(10) display sparse, small 

birefringent spots scattered across a black background (Figure 5.5a). In thinner regions 

of the sample, or around defects, schlieren textures are identified (Figure 5.5b and c). 

These observations suggest the presence of a homeotropically aligned nematic phase; 

this is supported by bright flashes observed upon shearing, which can be explained by 

the disruption of homeotropic alignment with applied mechanical strain, making the 

sample transiently birefringent [27]. The minimal hysteresis (0.4-0.9 °C) and small 

enthalpy (0.24-0.86 kJ/mol) of the associated DSC peak are consistent with an isotropic 

to nematic phase transition [28]. The XRD of this phase (Figure 5.19), consisting of two 

low intensity diffuse peaks, further confirms the formation of a nematic phase [29]. 

Therefore, Ph-TThdT(10), Et-Ph-TThdT(10), MeO-Ph-TThdT(10), Th-TThdT(10), and 

Bzt-TThdT(10) exhibit a nematic phase below the isotropic liquid. 
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Figure 5.5. POM textures of the nematic phase of Ph-TThdT(10) at  164 °C (a), Et-Ph-
TThdT(10) at  210 °C (b), and MeO-Ph-TThdT(10) at  230 °C (c). 

Upon cooling Ph-TThdT(10) below the next phase transition, the POM images 

become highly birefringent while maintaining their fluidity, as confirmed by shearing, 

which indicates the formation of a second LC phase. The coexistence of focal-conic, fan-

shaped and schlieren textures in different regions of the sample (Figure 5.6a and b) is 

characteristic of a SmC phase [30]. For Th-TThdT(10) and Bzt-TThdT(10), temporary 

transition bars (Figure 5.6c) can be identified during the transformation of the preceding 

pattern into focal-conic, fan-shaped textures, which is strong evidence for a N to SmC 

transition [30]. The POM images further transform into schlieren textures (Figure 5.6d) 

within a few seconds just below the transition temperature, suggesting that the SmC 

phase assumes pseudo-homeotropic alignment [30]. The mesophases formed by F-Ph-

TThdT(10) below the isotropic liquid and by Et-Ph-TThdT(10) below the N phase also 

display focal-conic, fan-shaped textures (Figure 5.6e and f, respectively); those of the 

latter quickly transform into a modified mosaic pattern (Figure 5.17e). These POM 

observations suggest the formation of SmC phases.  

Representative XRD of these smectic LC phases are shown in Figure 5.7. The 

sharp low angle peak, indexed to d001, is indicative of lamellar order. The broad peak in 

the wide angle region, ascribed to the alkyl halo, reflects the lack of intra-layer order, 

typical of fluid smectic phases. These diffraction patterns corroborate that the 

compounds exhibit SmA/C phases [29], formed from the preceding N phase for Ph-

TThdT(10), Et-Ph-TThdT(10), Th-TThdT(10), and Bzt-TThdT(10), and directly from the 

isotropic liquid for F-Ph-TThdT(10). This is consistent with the limited hysteresis (0.3-0.7 

°C, 1.3 °C for SmC-I) and modest enthalpy (1.10-2.14 kJ/mol, 6.54 kJ/mol for SmC-I) of 

the corresponding DSC peak [28]. 
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Figure 5.6. POM textures of the SmC phase of Ph-TThdT(10) at 148 °C (a and b), Th-
TThdT(10) at 143 °C (c) and 142 °C (d), F-Ph-TThdT(10) at 235 °C (e), and 
Et-Ph-TThdT(10) at 184 °C (f). 

a) b) 

  

Figure 5.7. XRD patterns of the SmC phase of Ph-TThdT(10) at 146 °C (a) and F-Ph-
TThdT(10) at 227 °C (b). 

Based on the above analysis of the DSC, POM, and XRD data, Ph-TThdT(10), 

Et-Ph-TThdT(10), Th-TThdT(10), and Bzt-TThdT(10) exhibit a phase sequence from 

crystalline to SmA/C to N to isotropic. MeO-Ph-TThdT(10) exhibits a phase sequence 
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from crystalline to N to isotropic. And F-Ph-TThdT(10) exhibits a phase sequence from 

crystalline to SmA/C to isotropic. 

The self-assembly of rod-shaped molecules with only a single flexible chain, such 

as the Ar-TThdT(10) derivatives, is not as straightforward as that of those terminated 

with flexible chains on both sides, such as the Th-Thd-Th(n) derivatives discussed in 

Chapter 4. The latter typically pack in a simple monolayer structure shown in Figure 

5.8a. In contrast, the former present three main options for packing in a smectic phase 

(Figure 5.8b), differentiated by the relative arrangements of the Ar terminated (‘head’) 

and the alkyl terminated (‘tail’) sides of the mesogens; (i) The mesogens can be oriented 

in the same direction within layers and from one layer to the next to give a ‘head-to-tail’ 

monolayer structure. (ii) The mesogens within layers can be oriented with adjacent 

molecules pointing in opposite directions and their cores overlapped to give a ‘head-to-

head’ alternating monolayer structure. (iii) The individual layers can be composed of two 

rows of molecules oriented in opposite directions to give a ‘head-to-head’ bilayer 

structure.    

 

Figure 5.8. Molecular packing motifs of a typical di-alkylated mesogen, Th-Thd-Th(10) 
(a) and a typical mono-alkylated mesogen, Th-TThdT(10) (b), showing the 
‘head-to-tail’ monolayer structure (i), the ‘head-to-head’ alternating 
monolayer structure (ii), and the ‘head-to-head’ bilayer structure (iii). Rigid 
aromatic core shown in blue, flexible aliphatic chains shown in grey. 
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We can attempt to distinguish between these arrangements based on the XRD 

data and DFT optimized molecular structures to provide a structural model that satisfies 

the requirements for optimizing intermolecular interactions and space filling, which 

govern the self-assembly of organic materials into phase-segregated supramolecular 

structures [31–33]. The layer spacing of the LC phases, determined based on the d001 

peak in the XRD, and the DFT calculated molecular lengths are listed in Table 5.2.  

Table 5.2. Layer Spacings of Different Phases of Ar-TThdT(10) (Compounds are Listed 
by Ar Group Only) 

Ar = 
(molecular lengtha, 

Å) 

Phase 
(temp., °C) 

Layer spacing 
(Å) 

% of molecular 
length 

Ph 
(31.52) 

SmC (146) 26.2 83 

CrH/K (130) 38.5 122 

CrH/K (25) 29.7 94 

Ph-Et 
(33.89) 

SmC (176) 27.0 80 

CrH/K (72) 26.5 78 

CrH/K (25) 26.2 77 

Ph-OMe (33.71) 
CrH/K (115) 63.5 188 

CrH/K (25) 61.7 183 

Ph-F 
(32.01) 

SmC (227) 31.6 99 

CrH/K (87) 43.9 137 

CrH/K (25) 43.5 136 

Th 
(31.26) 

SmC (134) 30.7 98 

CrH/K (120) 42.2 135 

CrH/K (25) 40.3 130 

Bzt 
(33.53) 

SmC (205) 30.7 92 

CrH/K (155) 47.2 141 

CrH/K (25) 47.7 142 

The fluid smectic phase of Th-TThdT(10) exhibits a layer spacing that is 98% of 

the calculated molecular length. The POM results for this compound suggested a tilted 

molecular orientation (SmC), but we cannot entirely rule out orthogonal phases (SmA). 

Due to the complexity of the phases formed by mono-alkylated mesogens as discussed 

above, the molecular orientation cannot simply be inferred by comparing the observed 

layer spacing to the calculated molecular length. The simplest arrangement of this fluid 

smectic phase would be the ‘head-to-tail’ monolayer structure. However, this is generally 

not favorable from the standpoint of optimizing intermolecular interactions through phase 

segregation, due to the contact of the alkyl chains and the aromatic cores at the 

interface of adjacent layers. The ‘head-to-head’ monolayer structure allows both the 

aromatic cores and the alkyl chains to preferentially interact with like groups. In this 
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configuration, significant interdigitation of the alkyl chains between layers would be 

expected, due to the difference in volume and packing density of the rigid aromatic and 

flexible aliphatic parts of the molecules in each layer, to minimize free volume. 

Therefore, we propose a ‘head-to-head’ monolayer structure as the most plausible 

model of the fluid smectic phase.  

Although substantial interdigitation is common in this type of structure, the alkyl 

chains of adjacent layers do not fully overlap, as illustrated in (ii) in Figure 5.8b. Thus, it 

has been shown that the layer spacing of this kind of structure tends to be around 140% 

of the molecular length for orthogonal smectic LC phases [34]. In this case, the 

experimentally observed layer spacing is closer to 100% of the molecular length, which 

is more consistent with tilted smectic LC phases. Thus, we tentatively assign the fluid 

smectic LC phase of Th-TThdT(10) as a SmC phase, with a ‘head-to-head’ monolayer 

structure. 

The Ph-TThdT(10), F-Ph-TThdT(10), and Bzt-TThdT(10) derivatives also exhibit 

layer spacings that are smaller than the molecular length in the fluid smectic phase. 

Based on the same rationale presented above, a tilted ‘head-to-head’ monolayer 

structure (SmC) is proposed for the fluid smectic phase. Et-Ph-TThdT(10) also exhibits 

a layer spacing that is smaller than the molecular length in the fluid smectic phase. 

However, due to the ethyl group, Et-Ph-TThdT(10) can avoid the unfavorable 

interactions of alkyl chains and aromatic cores at the interface of adjacent layers and 

should behave more like a di-alkylated mesogen. Thus we propose that it packs in a 

simple monolayer structure (Figure 5.8a). Since the layer spacing of the lamellar LC 

phase is less than the calculated molecular length, it is assigned as a SmC phase.  

Low Temperature Crystalline Phases 

Upon further cooling the SmC phase of the Ar-TThdT(10) derivatives to the 

subsequent phase transition, dramatic and sudden changes are observed in the POM 

images. The highly birefringent textures of the low temperature phases of the Ar-

TThdT(10) derivatives are shown in Figure 5.9; their lack of shearing demonstrates the 

crystalline nature of the samples. Although the textures show variation among the 

compounds, they generally resemble a modified version of the preceding textures, with 

striations forming across the existing patterns; this is particularly evident for Et-Ph-



201 
 

TThdT(10) and F-Ph-TThdT(10) (Figure 5.9b and c) and is commonly associated with 

the formation of more ordered lamellar crystalline phases from overlying smectic LC 

phases [35,36]. Cooling the N phase of MeO-Ph-TThdT(10) below the next phase 

transition also results in the appearance of rigid birefringent POM textures (Figure 

5.18d), indicating the formation of a crystalline phase. For all compounds, the DSC 

peaks corresponding to these POM observations are assigned as Tm; these exhibit 

noticeable hysteresis (5-22 °C) and a large enthalpy (15.6-30.4 kJ/mol), consistent with 

an LC to crystal transition [28]. 

 

Figure 5.9. POM textures of the crystalline phases of Ph-TThdT(10) at  131 °C (a), Et-
Ph-TThdT(10) at  123 °C (b), and F-Ph-TThdT(10) at 103 °C (c). 

The detailed structures of the low temperature crystalline phases were 

determined by XRD; some examples are shown in Figure 5.10. The series of regularly 

spaced sharp peaks in the low angle region, indexed to d00n diffractions, are indicative of 

long range lamellar order. The numerous sharp wide angle peaks suggest the presence 

of ordered packing among the molecules within a layer. These diffraction patterns are 

consistent with highly ordered lamellar crystalline phases [29]. 
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a) 

 

b) 

 

c) 

 

Figure 5.10. XRD patterns of the crystalline phases of Ph-TThdT(10) at 130 °C (a), 
MeO-Ph-TThdT(10) at 115 °C (b), and F-Ph-TThdT(10) at 227 °C (c). 

The layer spacings of the crystalline phases, determined based on the d001 peak 

in the XRD are listed in Table 5.2, along with the DFT calculated molecular lengths. The 

significant increase in layer spacing at the SmC to crystalline transition (from 98% to 

135% of the molecular length) observed for Th-TThdT(10) can be largely attributed to a 
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decrease in interdigitation. In the SmC LC phase, the rigid core of the mesogen 

undergoes rapid rotational motion around its long axis, so that its shape is effectively a 

cylinder with relatively large volume (Figure 5.11a) [32]. In the lamellar crystalline phase, 

this rotational motion is lost, yielding a board-like shape with much lower volume (Figure 

5.11b) [34]. This change in the shape and effective volume allows the rigid cores to 

assume an ordered, high density packing in the crystalline state, as reflected by the 

multiple sharp peaks in the wide angle region of the XRD. Consequently, at the phase 

transition, there is a considerable decrease in free volume available to the alkyl chains, 

resulting in a pronounced decrease in interdigitation.  

 

Figure 5.11. Illustration of the decrease in free volume as a result of the loss of 
rotational motion of the core at the smectic LC (a) to lamellar crystalline 
(b) phase transition. Rigid aromatic core shown in blue, flexible aliphatic 
chains shown in grey. 

A decrease in tilt angle could also occur at the transition, further contributing to 

the total increase in layer spacing. While we cannot rule out the transition from a tilted 

(lower symmetry) phase to an orthogonal (higher symmetry) phase, this is quite 

uncommon, as mesogens tend to transition to lower symmetry phases upon cooling [34]. 

The complexity of the XRD pattern of these crystalline phases is also more in line with a 

tilted rather than an orthogonal molecular orientation with respect to the layers (see 

below for details). 
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Similar to Th-TThdT(10), the Ph-TThdT(10), F-Ph-TThdT(10), and Bzt-

TThdT(10) derivatives exhibit a significant increase in layer spacing at the SmC to 

crystalline transition, ascribed to the considerable decrease in interdigitation in the 

‘head-to-head’ monolayer structure of the lamellar crystalline phase.  

In contrast, Et-Ph-TThdT(10) displays minimal changes in layer spacing at the 

SmC to crystalline transition, which may be related to the simple monolayer structure 

proposed for this compound, and thus does not experience a pronounced decrease in 

interdigitation. The layer spacing is smaller than the calculated molecular length, 

suggesting the formation of a tilted lamellar crystalline phase. 

MeO-Ph-TThdT(10) does not exhibit a fluid smectic phase but transitions directly 

from the nematic phase to a lamellar crystalline phase with a layer spacing of 188% of 

the molecular length. This layer spacing does not fit with the ‘head-to-head’ monolayer 

structure proposed for the lamellar crystalline phases of the compounds discussed 

earlier; even for orthogonal phases the layer spacing would be anticipated to be only 

around 140% of the molecular length, but is more consistent with the formation of a 

‘head-to-head’ bilayer structure (see (iii) in Figure 5.8b). The discrepancy between the 

observed layer spacing (63.5 Å) and the predicted value for an orthogonal bilayer phase 

without interdigitation (67.4 Å) could be attributed to some interdigitation or, more likely, 

suggests the presence of a tilted lamellar phase. The shoulders observed for some of 

the peaks in the wide angle region of the XRD also support a tilted molecular orientation 

(see below for details). 

Our analysis of the XRD data and DFT optimized structures thus far indicates 

that the inter-layer order of the crystalline phases can be described by a ‘head-to-head’ 

monolayer structure, similar to that of the overlying SmC phases. The one exception is 

MeO-Ph-TThdT(10), which assumes a ‘head-to-head’ bilayer structure directly from the 

preceding N phase.  

The intra-layer order of the crystalline phases is reflected by the multiple sharp 

peaks in the wide angle region of the XRD (Figure 5.10). The complexity of the 

diffraction patterns is indicative of the formation of low symmetry structures, which 

experience fewer extinctions and display more peaks than high symmetry structures 

[29]. This observation is more consistent with the formation of tilted lamellar phases 



205 
 

since they are lower symmetry than orthogonal lamellar phases [34]. A rectangular array 

is also lower symmetry than a hexagonal array and thus produces a more complex peak 

pattern [37]. 

Furthermore, we can attempt to fit the diffraction pattern to one of the common 

types of packing observed within the layers of smectic phases, either hexagonal or 

rectangular. A hexagonal array is usually associated with two peaks at a ratio of 1:0.73, 

indexed to d100 and d110 [38], which were not readily identified in this case. Although 

some of the peak patterns are more complex than others, the wide angle region for most 

of the lamellar crystalline phases generally contains four major peaks, which we have 

indexed to the d110, d200, d210, and d120 diffractions corresponding to rectangular packing. 

In many cases, there are a number of additional peaks that we have not been able to 

index. Since these are tilted phases according to the model proposed above, the unit 

cells will be distorted to a pseudo-rectangular packing and should be more accurately 

described as monoclinic, which increases the complexity of the peak pattern. 

The indexed XRD peaks and the corresponding lattice constants of the 

rectangular packing are listed in Table 5.3. The diffraction patterns for the lamellar 

crystalline phase of each compound are consistent throughout the phase range down to 

room temperature (Figure 5.22), suggesting a similar structure is maintained. For the 

purpose of the peak fitting, we have focused on the room temperature XRD patterns. 

The lattice parameters of the rectangular array, estimated based on the indexed peaks 

and the corresponding d-spacing formula, ranged between a = 8.55 – 10.2 Å and b = 

6.45 – 6.75 Å. These values should be taken as approximate, since lattice parameters 

for the unit cell have not been unambiguously determined given the lack of a single 

crystal structure, but do fit reasonably well with the molecular dimensions and a 

rectangular packing. 
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Table 5.3. Indexed XRD Diffractions of the Highly Ordered Lamellar Crystalline Phases 
of Ar-TThdT(10) (Compounds are Listed by Ar Group Only) 

Ar = 
(molecular 
lengtha, Å) 

Phase 
(temp., °C) 

Lattice 
constants 

(Å)b 

Miller indices 
(hkl) 

d-spacings (Å) 

Observed Calculatedc 

Ph 
(31.52) 

CrH/K 
(25) 

a = 8.90 
b = 6.45 
c = 29.7 

001 29.7 - 

002 14.8 14.9 

003 9.87 9.90 

004 7.40 7.43 

110 5.22 5.22 

200 4.42 4.45 

210 3.62 3.66 

120 3.00 3.03 

Ph-Et 
(33.89) 

CrH/K 
(25) 

a = 8.55 
b = 6.75 
c = 26.2 

001 26.2 - 

003 8.72 8.73 

004 6.38 6.55 

110 5.30 5.30 

200 4.27 4.28 

210 3.60 3.61 

120 3.17 3.14 

Ph-OMe 
(33.71) 

CrH/K 
(25) 

a = 8.80 
b = 6.55 
c = 61.7 

001 61.7 - 

002 30.7 30.9 

003 19.8 20.6 

005 13.6 12.3 

110 5.26 5.25 

200 4.40 4.40 

210 3.72 3.65 

120 3.08 3.07 

Ph-F 
(32.01) 

CrH/K 
(25) 

 
a = 10.2 
b = 6.75 
c = 43.5 

 

001 43.5 - 

002 21.0 21.8 

003 13.8 14.5 

110 5.64 5.63 

200 5.11 5.11 

210 4.05 4.07 

120 3.32 3.20 

Th 
(31.26) 

CrH/K 
(25) 

a = 8.80 
b = 6.65 
c = 40.3 

001 40.3 - 

002 20.3 20.2 

003 13.5 13.4 

110 5.32 5.31 

200 4.42 4.40 

210 3.86 3.67 

120 3.06 3.11 

Continued on next page… 
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Table 5.3 continued… 

Ar = 
(molecular 
lengtha, Å) 

Phase 
(temp., °C) 

Lattice 
constants 

(Å)b 

Miller indices 
(hkl) 

d-spacings (Å) 

Observed Calculatedc 

Bzt 
(33.53) 

CrH/K 
(25) 

a = 8.90 
b = 6.75 
c = 47.7 

001 47.7 - 

002 23.9 23.9 

003 15.9 15.9 

110 5.39 5.38 

200 4.47 4.45 

210 3.71 3.72 

120 3.08 3.16 

aCalculated by DFT (B3LYP, 6-31G*). 
bEstimated based on the indexed peaks and the d-spacing formula 
cCalculated using: 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2

𝑎2 +
𝑘2

𝑏2  +
𝑙2

𝑐2 

Based on the collective XRD and POM results, the highly ordered lamellar 

crystalline phases of the compounds are tentatively assigned as CrH/K, which consist of 

molecules packed into layers with a tilted orientation and rectangular intra-layer order 

(see Section 1.2.2). The tilt direction in the CrH phase points towards the short side of 

the rectangle, whereas the tilt direction in the CrK phase points towards the long side of 

the rectangle; we cannot further distinguish given the current data. In all cases, the room 

temperature XRD patterns are maintained for at least one week (Figure 5.23) and the 

POM images remain unchanged for a period of two to three months or longer, indicating 

that the highly ordered lamellar crystalline phases are stable. 

Phase Behaviour Comparison 

The phase behaviour of the Ar-TThdT(10) derivatives, their precursors, and Th-

Thd-Th(10) are summarized in Table 5.4. In order to visualize the results and facilitate 

comparison between the compounds, their phase behaviour is graphically represented in 

Figure 5.12. In the following discussion, the six Ar-TThdT(10) compounds studied 

herein, their Th-Thd-Th(10) parent compound, and thiophene-based oligomers with 

similar structures from the literature (Figure 5.13) are considered.  
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Table 5.4. Phase Behaviour of Ar-TThdT(10) (Compounds are Listed by Ar Group Only) 

Ar= 

 

H       Cr 

 

I 

Br   Cr2 

 

Cr1 

 

SmC 

 

I 

C10H21   CrX 

 

CrJ 

 

SmC 

 

I 

Ph CrH/K’ 
 

CrH/K 

 

SmC 

 

N 

 

I 

Ph-Et CrH/K 
 

CrH/K 

 

SmC 

 

N 

 

I 

Ph-OMe CrH/K” 

 

CrH/K’ 

 

CrH/K 

 

N 

 

I 

Ph-F CrH/K” 
 

CrH/K’ 
 

CrH/K 

 

SmC 

 

I 

Th CrH/K’ 

 

CrH/K 

 

SmC 

 

N 

 

I 

Bzt   CrH/K 

 

SmC 

 

N 

 

I 

a As identified by POM and XRD, Cr – crystalline, Sm – Smectic, I – isotropic, see  
discussion for   details. 

b Transition temperatures and enthalpies determined by DSC at a scan rate of 10 
°C/min, upon heating/cooling, respectively. 

*Enthalpy not determined due to overlapping peaks. 
 

The six Ar-TThdT(10) derivatives have a tendency to assume tilted layered 

structures with highly ordered crystalline phases at lower temperatures and fluid LC 

phases at higher temperatures, akin to the Th-Thd-Th(n) derivatives (‘C10H21’ entry in 

Figure 5.12). The lamellar crystalline phases of the current family of compounds are 

stable up to higher temperatures and over a broader temperature range. These 

compounds exhibit smectic LC phases, and nematic LC phases, which were not 

reported for the symmetric Th-Thd-Th(n) series. There are significant differences in 

phase behaviour within the Ar-TThdT(10) series. 
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Figure 5.12. Phase behaviour of Ar-TThdT(10) on heating. Compounds are listed by Ar 
group only. 

To study the influence of different Ar groups, the LC properties of the phenyl 

(Ph), thiophene (Th), and benzothiophene (Bzt) derivatives are compared. All three of 

these compounds demonstrate a phase sequence from CrH/K to SmC to N upon 

heating. Ph-TThdT(10) and Th-TThdT(10) display relatively minor differences in 

transition temperatures. Bzt-TThdT(10) exhibits a 49 °C increase in Tm, an 80 °C 

increase in TSmC-N, and a 90 °C increase in Tc, relative to Ph-TThdT(10). This significant 

increase in transition temperatures with the substitution of the Ph or Th groups for a Bzt 

group suggests that larger conjugated fused-ring systems can stabilize both crystalline 

and LC phases, which we attribute to stronger intermolecular interactions and higher 

packing efficiency. Thus, the Ar-TThdT(10) system maintains the same phase sequence 

for a variety of Ar groups, but there can be significant effects on the thermal stability of 

solid-state and LC phases. Furthermore, altering the π-conjugated core also affects the 

opto-electronic properties of these compounds, as discussed in section 5.2.2.  

To investigate the impact of terminal substituents on the phase behaviour of 

these mesogens, the phenyl derivatives para-substituted with fluoro- (F-Ph), methoxy- 

(MeO-Ph), and ethyl- (Et-Ph) groups are compared. All three compounds possess 

CrH/K phases, but their thermal stability differs from the Ph-TThdT(10) parent 

compound. Et-Ph-TThdT(10) shows a 19 °C decrease in Tm, which can be attributed to 
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the flexibility and weak intermolecular interactions of the ethyl group, destabilizing the 

crystalline phase. MeO-Ph-TThdT(10) shows a 10 °C increase in Tm, which can be 

attributed to the stronger intermolecular interactions of the methoxy group, which 

stabilize the crystalline phase. Interestingly, F-Ph-TThdT(10) shows a 19 °C decrease in 

Tm much like Et-Ph-TThdT(10), despite the polar fluoro group.  

The para-substituted phenyl derivatives also differ in the nature of the overlying 

LC phases. Ph-TThdT(10) and Et-Ph-TThdT(10) exhibit both SmC and N phases, but 

the introduction of the ethyl group raises TSmC-N by 33 °C and Tc by 45 °C. MeO-Ph-

TThdT(10) forms only a N phase with a 66 °C increase in Tc, relative to Ph-TThdT(10). 

F-Ph-TThdT(10) forms only a SmC phase with a 71 °C increase in Tc, relative to Ph-

TThdT(10). The common feature of these compounds is that the introduction of terminal 

substituents causes a more significant increase in Tc and TSmC-N, relative to the effects 

on Tm, resulting in expanded LC phase ranges, probably due to increased shape 

anisotropy, which is known to stabilize LC phases [34]. In the case of F-Ph-TThdT(10) 

and MeO-Ph-TThdT(10), dipole-dipole forces can promote the interactions of adjacent 

molecules, which is beneficial for mesophase stability [34], and thus likely contributes to 

the increased LC phase ranges as well. In this way, para-substitution of the phenyl ring 

can be used to tune the thermal stability of the crystalline phase and the type of LC 

phases and their phase ranges.   

In order to further delve into how extending the core and applying an 

asymmetrically-substituted mesogen design impacts LC phase behaviour, we compare 

Ph-TThdT(10) to the parent Th-Thd-Th(10) from Chapter 4 and some other analogues 

from the literature. Replacing one of the alkyl chains in the symmetrically-substituted Th-

Thd-Th(10) with a phenyl ring to give the asymmetrically-substituted Ph-TThdT(10) 

results in a 52 °C increase in Tm and a 35 °C increase in Tc.  Simultaneously, an 

additional N phase appears for the latter at the expense of a narrow SmC phase range. 

These observations indicate that while increasing the aromatic content and decreasing 

the aliphatic content in a mesogen can raise the thermal stability of both crystalline and 

LC phases, there can be conflicting effects such as narrower LC phase ranges. 

 Increasing the size of the core of Ph-TThdT(10) with another phenyl ring and 

appending a second alkyl chain to give (6)Ph-TThdT-Ph(6) (Figure 5.13) leads to an 87 

°C increase in Tm and a 157 °C increase in Tc for the latter compared to the former [39]. 
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Although (6)Ph-TThdT-Ph(6) exhibits even higher thermal stability for the crystalline 

phase and broader LC phase ranges than Ph-TThdT(10), these phases are only formed 

above 271 °C, which is prohibitively high for processing of the material.  

 

 

Figure 5.13. Two thiophene-based oligomers from the literature and their phase 
behaviour [14,39]. 

Comparison among Th-Thd-Th(10), Ph-TThdT(10), and (6)Ph-TThdT-Ph(6) 

demonstrates that increasing the size of the rigid core of a mesogen leads to higher 

transition temperatures for both crystalline and LC phases. This is rationalized primarily 

in terms of the stronger π-π interactions and closer packing between the extended 

aromatic systems. Due to its moderate core size, Ph-TThdT(10) displays thermal 

stability of the lamellar crystalline and LC phases intermediate between Th-Thd-Th(10) 

and (6)Ph-TThdT-Ph(6), with transition temperatures between 140-170 °C. 

To determine the importance of thiadiazole in these mesogens and how it may 

allow us to adjust the phase behaviour, Ph-TThdT(10) is compared to Ph-T3(10) (Figure 

5.13). The terthiophene analogue, Ph-T3(10), exhibits a lamellar crystalline phase that 

melts directly to isotropic at 174 °C [14]. Although the crystalline phase of Ph-TThdT(10) 

melts at 148 °C, it displays additional SmC and N LC phases. This observation indicates 

that the TThdT core, with its more linear structure and transverse dipole moment, 

promotes wider LC phase ranges and greater LC phase diversity, as suggested by our 

previous study (Chapter 4) as well [3]. 

Thus far we have found that Ar-TThdT(10) demonstrates a wide range of 

tunability of LC and solid-state properties via strategic modifications in molecular 
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structure. As discussed in the introduction, there are two essential requirements for an 

ideal LC material for semiconductors: 1) A highly ordered lamellar crystalline phase over 

a broad range of around -50 °C to 150 °C for stable operation across a wide temperature 

range. 2) Both fluid smectic and nematic LC phases over a range of 20-30 °C, with 

clearing points below 250 °C, for ease of fabrication. The lamellar crystalline phases of 

the compounds in this study are stable up to considerably higher temperatures (Tm ≥ 129 

°C) than the symmetric di-alkylated TThdT(10) parent compound (Tm = 96 °C). Among 

the Ar-TThdT(10) derivatives, the thermal stability of the crystalline phases increases 

from: Ph-F < Ph-Et < Th < Ph < Ph-OMe < Bzt. Therefore, from the standpoint of device 

operation, Ph-OMe-TThdT(10) and Bzt-TThdT(10) are the most promising.  

Ph-OMe-TThdT(10) lacks a fluid smectic LC phase, forming only a N LC phase, 

whereas Ph-F-TThdT(10) exhibits a SmC LC phase, but no N LC phase. The remaining 

four compounds display both SmC and N LC phases. The temperature range of the 

SmC phase is quite narrow for Ph-TThdT(10) and Th-TThdT(10) (3 °C and 6 °C, 

respectively). Ph-Et-TThdT(10) and Bzt-TThdT(10) display wider LC phase ranges of 

55 °C and 34 °C for the SmC phase and 29 °C and 28 °C for the N phase, respectively. 

Therefore, for the purpose of device fabrication, Ph-Et-TThdT(10) and Bzt-TThdT(10) 

are the most promising.  

Combining these considerations, Bzt-TThdT(10) would be the best candidate as 

an LC material for semiconductor applications in terms of phase behaviour within the 

series. It exhibits a highly ordered lamellar crystalline phase (CrH/K) stable up to 197 °C, 

a fluid smectic LC phase (SmC) over a range of 34 °C, and a nematic LC phase over a 

range of 28 °C. However, since its LC phases are only formed at temperatures above 

200 °C, it may not be compatible with other materials commonly used in organic devices. 

In this regard, Et-Ph-TThdT(10) would be a good alternative with somewhat lower 

thermal stability of the crystalline phase, but with LC phases at more modest 

temperatures, which could be more practical for fabrication. Furthermore, Ph-TThdT(10) 

and Th-TThdT(10) also possess suitable stability of the crystalline state and the 

desirable SmC to N phase sequence, albeit with narrow LC phase ranges, which could 

make them difficult to process into uniform thin-films. These LC phase ranges could be 

broadened by extending the alkyl chains to dodecyl or tetradecyl groups, which is also in 

line with previous literature on similar unsymmetric mono-alkylated mesogens [14,40]. 
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5.3. Conclusions 

We have investigated the structure-property relationships governing the self-

assembly and opto-electronic properties of Ar-TThdT(10) derivatives. A family of six 

compounds was synthesized. Their opto-electronic properties were studied by UV-vis 

and fluorescence spectroscopy and DFT calculations. The Ar-TThdT(10) derivatives 

exhibit maximum wavelengths of absorption ranging from 377 – 401 nm and emission 

ranging from 454 – 477 nm, showing a red-shift with respect to the previously studied 

Th-Thd-Th(10) compound (359 and 430 nm, respectively). Their phase behaviour was 

investigated by DSC, POM, and XRD. The Ar-TThdT(10) derivatives display increased 

thermal stability of both lamellar crystalline and LC phases relative to the Th-Thd-Th(n) 

derivatives, as well as greater LC phase diversity. 

Among the derivatives studied, the melting temperatures from the lamellar 

crystalline phase to the LC phase increase according to Ar = Ph-F < Ph-Et < Th < Ph < 

Ph-OMe < Bzt. While all six compounds form highly ordered lamellar crystalline phases, 

the nature of the overlying LC phases they exhibit varies significantly. Ph-TThdT(10), 

Ph-Et-TThdT(10), Th-TThdT(10), and Bzt-TThdT(10) exhibit both SmC and nematic LC 

phases. Ph-OMe-TThdT(10) forms only  a nematic LC phase, and Ph-F-TThdT(10) 

forms only a SmC LC phase. In terms of phase behaviour, the Bzt-TThdT(10) may be 

the most promising candidate for LC organic semiconductors, combining a lamellar 

crystalline phase stable up to nearly 200 °C and fluid smectic and nematic LC phases 

with broad phase ranges at higher temperatures. 

The wide range of tunability of LC and solid-state properties through strategic 

modifications of molecular structure of the Ar-TThdT(10) derivatives studied herein 

provide insights into the strategic design of calamitic mesogens for LC organic 

semiconductors. Variation of the Ar group in this system provides control over the phase 

behaviour. The incorporation of larger fused-ring systems such as Bzt can increase the 

thermal stability of the lamellar structures. Polar terminal groups, including F and OMe, 

or non-polar terminal groups, like Et, on the phenyl ring can extend the LC phase range, 

although in some cases with detrimental effects on LC phase diversity. The structure-

property relationships developed in this work therefore point towards a rational design 

strategy for thiophene-based calamitic mesogens by employing the unsymmetric mono-

alkylated structural motif, exemplified by the Ar-TThdT(10) compounds.  
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5.4. Experimental 

5.4.1. Materials and Methods 

All solvents used were reagent grade. 4-Fluorophenylboronic acid and 4-

ethylphenylboronic acid were purchased from Combi Blocks Inc. 2-Benzothienylboronic 

acid was purchased from Acros Organics. Potassium carbonate was purchased from 

ACP Chemicals Inc. Sulfur was purchased from Mallinckrodt U.S.P. All other reagents 

were purchased from Sigma-Aldrich. All reagents were used as received without further 

purification. Column chromatography was performed on silica gel 60 (230-400 mesh) 

purchased from Silicyle Inc. CDCl3 was obtained from Cambridge Isotope Laboratories 

Inc.  

400 MHz and 500 MHz 1H and 13C NMR spectra were obtained on a Bruker 

AMX-400 400 MHz and Varian AS500 Unity Inova 500 MHz spectrometers, respectively. 

High resolution mass spectrometry was carried out on a Bruker micrOTOF II LC/MS 

(ESI+) by Nonka Sevova at Notre Dame Mass Spectrometry and Proteomics facility. 

Phase transition temperatures and enthalpies were determined using differential 

scanning calorimetry (DSC) on a TA Instruments DSC Q2000 equipped with a TA 

Instruments Refrigerated Cooling System 90, heating and cooling at a rate of 10 °C 

min−1. Polarized optical microscopy (POM) was carried out using an Olympus BX50 

microscope equipped with a Linkam LTS350 heating stage. X-ray scattering experiments 

were conducted using a Rigaku R-Axis Rapid diffractometer equipped with an in-house 

built temperature controller. UV-vis absorption spectroscopy was performed using a 

Varian Cary 300 Bio Spectrometer. Fluorescence measurements were performed using 

a Photon Technologies International (PTI) Quantamaster spectrofluorometer. 

Calculations were carried out by density functional theory (DFT) using B3LYP/6-31G* in 

Gaussian 09 [41]. Further details of characterization methods used and their results are 

given in the respective sections below. 

The final target compounds were prepared according to the synthetic route 

described earlier in Chapter 5. Details of the synthesis and identification of all 

compounds are given below.  
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5.4.2. Synthesis 

TThdT: In a 150 mL high pressure vessel, 2-thiophenecarboxaldehyde (1.50 g, 

13.4 mmol), sulfur (0.645 g, 20.1 mmol), and hydrazine hydrate (1.70 mL, 53.6 mmol) 

were combined in propanol (10 mL). The mixture was allowed to react for 4 hours at 150 

°C under high pressure. Once cooled to room temperature, the precipitate was collected 

by vacuum filtration. The crude was then dissolved in dichloromethane (150 mL), 

washed with saturated aqueous sodium sulfide (2 × 120 mL), water (1 × 150 mL), and 

then dried over magnesium sulfate. Recrystallization from ethanol afforded the final 

product as a light orange solid (81 % yield). 1H NMR (500 MHz, Chloroform-d) δ 7.56 

(dd, J = 3.7, 1.1 Hz, 2H), 7.50 (dd, J = 5.1, 1.1 Hz, 2H), 7.13 (dd, J = 5.0, 3.7 Hz, 2H) 

ppm. 13C NMR (126 MHz, Chloroform-d) δ 161.18 , 132.35 , 129.65 , 129.55 , 128.14  

ppm. 

H-TThdT(10): A flame-dried 250 mL three-neck round bottom flask was charged 

with TThdT (2.00 g, 7.99 mmol) and cycled between high vacuum and N2 atmosphere 

three times. Dry THF (100 mL) was added by cannula and the reaction mixture was 

cooled to -78 °C prior to the drop-wise addition of n-butyllithium (3.85 mL of 2.5 M in 

hexanes, 9.59 mmol). After stirring for 30 minutes, potassium tert-butoxide (10.4 mL of 

1.0 M in THF, 10.4 mmol) was added. After another 30 minutes of stirring, 1-

bromodecane (2.30 mL, 11.2 mmol) was added in one portion. This mixture was stirred 

at -78 °C for 2 hours and then slowly warmed to room temperature and stirred overnight. 

The reaction was quenched with 10% HCl (100 mL) and extracted with hexanes (3 × 100 

mL). The combined organic fractions were washed with saturated sodium thiosulfate (2 × 

250 mL), then water (300 mL) and dried over magnesium sulfate. The mono-substituted 

compound was isolated from side products by column chromatography on silica using a 

gradient from 1 to 10 % of ethyl acetate in hexanes as the eluent. Recrystallization from 

hexanes afforded the product as a light orange solid (35 % yield). 1H NMR (500 MHz, 

Chloroform-d)  δ 7.54 (dd, J = 3.7, 1.2 Hz, 1H), 7.48 (dd, J = 5.0, 1.2 Hz, 1H), 7.38 (d, J 

= 3.7 Hz, 1H), 7.13 (dd, J = 5.1, 3.7 Hz, 1H), 6.81 (d, J = 3.7 Hz, 1H), 2.85 (t, J = 7.6 Hz, 

2H), 1.71 (p, J = 7.5 Hz, 2H), 1.43 – 1.34 (m, 2H), 1.34 – 1.22 (m, 12H), 0.88 (t, J = 6.9 

Hz, 3H).       

Br-TThdT(10): In a 250 mL round bottom flask, H-TThdT(10) (2.00 g, 5.12 

mmol) was dissolved in dry DMF (100 mL). After addition of N-bromosuccinimide (1.85 
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g, 10.2 mmol), the reaction was stirred in the dark for 3 days. The resulting precipitate 

was collected by vacuum filtration, dissolved in DCM, washed with water (3 × 100mL), 

and dried over magnesium sulfate. Recrystallization from ethanol gave the desired 

product as a yellow solid (65% yield). 1H NMR (500 MHz, Chloroform-d) δ 7.38 (d, J = 

3.7 Hz, 1H), 7.26 (d, J = 3.9 Hz, 1H), 7.09 (d, J = 4.0 Hz, 1H), 6.81 (d, J = 3.7 Hz, 1H), 

2.85 (t, J = 7.6 Hz, 2H), 1.71 (p, J = 7.5 Hz, 2H), 1.38 (t, J = 8.1 Hz, 2H), 1.27 (d, J = 4.7 

Hz, 12H), 0.88 (t, J = 6.9 Hz, 3H). 

Suzuki coupling procedure for Ar-TThdT(10) derivatives. In a 100 mL three-neck 

round bottom flask, Br-TThdT(10) (0.25 g, 0.53 mmol) was dissolved in THF (20 mL) 

followed by the addition of potassium carbonate (10 mL of 2.0 M aqueous solution, 

excess), the appropriate boronic acid (RB(OH)2, 1.4 equivalents), and finally 

tetrakis(triphenylphosphine)palladium(0) (2 mol%). After purging with nitrogen for 15 

minutes, this mixture was set to reflux under inert atmosphere for 48 hours. Once slowly 

cooled to room temperature and further cooled in the freezer for one hour, the precipitate 

was collected by vacuum filtration and washed with water and then methanol. 

Recrystallization from ethanol afforded the final products in the form of yellow solids as 

follows: 

Ph-TThdT(10): 71% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.70 – 7.63 (m, 

2H), 7.50 (d, J = 4.0 Hz, 1H), 7.46 – 7.40 (m, 2H), 7.39 – 7.34 (m, 2H), 7.32 (d, J = 3.9 

Hz, 1H), 6.81 (d, J = 3.7, 1.0 Hz, 1H), 2.85 (t, J = 7.6 Hz, 2H), 1.72 (p, J = 7.5 Hz, 2H), 

1.44 – 1.33 (m, 2H), 1.33 – 1.21 (m, 12H), 0.88 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 161.36, 160.58, 151.30, 148.34, 133.51, 131.40, 130.36, 129.72, 129.63, 

129.25, 128.71, 126.19, 125.36, 123.91, 32.05, 31.61, 30.49, 29.74, 29.68, 29.47, 29.21, 

22.84, 14.27. HRMS (ESI+ of m + H+): m/z calcd for C26H31N2S3: 467.1605, found: 

467.1644. 

Et-Ph-TThdT(10): 74% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.61 – 7.55 

(m, 2H), 7.49 (d, J = 3.9 Hz, 1H), 7.38 (d, J = 3.7 Hz, 1H), 7.28 (d, J = 3.9 Hz, 1H), 7.25 

– 7.23 (m, 1H), 6.81 (d, J = 3.7, 0.9 Hz, 1H), 2.85 (t, J = 7.7 Hz, 2H), 2.69 (q, J = 7.6 Hz, 

2H), 1.72 (p, J = 7.6 Hz, 2H), 1.44 – 1.32 (m, 2H), 1.32 – 1.22 (m, 15H), 0.87 (t, J = 6.8 

Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 160.68, 151.22, 148.62, 145.18, 130.98, 130.84, 

130.39, 129.66, 128.75, 126.19, 125.34, 123.43, 32.05, 31.61, 30.48, 29.73, 29.68, 
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29.47, 29.21, 28.80, 22.83, 15.59, 14.26. HRMS (ESI+ of m + H+): m/z calcd for 

C28H35N2S3: 495.1918, found: 495.1957. 

MeO-Ph-TThdT(10): 84% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.58 (d, J = 

8.4 Hz, 2H), 7.46 (d, J = 3.9 Hz, 1H), 7.37 (d, J = 3.7 Hz, 1H), 7.20 (d, J = 3.9 Hz, 1H), 

6.95 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 3.7 Hz, 1H), 3.85 (s, 3H), 2.85 (t, J = 7.6 Hz, 2H), 

1.72 (p, J = 7.6 Hz, 2H), 1.42 – 1.34 (m, 2H), 1.34 – 1.21 (m, 12H), 0.88 (t, J = 6.8 Hz, 

3H). 13C NMR (126 MHz, CDCl3) δ 161.14, 160.72, 160.19, 151.20, 148.45, 130.46, 

130.33, 129.63, 127.53, 126.32, 125.34, 122.84, 114.66, 55.57, 32.05, 31.61, 30.49, 

29.74, 29.68, 29.47, 29.21, 22.84, 14.27. HRMS (ESI+ of m + H+): m/z calcd for 

C27H33N2OS3: 497.1710, found: 497.1750.  

F-Ph-TThdT(10): 88% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.65 – 7.59 (m, 

2H), 7.48 (d, J = 3.9 Hz, 1H), 7.38 (d, J = 3.6 Hz, 1H), 7.24 (d, J = 3.9 Hz, 1H), 7.11 (t, J 

= 8.6 Hz, 2H), 6.81 (d, J = 3.7 Hz, 1H), 2.85 (t, J = 7.6 Hz, 2H), 1.72 (p, J = 7.5 Hz, 2H), 

1.43 – 1.34 (m, 2H), 1.34 – 1.21 (m, 12H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 161.43, 160.44, 151.38, 147.12, 130.36, 129.76, 129.58, 128.00, 127.93, 

125.38, 123.89, 116.39, 116.22, 76.90, 32.05, 31.60, 30.49, 29.73, 29.68, 29.46, 29.20, 

22.83, 14.26. HRMS (ESI+ of m + H+): m/z calcd for C26H30FN2S3: 485.1510, found: 

485.1550. 

Bzt-TThdT(10): 67% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.79 (dd, J = 

14.9, 7.6 Hz, 2H), 7.52 (s, 1H), 7.46 (d, J = 3.9 Hz, 1H), 7.41 – 7.31 (m, 3H), 7.28 (d, J = 

4.0 Hz, 1H), 6.81 (d, J = 3.6 Hz, 1H), 2.86 (t, J = 7.6 Hz, 2H), 1.72 (p, J = 7.5 Hz, 2H), 

1.43 – 1.34 (m, 2H), 1.34 – 1.21 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, 

CDCl3) δ 130.12, 129.85, 32.06, 31.61, 29.68, 29.47, 29.21, 22.84, 14.27 – unable to 

identify all peaks due to poor solubility in chloroform. HRMS (ESI+ of m + H+): m/z calcd 

for C28H31N2S4: 523.1325, found: 523.1365. 

Thiophene derivative (Ar=Th): The pinacol ester of 2-thiopheneboronic acid was 

first prepared according to literature procedures via Scheme 5.3 shown below. This 

pinacol ester was then used in place of the boronic acid, following the same Suzuki 

coupling procedure described above, to make the final product. 
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Scheme 5.3. Synthesis of 2-Thiopheneboronic Acid Pinacol Ester 

 

2-Thiopheneboronic acid pinacol ester: A flame-dried 100 mL three-neck 

round bottom flask was cycled between high vacuum and N2 atmosphere three times 

followed by the addition of dry THF (50 mL) by cannula and thiophene (2.02 g, 24.0 

mmol). The solution was cooled to -78 °C prior to the drop-wise addition of n-butyllithium 

(10.6 mL of 2.5 M in hexanes, 26.4 mmol). This mixture was stirred for 30 minutes at -78 

°C, then 30 minutes at room temperature, and returned to -78 °C prior to addition of 2-

isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (5.40 mL, 26.4 mmol).  This was 

allowed to react at -78 °C for one hour, followed by one hour at room temperature. After 

removing the solvent, the crude was dissolved in DCM (100 mL), washed with 10% HCl 

(100 mL) then water (100 mL), and dried over magnesium sulfate to give the product as 

an off-white solid (95% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.66 (dd, J = 3.4, 1.0 

Hz, 1H), 7.64 (dd, J = 4.7, 1.0 Hz, 1H), 7.20 (dd, J = 4.7, 3.5 Hz, 1H), 1.35 (s, 12H). 

Th-TThdT(10): 61% yield. 1H NMR (500 MHz, Chloroform-d) δ 7.43 (d, J = 3.9 

Hz, 1H), 7.38 (d, J = 3.7 Hz, 1H), 7.32 – 7.28 (m, 2H), 7.17 (d, J = 3.9 Hz, 1H), 7.06 (t, J 

= 4.4 Hz, 1H), 6.81 (d, J = 3.7 Hz, 1H), 2.85 (t, J = 7.6 Hz, 2H), 1.72 (p, J = 7.6 Hz, 2H), 

1.42 – 1.34 (m, 2H), 1.34 – 1.21 (m, 12H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, 

CD2Cl2) δ 130.63, 130.20, 128.60, 126.31, 125.76, 125.48, 124.64, 54.27, 54.06, 53.84, 

53.62, 53.41, 32.33, 31.91, 30.68, 30.00, 29.73, 29.47, 23.11, 14.29. HRMS (ESI+ of m + 

H+): m/z calcd for C24H29N2S4: 473.1169, found: 473.1208. 
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5.4.3. Polarized Optical Microscopy (POM) 

Samples were prepared as described in Section 1.6.1. 

 

Figure 5.14. POM of H-TThdT(10) showing rigid textures of the crystalline state at 75.0 
°C. 

 

Figure 5.15. POM of Br-TThdT(10) showing fluid focal-conic textures of the SmC phase 
at 140.0 °C (a) and rigid crystalline textures of the Cr1, 110.0 °C, and Cr2, 
70.0 °C,  phases (b and c, respectively), taken at 4x magnification. 

 

Figure 5.16. POM textures of the nematic phase of Et-Ph-TThdT(10) at  210 °C (a), Th-
TThdT(10) at  163 °C (b), and Bzt-TThdT(10) at  255 °C (c). 
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Figure 5.17. POM textures of the SmC phase of Th-TThdT(10) at 142 °C (a), Bzt-
TThdT(10) at 231 °C (b), at 230 °C (c), and at 229 °C (d), and Et-Ph-
TThdT(10) at 183 °C (e). 
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Figure 5.18. POM textures of the crystalline phases of Ph-TThdT(10) at  135 °C (a), Th-
TThdT(10) at  120 °C (b), Bzt-TThdT(10) at  165 °C (b), and MeO-Ph-
TThdT(10) at 140 °C (c). 
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5.4.4. Variable Temperature Powder X-ray Diffraction (VT-XRD) 

Table 5.5. XRD Parameters of the Phases of Ar-TThdT(10) 

Ar = 
(molecular 
lengtha, Å) 

Phase 
(temp., °C) 

Lattice 
constants 

(Å)b 

Miller indices 
(hkl) 

d-spacings (Å) 

Observed Calculatedc 

Ph (31.52) 

SmC (146) c = 26.2 
001 26.2 - 

alkyl halo 4.99 - 

CrH/K (130) c = 38.5 

001 38.5 - 

002 19.4 19.3 

003 12.9 12.8 

004 9.72 9.63 

005 7.76 7.70 

006 6.46 6.42 

110 5.47 - 

200 4.33 - 

210 3.74 - 

120 3.30 - 

CrH/K (25) 
a = 8.90 
b = 6.45 
c = 29.7 

001 29.7 - 

002 14.8 14.9 

003 9.87 9.90 

004 7.40 7.43 

110 5.22 5.22 

200 4.42 4.45 

210 3.62 3.66 

120 3.00 3.03 

Ph-Et (33.89) 

SmC (176) c = 27.0 
001 27.0 - 

alkyl halo 4.1 - 

SmK/H (72) c = 26.5 

001 26.5 - 

003 8.84 8.83 

004 6.83 6.63 

110 5.29 - 

200 4.30 - 

210 3.53 - 

120 3.22 - 

SmK/H (25) 
a = 8.55 
b = 6.75 
c = 26.2 

001 26.2 - 

003 8.72 8.73 

004 6.38 6.55 

110 5.30 5.30 

200 4.27 4.28 

210 3.60 3.61 

120 3.17 3.14 

Continued on next page… 
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Table 5.5 continued… 

Ar = 
(molecular 
lengtha, Å) 

Phase 
(temp., °C) 

Lattice 
constants 

(Å)b 

Miller indices 
(hkl) 

d-spacings (Å) 

Observed Calculatedc 

Ph-OMe 
(33.71) 

CrH/K (115) c = 63.5 

001 63.5 - 

002 30.7 31.8 

003 20.2 21.2 

005 13.8 12.7 

110 5.32 - 

200 4.52 - 

210 3.79 - 

120 3.14 - 

CrH/K (25) 
a = 8.80 
b = 6.55 
c = 61.7 

001 61.7 - 

002 30.7 30.9 

003 19.8 20.6 

005 13.6 12.3 

110 5.26 5.25 

200 4.40 4.40 

210 3.72 3.65 

120 3.08 3.07 

Ph-F (32.01) 

SmC (227) c = 31.6 
001 31.6 - 

alkyl halo 4.60 - 

CrH/K (87) c = 43.9 

001 43.9 - 

002 21.3 22.0 

003 13.9 14.6 

110 5.75 - 

200 5.24 - 

210 3.92 - 

120 3.66 - 

CrH/K (25) 
a = 10.2 
b = 6.75 
c = 43.5 

001 43.5 - 

002 21.0 21.8 

003 13.8 14.5 

110 5.64 5.63 

200 5.11 5.11 

210 4.05 4.07 

120 3.32 3.20 

Continued on next page… 
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Table 5.5 continued… 

Ar = 
(molecular 
lengtha, Å) 

Phase 
(temp., °C) 

Lattice 
constants 

(Å)b 

Miller indices 
(hkl) 

d-spacings (Å) 

Observed Calculatedc 

Th (31.26) 

SmC (134) c = 30.7 
001 30.7 - 

alkyl halo 4.92 - 

CrH/K (120) c = 42.2 

001 42.2 - 

002 21.1 21.1 

003 14.3 14.1 

110 5.45 - 

200 4.54 - 

CrH/K (25) 
a = 8.80 
b = 6.65 
c = 40.3 

001 40.3 - 

002 20.3 20.2 

003 13.5 13.4 

110 5.32 5.31 

200 4.42 4.40 

210 3.86 3.67 

120 3.06 3.11 

Bzt (33.53) 

SmC (205) c = 30.7 
001 30.7 - 

alkyl halo 4.55 - 

CrH/K (155) c = 47.2 

001 47.2 - 

002 23.5 23.6 

003 15.5 15.7 

110 5.56 - 

200 4.60 - 

210 3.70 - 

CrH/K (25) 
a = 8.90 
b = 6.75 
c = 47.7 

001 47.7 - 

002 23.9 23.9 

003 15.9 15.9 

110 5.39 5.38 

200 4.47 4.45 

210 3.71 3.72 

120 3.08 3.16 

aCalculated by DFT (B3LYP, 6-31G*). 
bEstimated based on the indexed peaks and the d-spacing formula 
cCalculated using: 

1

𝑑ℎ𝑘𝑙
2 =  

ℎ2

𝑎2 +
𝑘2

𝑏2  +
𝑙2

𝑐2 
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a) 

 

b) 

 

c) 

 

d) 
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e) 

 

Figure 5.19. XRD of the nematic phase of Ph-TThdT(10) at 164 °C (a), Et-Ph-
TThdT(10) at 210 °C (b), MeO-Ph-TThdT(10) at 230 °C (c), Th-
TThdT(10) at 160 °C (d), and  Bzt-TThdT(10) at 245 °C (e). 

 

a) 

 

b) 
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c) 

 

Figure 5.20. XRD patterns of the SmC phase of Et-Ph-TThdT(10) at 176 °C (a), Th-
TThdT(10) at 132 °C (b), and Bzt-TThdT(10) at 205 °C (c). 

 

a) 

 

b) 
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c) 

 

Figure 5.21. XRD patterns of the crystalline phase of Et-Ph-TThdT(10) at 72 °C (a), Th-
TThdT(10) at 120 °C (b), and Bzt-TThdT(10) at 155 °C (c). 

 

a) 

 

b) 
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c) 

 

d) 

 

e) 
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f) 

 

Figure 5.22. Room temperature XRD of the crystalline phase of Ph-TThdT(10) (a), Et-
Ph-TThdT(10) (b), MeO-Ph-TThdT(10) (c), F-Ph-TThdT(10) (d), Th-
TThdT(10) (e), and  Bzt-TThdT(10) (f). 

 

 
 

a) 

 

b) 
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c) 

 

d) 

 

e) 
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f) 

 

Figure 5.23. Room temperature XRD of the crystalline phase taken one week after 
cooling; Ph-TThdT(10) (a), Et-Ph-TThdT(10) (b), MeO-Ph-TThdT(10) (c), 
F-Ph-TThdT(10) (d), Th-TThdT(10) (e), and  Bzt-TThdT(10) (f). 

 

5.4.5. Differential Scanning Calorimetry (DSC) 

a)  
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b)  

 

 

 

c)  
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d)  

 

 

 

e)  

 



235 
 

f)  

 

 

g)  
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h)  

 

Figure 5.24. Raw DSC thermograms of H-TThdT(10) (a), Br-TThdT(10) (b), Ph-
TThdT(10) (c), Et-Ph-TThdT(10) (d), MeO-Ph-TThdT(10) (e), F-Ph-
TThdT(10) (f), Th-TThdT(10) (g), and  Bzt-TThdT(10) (h). 

5.4.6. UV-vis and Fluorescence Spectroscopy 

Table 5.6. Summary of the Opto-electronic Properties of Ar-TThdT(10), Including the 
Compounds in this Study, their Precursors, and the Di-alkylated Derivative 
from the Previous Study as a Reference Point 

Ar = 
𝜆𝑎𝑏𝑠

𝑚𝑎𝑥 

(nm) 
ε 

(M-1cm-1) 
Eg

opt 

(eV)a 
𝜆𝑒𝑥

𝑚𝑎𝑥 
(nm) 

𝜆𝑒𝑚
𝑚𝑎𝑥 

(nm) 

Stokes shift 
(nm) 

H 351 - - 364 423 59 

Br 358 - - 371 432 61 

C10H21 359 26800 3.04 369 430 61 

Ph 378 30300 2.87 390 431, 455 65 

Ph-Et 382 33900 2.85 394 439, 459 65 

Ph-OMe 389 38200 2.81 398 449, 469 71 

Ph-F 377 31500 2.89 387 430, 454 67 

Th 393 28400 2.78 399 448, 473 74 

Bzt 401 31600 2.75 407 450, 477 70 

a Optical bandgap, estimated by Eg = hc/𝜆𝑎𝑏𝑠
𝑜𝑛𝑠𝑒𝑡 
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a) 

 

b) 

 

c) 
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d) 

 

e) 

 

f) 

 

Figure 5.25. Absorption spectra in chloroform at various concentrations (left) and the 
resulting Beer-Lambert plot (right) of Ph-TThdT(10) (a), Et-Ph-TThdT(10) 
(b), MeO-Ph-TThdT(10) (c), F-Ph-TThdT(10) (d), Th-TThdT(10) (e), and  
Bzt-TThdT(10) (f). 
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Figure 5.26. Excitation spectra of Ar-TThdT(10) in CHCl3. 

 

 
Figure 5.27. UV-vis and fluorescence spectra of Br-TThdT(10) in CHCl3. 
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5.4.7. Density Functional Theory (DFT) Calculations 

Table 5.7. Summary of Calculated Properties of Ar-TThdT(10) Determined by DFT 

Ar= 
Molecular Orbital Energies (eV) Molecular Length (Å) Dipole 

Momentc 
(D) HOMO LUMO Band Gap Rawa Adjustedb 

Ph-OMe -5.30 -1.98 3.32 31.31 33.71 4.24 

Ph-Et -5.43 -2.04 3.39 31.49 33.89 3.14 

Ph -5.49 -2.08 3.42 29.12 31.52 3.47 

Ph-F -5.53 -2.12 3.41 29.34 32.01 4.39 

Th -5.38 -2.17 3.21 28.86 31.26 2.94 

Bzt -5.41 -2.26 3.15 31.13 33.53 3.07 

aValue obtained directly from Gaussview. 
bValue adjusted with van der Waals radii. 
cOriented relatively perpendicular to long axis, small deviations observed for some 
compounds. 
 
 

a

a) 

 

b

b) 
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c

c) 

 

d

d) 

 

e

e) 

 

f

f) 

 

Figure 5.28. Optimized molecular structures of Ph-TThdT(10) (a), Et-Ph-TThdT(10) (b), 
MeO-Ph-TThdT(10) (c), F-Ph-TThdT(10) (d), Th-TThdT(10) (e), and  Bzt-
TThdT(10) (f); shown from side view (top), plane view (bottom), and along 
molecular axis (alkyl chains omitted, right). 
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Figure 5.29. HOMO/LUMO molecular orbitals of phenyl derivatives of Ar-TThdT(10). 
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Chapter 6.  
 
Conclusions and Future Work 

6.1. Summary and Conclusions 

In the first part of this thesis, the relationship between molecular symmetry and 

the thermal stability and diversity of LC phases was explored. The second part of this 

thesis focused on the relationship between molecular structure and LC phase behaviour 

and opto-electronic properties. The structure-property relationships of rod-shaped liquid 

crystals that have emerged from this work are fundamentally relevant for the strategic 

design of materials with properties targeted for specific applications. 

The systematic isomer analyses described in Chapter 2 and Chapter 3 revealed 

that molecular symmetry has a distinct influence on the various phase transitions of 

calamitic mesogens [1,2]. The naphthalene derivatives, NP(m,n), studied in Chapter 2, 

exhibit N and SmC phases. The biphenyl derivatives, BP(m,n), studied in Chapter 3, 

form SmF and CrG phases. Despite the differences in the structure of the disordered 

phases of the former and the highly ordered phases of the latter, symmetry breaking led 

to a pronounced depression of the melting point (Tm) whereas the clearing point (Tc) 

showed limited changes for both series. Due to these selective effects, the lower 

symmetry compounds exhibited broader LC phase ranges than their symmetric isomers 

(Figure 6.1). In these systems, molecular symmetry was decreased by varying the length 

of the terminal alkyl chains, such that the inherent optical and electronic properties of the 

material were maintained. Furthermore, the decreased symmetry is beneficial for 

solubility, potentially making less symmetric compounds more readily compatible with 

solution processing methods. Therefore, these results suggest that molecular symmetry 

breaking is an advantageous strategy to tune the LC phase behaviour of a material for 

device applications. 
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Figure 6.1. A summary of the findings from chapters 2 and 3. 

The study of thiophene-based oligomers in Chapter 4 showed that the central 

heterocycle has a pronounced effect on the self-assembly [3]. Th-Oxd-Th(10) is not 

liquid crystalline whereas both Th3(10) and Th-Thd-Th(10) form LC phases and maintain 

a highly ordered lamellar structure at room temperature (Figure 6.2). The thiadiazole 

derivative exhibited greater thermal stability for both the SmC and crystalline phases 

compared to the parent terthiophene system. The crystal structures revealed that Th3(8) 

exhibits edge-to-face packing of adjacent molecules whereas Th-Thd-Th(10) possesses 

face-to-face packing, which leads to increased π-π orbital overlap that may be beneficial 

for charge carrier transport. As supported by molecular modelling studies, we postulate 

that these differences in LC and solid-state self-assembly can be attributed primarily to 

the variation in bend angle and transverse dipole moment among the three derivatives. 

Inspired by these findings, we designed and synthesized the family of unsymmetrically-

substituted mesogens, Ar-TThdT(10), presented in Chapter 5 (Figure 6.2). All six of 

these compounds were found to exhibit a combination of high temperature fluid LC 

phases (e.g. SmC and/or N) and low temperature lamellar crystalline phases (e.g. CrE 

or CrH/K), which has been established as advantageous for LC materials for organic 

semiconductors [4–9]. There is a wide range of tunability in LC phase behaviour and 

opto-electronic properties across the series. Therefore, these compounds are promising 

candidates for advanced organic semiconductors. Furthermore, the structure-property 

relationships that emerged from this work can be applied towards the design and tuning 

of LC materials for organic semiconductors. 
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Figure 6.2. A summary of the findings from chapters 4 (a) and 5 (b). 

In this thesis, we have not only designed new mesogens and developed 

synthetic routes to prepare them, but most importantly, through systematic studies, we 

have gained a better understanding of how molecular structure determines the resulting 

bulk material properties. The structure-property relationships derived from this work will 

guide the strategic design of improved LC materials for numerous applications. 

6.2. Future Work 

The findings of this thesis inspire ample future research directions including the 

fabrication of solution-processed thin-films based on some of the materials studied in 

this work and testing of their morphology and performance, the synthesis of unsymmetric 
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isomers of terthiophene analogues, and the development of new thiadiazole-containing 

mesogens. 

6.2.1. Solution-processed Thin-film Morphology and Performance 

The work in this thesis is in large part aimed towards the development of LC 

materials for organic semiconductors. Among the compounds studied in Chapter 4 

Chapter 5, several promising candidates for such applications were identified. However, 

the investigation of their LC and solid-state properties was limited to specific conditions 

that do not reflect those employed for device fabrication or operation. Therefore, it is 

difficult to predict how the supramolecular structure of the materials will translate to the 

morphology of solution-processed thin-films, which is strongly dependent on processing 

conditions [10–12]. In order to address this issue, it is critical to prepare thin-films of the 

materials by solution-processing methods and study their supramolecular structure. 

Furthermore, thin-film transistors should be fabricated and assessed to consider factors 

beyond thin-film morphology that influence device performance [13,14].  

To carry out this study, spin-coating would be a suitable solution processing 

method since this technique is cost-effective, fast and scalable, performed with a 

relatively simple set-up, and compatible with a wide range of materials and substrates 

[15,16]. The morphology of the resulting thin-films can be characterized by POM, XRD, 

AFM, and STM to investigate their structure, alignment, and uniformity [17]. 

The first goal would be to determine how different parameters of the spin-coating 

process affect the morphology of the thin-films. The primary parameters to be optimized 

are solvent choice (diethylbenzene, chlorobenzene, etc.), rotation rate (~1000-3000 

rpm), and solution concentration (~0.1-1 wt%) [18]. Additional considerations include 

spin-coating temperature, thermal annealing treatments, and substrate modifications, all 

of which have been shown to have a pronounced impact on thin-film morphology [7–

9,19]. 

Once the deposition procedure has been optimized, spin-coated thin-films of the 

organic semiconductor materials should be incorporated into thin-film transistors (TFTs) 

to investigate how differences in morphology impact device performance. For this 

purpose, the common top-contact TFT device architecture is proposed, as illustrated in 
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Figure 6.3, which is typically fabricated by the following procedure and materials [20]. A 

SiO2 dielectric layer insulates the p-doped Si gate electrode on the Si substrate. A thin-

film of the organic semiconductor is spin-coated onto the dielectric. Finally, the Au 

source and drain electrodes are vacuum-deposited. The performance of these devices 

can then be recorded in terms of FET mobility, determined from the current-voltage plots 

measured during operation as per well-established literature procedures [21]. 

 

Figure 6.3. Schematic of a top-contact organic thin-film transistor. 

For example, consider the Th3(n) and Th-Thd-Th(n) compounds studied in 

Chapter 4. Our results indicated that the latter exhibits a wider SmC LC phase range, 

maintains its lamellar crystalline structure up to higher temperatures, and assumes a 

face-to-face packing of adjacent molecules which could be advantageous over the edge-

to-face packing of the former. Following the approach described above, we can 

investigate how these differences in LC and solid-state properties actually correlate to 

solution processing, thin-film morphology, and resulting device performance. Therefore, 

such studies are a vital component to the development of LC materials for organic 

semiconductors after the initial characterization of LC and solid-state properties as 

performed throughout this thesis and should be carried out for the compounds described 

in Chapter 5 and any promising candidates that emerge from future studies. 

6.2.2. Unsymmetric Isomers of Terthiophene Analogues 

The NP(m,n) and BP(m,n) derivatives studied in Chapter 2 and Chapter 3 were 

excellent model systems to probe symmetry effects. However, given their lack of an 

extended aromatic core, they are not suitable for organic semiconductor applications. In 

light of their extended π-conjugated system, the thiophene-based compounds studied in 

Chapter 4 are promising candidates to apply the developed approach of symmetry-

breaking to tune LC phase behaviour. To explore this, the Th3(m,n) and Th-Thd-
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Th(m,n) compounds shown in Figure 6.4 are targeted, where the degree of symmetry 

can be adjusted by appending different alkyl chains on either side as done in the past. In 

order to perform the same kind of isomer analysis used previously, families of symmetric 

(m=n) and unsymmetric (m≠n) compounds with the same m+n sum should be prepared. 

 

Figure 6.4. Unsymmetric derivatives of the terthiophene analogues studied in chapter 4. 

The unsymmetric thiophene and thiadiazole derivatives can be synthesized using 

similar reactions employed in Chapter 4 and Chapter 5, as per Scheme 6.1. The Th3 or 

Th-Thd-Th cores are first prepared and then undergo sequential alkylations with 

different chain lengths to obtain the desired Th3(m,n) or Th-Thd-Th(m,n) products.  

Scheme 6.1. The Proposed Synthetic Route to Unsymmetric Th3(m,n) and Th-Thd-
Th(m,n) Derivatives 
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Since it was found that symmetry-breaking leads to a depression in the melting 

point, this strategy would not reap benefit for the longer chain length Th-Thd-Th(m,n) 

derivatives. For example, the unsymmetric Th-Thd-Th(12,8) compound would be 

predicted to exhibit decreased thermal stability of the crystalline phase compared to its 

symmetric Th-Thd-Th(10,10) isomer, which is undesirable for organic semiconductors. 

However, symmetry-breaking could perhaps induce LC phases for the shorter chain 

length analogues in the series, making them more amenable to processing into uniform 

thin-films. For example, the unsymmetric Th-Thd-Th(6,2) compound potentially 

experiences a drop in Tm such that it falls below Tc, exposing a LC phase, whereas its 

symmetric Th-Thd-Th(4,4) isomer melts directly from crystalline to isotropic. 

The symmetry-breaking strategy is also promising to apply to the Th3(m,n) 

series. At longer chain lengths, it could be beneficial to expand the LC phase range of 

the SmC phase. For example, the unsymmetric Th3(12,8) compound would be 

anticipated to display a lower Tm and thus a wider LC phase range than the symmetric 

Th3(10,10) isomer, which suffers from a narrow 1 °C SmC phase. Similar to the Th-Thd-

Th(m,n) derivatives, symmetry-breaking may reveal LC phases in the shorter chain 

length analogues. For example, the unsymmetric Th3(8,4) compound should have a 

lower Tm and possibly exhibits LC phases, not observed for the symmetric Th3(6,6) 

isomer. 

6.2.3. Novel Thiadiazole-based Mesogens 

The structure-property relationships of thiadiazole-based compounds determined 

in this thesis can be applied towards the rational design of calamitic mesogens 

containing this heterocycle. In Chapter 4 we showed that the bond angles of 2,5-

substituted thiadiazoles promote a linear molecular shape and, combined with the 

considerable transverse dipole moment, this is beneficial for the formation and stability 

of smectic LC phases.  In Chapter 5 we found that employing a larger rigid core lowers 

the band gap and raises the transition temperatures of thiophene-thiadiazole oligomers. 

Collectively, along with some literature reports, these studies indicated that mesogens 

composed of four rings possess crystalline and LC phase ranges over temperatures 

intermediate between smaller three ring systems and larger five ring systems 

[3,7,9,22,23]. Therefore, rod-shaped mesogens of this size may be the most promising 

to pursue for organic semiconductor applications. 
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In keeping with our work on the development of thiadiazole-based mesogens, a 

promising series of compounds recently reported in the literature are Ph-Thd-Thd-Ph(n) 

(Figure 6.5) [24]. They exhibit strong absorption and emission in the visible range and 

their suitability for OLEDs was demonstrated. These bi-1,3,4-thiadiazole containing 

mesogens possess lamellar crystalline phases with considerable thermal stability and 

smectic LC phases over a wide temperature range. For example, Ph-Thd-Thd-Ph(10) 

forms a lamellar crystalline phase stable up to 136 °C and a SmC phase that melts to 

isotropic at 221 °C. Given the findings of our work, these mesogens present several 

opportunities to alter the molecular structure to tune their LC and opto-electronic 

properties. Some proposed mesogens are shown in Figure 6.6.  

 
Figure 6.5. Literature reported thiadiazole-based mesogen. 

 
Figure 6.6. Proposed thiadiazole-based mesogens: analogues of Ph-Thd-Thd-Ph(n) 

where the phenyl rings are replaced (a), the mesogen is unsymmetrically-
terminated (b), and the sequence of the rings in the core is altered (c). 
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The replacement of the phenyl rings in Ph-Thd-Thd-Ph(n) for thiophene rings to 

yield Th-Thd-Thd-Th(n) (Figure 6.6a) could serve to tune the opto-electronic properties 

while maintaining the LC properties. Our findings in Chapter 5 suggested that the 

interchange of phenyl and thiophene rings has limited effects on the phase behaviour, 

but tends to lower the band gap. Therefore, Th-Thd-Thd-Th(10) would be anticipated to 

exhibit a stable lamellar crystalline phase and a wide SmC phase range like Ph-Thd-

Thd-Ph(n), but experience blue-shifted absorption and emission wavelengths. 

A proposed synthetic route for Th-Thd-Thd-Th(n) is shown in Scheme 6.2, which 

is similar to the route used to prepare Ph-Thd-Thd-Ph(n) [24]. The 5-alkyl-2-thiophene 

ester is converted to the 5-alkyl-2-thiophene hydrazide and two equivalents of this are 

coupled with oxalyl chloride [25]. The resulting bis-hydrazide derivatives can undergo 

ring closing in the presence of Lawesson’s reagent to form two adjacent thiadiazole 

rings, as per literature precedent [24]. 

Scheme 6.2. Proposed Synthetic Route for Th-Thd-Thd-Th(n) 

 

The unsymmetric substitution of Ph-Thd-Thd-Ph(n) to give X-Ph-Thd-Thd-Ph(n) 

(Figure 6.6b) could provide a way to tune the LC properties. Our results from Chapter 5 

demonstrated the sensitivity of unsymmetrical, mono-alkylated mesogens to the nature 

of terminal substituents. For example, a para-methoxy group on the phenyl ring 

appeared to promote the formation of N phases. Therefore, we might predict that MeO-

Ph-Thd-Thd-Ph(n) possesses a N phase in addition to the lamellar crystalline and SmC 

phases observed for Ph-Thd-Thd-Ph(10). 

A proposed synthetic route for X-Ph-Thd-Thd-Ph(n) is shown in Scheme 6.3. 

The chemistry is similar to that described above, but some additional steps are required 

due to unsymmetrical substitution of the mesogens. The para-alkoxy benzhydrazide 

derivative 1, extended with an ethyl ester group, and the benzhydrazide derivative 2, 
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para-substituted with the desired X group, are first prepared [25]. These intermediates 

are then coupled to yield the bis-hydrazide derivative 3, which can be ring closed to give 

the final product. 

Scheme 6.3. Proposed Synthetic Route for X-Ph-Thd-Thd-Ph(n) 

 

In the paper by Yadav et al., the self-assembly of Ph-Thd-Thd-Ph(n) into tilted 

lamellar crystalline and LC phases was largely attributed to electron donor-acceptor 

interactions, a now antiquated concept more generally referred to as π-π interactions, 

which occur between phenyl donors (D) and thiadiazole acceptors (A) [24]. In light of 

this, they suggested that the D-A-A-D structural motif of these mesogens is critical to 

their LC properties. To determine the validity of this, Thd-Ph-Ph-Thd(n) and Thd-Thd-

Ph-Ph(n) (Figure 6.6c) are targeted to explore different sequences of the rings in the 

mesogen and further study how these structural motifs influence the LC properties. 

According to the precedent of Ph-Thd-Thd-Ph(n) (D-A-A-D), Thd-Ph-Ph-Thd(n) (A-D-

D-A) may have a similar tendency to form tilted lamellar phases whereas Thd-Thd-Ph-

Ph(n) (A-A-D-D) might exhibit orthogonal lamellar phases wherein adjacent molecules 

are oriented in opposite directions to achieve favorable interactions. 

A proposed synthetic route for Thd-Ph-Ph-Thd(n) is shown in Scheme 6.4. The 

di-acylchloride of biphenyl is coupled to two equivalents of alkyl hydrazide to generate    

a bis-hydrazide derivative, which can undergo ring closing to make the final product [25]. 
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Scheme 6.4. Proposed Synthetic Route for Thd-Ph-Ph-Thd(n) 

 

A proposed synthetic route for Thd-Thd-Ph-Ph(n) is shown in . 

Scheme 6.5. The 6-alkoxy biphenyl ester 4 is converted to hydrazide 5 and 

coupled to an acyl chloride terminated hydrazide 6 to give the bis-hydrazide derivative 7, 

which can be ring closed to yield the final product [25]. 

Scheme 6.5. Proposed Synthetic Route for Thd-Thd-Ph-Ph-(n) 

 

In summary, the research presented in this thesis has provided valuable insights 

into the structure-property relationships of rod-shaped liquid crystals and how their 

properties can be tuned for various applications through strategic changes in molecular 

structure. This work points the way forward to numerous potential avenues to pursue 

including studies on the solid-state properties and device applications of the materials 

developed, as well as the design and synthesis of advanced materials. A few examples 

of promising future work have been highlighted here with the proposed project outlines 

and methodology presented above. 
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