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Abstract 

Disc-shaped (discotic) liquid crystals (DLCs) predominantly form columnar phases, which have been 

utilized as organic semiconductors in opto-electronic devices; yet these materials have been hampered 

by their thermal stability, often exhibiting liquid crystallinity at high and narrow temperature ranges. 

Discotic dimers, where two discotic moieties are tethered, overcome this hinderance through their 

unique ability to supercool and retain liquid crystallinity at device operating temperatures; however, the 

flexible linker that helps promote supercooling also makes dimers difficult to study – the dimer can 

adopt multiple conformations in equilibrium, including folded and extended structures. The effect 

these conformational dynamics have on the liquid crystal (LC) properties is still poorly understood. 

A series of dibenzo[a,c]phenazine diesters with subtle changes to the linking group were prepared and 

their conformational dynamics and self-assembly were probed. We observed a strong sensitivity 

between linker stereochemistry and supramolecular self-assembly. For a pair of 2,3-butyl dimers, the 

meso isomer, which extends more than its diastereomer, formed a substantially more thermally stable 

and ordered columnar phase. The different properties arose from differences in their conformational 

equilibria, as self-assembly from extended shapes was shown to stabilize and increase the order of the 

columnar hexagonal phase. In addition to the conformational equilibrium, the geometries had a 

significant impact on the supramolecular self-assembly. For a pair of 1,2-cyclohexyl diastereomers, one 

isomer was liquid crystalline, and the other was amorphous. The disparate phase behaviour stemmed 

from their unfolded shapes, as the mesogenic isomer formed an extended and fairly planar structure 

while the amorphous isomer could only adopt non-planar unfolded geometries. 

We also investigated the effect adjacent groups have on the conformational dynamics and self-

assembly, as the majority of discotic dimers contain an ether group ortho to the linker. In discotic 

monomers, adjacent ether groups broadened and lowered the columnar thermal range through 

depression of the melting temperature and elevation of the clearing temperature. In dimers, the 

additional ether group deterred folding. While we anticipated this would enhance the columnar thermal 

stability, the opposite was observed. We discovered the adjacent ether group destabilizes the columnar 

phase from extended geometries. The ether group likely perturbs planarity in the columnar hexagonal 

array to some extent, highlighting again the importance of planarity for columnar self-assembly from 

extended shapes. 

Finally, the lessons learned from discotic dimer self-assembly was utilized to design discotic nematic 

materials. To promote the rarely observed phase, discotic dimers with a short direct ester bridge and 

an adjacent ether group were synthesized. The key was the non-planar, extended geometry, which 

allowed promotion of nematic ordering over columnar hexagonal assembly. 

Keywords:  Liquid crystals; discotic dimers; conformational dynamics; folding; self-assembly 
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Chapter 1.  
 
Introduction 

1.1. Thesis Purpose 

This thesis focuses on understanding the conformational dynamics and liquid crystal 

properties of discotic dimers. Many conventional discotics suffer from the limitation that they exhibit 

liquid crystallinity at high temperatures over a narrow range. Discotic dimers are appealing for their 

ability to supercool and retain liquid crystallinity at room temperature; however, the inherent molecular 

flexibility of discotic dimers, which helps promote supercooling, has made it challenging to predict 

their molecular shape and self-assembly. This has made it difficult to relate their macroscopic 

properties to their molecular structure. My work aims to bridge the gap between the discotic dimers’ 

molecular structure (shape) and their supramolecular ordering (self-assembly). 

1.2. Liquid Crystals 

1.2.1. A Brief Overview 

We are all familiar with two commonly observed condensed phases of matter: crystalline solids 

and isotropic liquids. The adjectives “crystalline” and “isotropic” are included to describe the molecular 

(or atomic) organization. Crystalline solids are highly rigid and lack fluidity.1,2 They are typically 

comprised of three-dimensional (3D) networks with positional and orientational ordering between 

molecules.3–5 Conversely, isotropic liquids do not display any long-range order between molecules and 

are very fluid.1,2 Most compounds in nature transition directly between these two states of matter with 

changes in temperature and pressure.3 For a certain class of molecules called mesogens, an intermediate 

phase exists between the crystalline (Cr) and isotropic (Iso) phases, termed the liquid crystal (LC) 

phase.6–8 This phase is crystal-like because molecules can exhibit orientational order as well as some 

degree of 1D or 2D positional order. The LC phase is also fluid in the sense that molecules can display 

varying degrees of molecular motion. The degree of order and fluidity depends on the type of LC phase 

formed.9 

Liquid crystals are grouped into two categories: lyotropic and thermotropic LCs. Lyotropic 

LCs arise from mixtures of amphiphilic (containing hydrophobic and hydrophilic components) 

mesogens and a solvent, typically water.6,10,11 The LC phases are formed as a function of concentration 
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and temperature, assuming a constant pressure.10–12 Thermotropic LCs describe molecules that form 

LC phases on the basis of temperature, again under a constant pressure, without the need of a 

solvent.6,13,14 Thermotropic LCs are by far the most common type of liquid crystal, seeing more 

prominence in the literature and in technological applications.15–18 My research focuses on 

thermotropic LCs; thus, lyotropic LCs will not be discussed further. 

Figure 1.1 provides a simplified graphical representation of the phase behaviour of a typical 

thermotropic liquid crystal. Two transitions are observed upon heating the material: a melting 

temperature (Tm) transition and a clearing temperature (Tc) transition.19,20 These transitions correspond 

to the Cr-to-LC and LC-to-Iso transitions, respectively. As shown graphically, the degree of order and 

mobility of the molecules change as the material transitions between the different phases. Order and 

fluidity are roughly inversely proportional to one another; the more ordered the phase, the less fluid it 

is, and vice versa.9,20 

 

Figure 1.1. Simplified phase sequence of thermotropic liquid crystals. 

Mesogens can come in a variety of molecular architectures but are generally divided into two 

categories: rod-shaped (calamitic) and disc-shaped (discotic) mesogens. Calamitic mesogens tend to 

form layered (lamellar) structures, called smectic phases.20,21 These smectic phases can have varying 

degrees of order and fluidity, which are differentiated into different types of smectic phases (SmA, 

SmC, etc.).22–25 Calamitics also commonly form a very disordered LC phase called the nematic phase, 

in which molecules have no positional order but are oriented in the same average direction.20,23 Nematic 
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phases tend to be nearly as fluid as isotropic liquids. There has been extensive research on the 

properties and applications of calamitic LCs;17,24–27 they will not be discussed further here. 

1.2.2. Discotic Liquid Crystals 

Discotic mesogens constitute the other main type of molecular architecture investigated for 

liquid crystals and will be discussed extensively herein. Discotic LCs typically resemble the structure 

shown in Figure 1.2(a), where the molecule is comprised of a central, rigid aromatic core with flexible 

chains on the periphery.14,28 These disc-shaped molecules tend to stack on top of one another into 

columns, driven by quadrupolar interactions between the aromatic cores (π-π stacking).29 The columns 

can self-organize into different types of supramolecular structures, with the most common being the 

columnar hexagonal (Colh) phase shown Figure 1.2(a). The hexagonal array efficiently minimizes free 

space, which is an important driving force in the self-assembly of materials.29,30 A macroscopic example 

of hexagonal packing is shown in Figure 1.2(b) with the self-assembly of soap bubbles.  

 

Figure 1.2. (a) Schematic showing the common molecular architecture of discotics (left), their 
columnar self-assembly (middle), and the columnar hexagonal phase (right). (b) Self-
assembly of soap bubbles, highlighting their hexagonal arrangement. 

Discotics can self-assemble into other columnar structures. The most prevalent besides 

hexagonal are the columnar rectangular (Colr) phases (Figure 1.3).29,31–34 These arrays are less 

symmetric, distorted versions of the Colh phase. Another possible, but rarer, columnar phase is the 

columnar oblique (Colob) phase, which is essentially a tilted derivative of the Colr (P21/a) phase.29,31,32 

The type of columnar phase formed strongly depends on the molecular geometry, including the size, 

shape, and flexibility of the structure, as well as the temperature. Columnar phases tend to be more 

ordered and less fluid than most LC phases. 
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Figure 1.3. 2D views of columnar phases adopted by discotic mesogens; I: hexagonal (P6/mmm), 
II: rectangular (P21/a), III: rectangular (P2/a), IV: rectangular face-centred (C2/m), and 
V: oblique (P1). 

In addition to columns, discotics can also form nematic phases.29 The nematic phase in 

discotics is subcategorized into three types of organizations: the discotic nematic (ND),35,36 columnar 

nematic (Ncol),37–40 and the lateral nematic (NL) phase (Figure 1.4(a)).41 A macroscopic example of the 

ND phase is shown in Figure 1.4(b) with the orientational organization of coins on a table. Like the 

nematic phase of calamitics, these phases lack long-range positional order but have orientational (or 

directional) bulk ordering among the discs.29,32 The nematic discotic phases are very disordered and 

highly fluid, contrasting the more ordered and less fluid columnar LC phases. The nematic phase is 

rarely observed in discotics. As a result, their self-assembly is less understood and most studies have 

focused on columnar phases. 

 

Figure 1.4. (a) Nematic phases adopted by discotic mesogens; I: discotic nematic (ND), II: nematic 
columnar (Ncol), III: nematic lateral (NL). (b) Assembly of coins on a table representing 
ND organization. 
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Since their discovery in 1977,42 tremendous research efforts have gone into understanding and 

developing columnar materials from discotic mesogens.31,32,43 Being highly ordered, columnar 

materials, in some cases, have shown high charge carrier mobilities, achieved through the column via 

π-π orbital overlap.31,32,44 This has led to application in organic semiconducting devices such as organic 

light-emitting diodes (OLEDs),45–47 organic photovoltaics (OPVs),48–52 and organic field-effect 

transistors (OFETs).53–57 In addition to their electronic transport, the fluidity of columnar phases 

enables the material to self-heal defects that can occur in devices.53,54,58 This provides a substantial 

advantage over conventional organic semiconductors, where defects and grain boundaries are 

detrimental to the efficiency of devices based on crystalline materials.59–62 Despite their rarity, nematic 

discotic materials have seen application in devices as well, as compensation films to enhance the 

viewing angles of liquid crystal displays (LCDs).35,63,64 

When developing materials for applications, it is critical to be able to predict and control the 

supramolecular self-assembly.65 Molecular structure, including the size, shape, flexibility, and atomic 

make-up, will influence the supramolecular self-assembly.66–68 Self-assembly will dictate the phase 

behaviour, the degree of order and fluidity, the thermal properties, and the electronic transport;69–74 

hence, the device performance in materials is strongly dependent on the supramolecular self-assembly, 

which in turn is determined by the molecular structure (Figure 1.5).65 An example of this sensitivity 

was presented by John Anthony and coworkers, who found electronic transport in the material was 

strongly impacted by small structural changes in pentacene derivatives, due to their different 

supramolecular organizations.75 It is therefore paramount to understand structure-property 

relationships in materials chemistry. 

 

Figure 1.5. Schematic outlining the importance in understanding structure-property relationships 
when designing materials for devices. 

In an effort to understand structure-property relationships in discotic mesogens, many 

different types of molecular architectures have been investigated for columnar liquid crystalline 

materials.32,68,76 The most common discotic mesogens are based on a triphenylene core, with six flexible 

groups on the periphery (Figure 1.6).77–81 Other commonly used aromatic cores shown in Figure 1.6 

include benzene,82–84 perylene,85–87 hexabenzocoronene,88–90 and phthalocyanine derivatives,91–93 but 
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there are of course many others.32,94 Each of these aromatic cores are typically surrounded by flexible 

chains (R group in Figure 1.6). The type of chain employed will also affect the self-assembly. Alkoxy 

chains are the most common,95,96 but other chains such as alkyl chains, esters, thiols, and many others 

have also been used.94,97 

 

Figure 1.6. Examples of discotic molecular architectures; I: triphenylene, II: benzene, III: perylene, 
IV: hexabenzocoronene, V: phthalocyanine. R groups represent flexible chains. 

Our group has historically focused our research efforts on dibenzo[a,c]phenazine (DBP) based 

discotic mesogens. DBPs are advantageous for a few reasons. The precursor, the phenanthrene 

quinone, can be reliably synthesized from catechol in three-steps on a multi-gram scale (Scheme 

1.1).98,99 The quinone is then coupled to a diaminobenzene derivative, many of which are commercially 

available, in high yield, providing considerable synthetic versatility.99,100 In addition to their synthetic 

advantages, DBPs tend to form thermally broad columnar LC phases. The thermal stability of DBP 

mesogens has been attributed to their shape and electronic anisotropy, typically packing in an 

antiparallel arrangement within a column.99–102 Many different DBP derivatives have been investigated 
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by our group and others.103 Studies include probing the phase behaviour upon varying the peripheral 

chains,104–106 size of the aromatic core,107–109 and functional groups off of the phenazine moiety.100,110,111 

Scheme 1.1. Synthetic route to dibenzo[a,c]phenazine discotic architectures. The R group 
represents a linear alkyl chain. The X and Y groups represent any number of 
functional groups (e.g., H, Cl, Br, NO2, CH3, OCH3, etc.). 

 

Reagents and conditions: (a) R-Br, tetrabutylammonium bromide (Bu4NBr; cat.), potassium carbonate (K2CO3), 

butanone, reflux, 1 d; (b) oxalyl chloride, aluminum trichloride (AlCl3), dry dichloromethane (CH2Cl2), room 

temperature (rt), 1 d; (c) boron trifluoride etherate (BF3·Et2O), vanadium oxytrifluoride (VOF3), dry CH2Cl2, rt, 

3 h; (d) glacial acetic acid (cat.), anhydrous ethanol, reflux, 1 d. 

1.3. Discotic Dimers 

Despite decades of research, discotic columnar LCs have seen little deployment in industrial 

organic semiconductor applications. One major limitation is the thermal stability of the columnar 

phase, which often exists over narrow temperature ranges well above room temperature.31,32,94 The 

thermal behaviour reflects the tendency of these large aromatic molecules to form stable crystalline 

phases, melting into the columnar LC phase at high temperatures. Ideally for semiconducting devices, 

we desire discotic materials that form the LC phase at room temperature for device operation. One 

reliable method to overcome the thermal limitations of columnar phases is to bridge two aromatic 

discs with a flexible tether, forming a discotic dimer (Figure 1.7). These flexible molecules are excellent 

LC glass formers, which supercool in the columnar LC phase down to room temperature.112–114 This 



8 

metastable LC glass can exist at room temperature for months to years depending on the dimer 

structure.114–117 

 

Figure 1.7. Conformational equilibrium of flexible discotic dimers between unfolded (left) and 
folded (right) structures. 

In addition to inhibiting crystallization, the linking group in discotic dimers can significantly 

affect the self-assembly and charge carrier mobilities (electronic transport);53,118–121 however, these 

effects are complicated and poorly understood. The difficulty lies in the dynamic shape of the dimer. 

Unlike monomeric derivatives, which have fairly well-defined molecular shapes, discotic dimers can 

adopt a variety of conformations, consisting of both folded and unfolded structures (Figure 1.7).114 

Complicating matters further, these different folded and unfolded conformers can theoretically exist 

in equilibrium in the LC phase. Given the strong connection between molecular shape and self-

assembly, it is essential to understand the conformational dynamics between folded and unfolded 

shapes. 

There have been numerous reports of discotic dimers with different aromatic cores and linking 

groups.122–124 The majority of studies have focused on triphenylene and benzene dimers with relatively 

linear and flexible linkers, examining the impact of linker length on the phase behaviour.119–121,125 Liquid 

crystallinity is generally observed when the linker is longer than the peripheral chain length.77,125–127 

Self-assembly via extended structures was proposed, ascribing the absence of liquid crystallinity for 

shorter tethers to a lack of planarity and the inability of the two discs to span two columns (Figure 

1.8).114,128,129 The adoption of extended shapes is especially apparent for dimers with linkers twice the 

length of the peripheral chain length, the so called “perfect twin” dimer.119,120,128 These dimers self-

assemble in an analogous manner to its monomeric analogue, with nearly identical thermodynamic 

phase behaviour. 
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Figure 1.8. (a) Unfolded discotic dimers with short linkers (left) and long linkers (right) relative to 
the peripheral chain length. (b) Simplified representation of intercolumnar stacking via 
unfolded dimers. 

Discotic dimers forming columnar phases with short linkers are not completely 

unprecedented. In 2011, Ong and coworkers reported dibenzo[a,c]phenazine (DBP) dimers with ether 

bridges of equal length or shorter than the peripheral chains.115 They suggested that the dimers adopt 

folded structures that permit both discs to pack within a single column, thereby obviating the need for 

the linker to span the distance between columns (Figure 1.9). Three years later, Kevin Bozek, a former 

member of our group, reported columnar phase behaviour for a DBP propyl diester, whose bridge was 

shorter than the peripheral chains.116 Bozek also suggested self-assembly occurred via intracolumnar 

stacking. 

 

Figure 1.9. (a) Schematic of a discotic dimer with a short linker that can fold. (b) Simplified 
representation of intracolumnar stacking via folded dimers. 

While most discotic dimers contain linear, flexible tethers,  there are a select number of reports 

that have looked at columnar forming dimers with more exotic and rigid linkers.122 For example, 

Gorecka and coworkers showed Colh phase behaviour at high temperatures with a 1,4-phenylene 

linker.130 Nematic discotic phases are often obtained using fairly rigid linkers, such as triphenylene 

dimers with an acetylene linker reported by Kumar and Varshney.131 Another type of dimer studied are 

the phthalocyanine double-deckers, which connect two phthalocyanine macrocycles by a rare earth 

metal.132 There are many others that can be named, but the purpose of this thesis is not to provide a 

historical review of discotic dimers, which have been widely reviewed in the literature.122–124 
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Because discotic monomers have been extensively studied for decades, we have some insight 

into how the aromatic core and peripheral groups affect discotic dimer self-assembly. While the role 

of the linking group in discotic dimers has also been investigated, as noted above, we have a much 

poorer understanding on its influence on self-assembly. For example, the folded DBP dimers studied 

by Ong (ether bridge)115 and Bozek (ester bridge)116 report similar folded shapes, yet their phase 

behaviours are very different. Ong’s dimer forms a Colh phase below 160 °C and cools into a Colr 

phase, while Bozek’s dimer forms a Colh phase up to 205 °C (see below; R = C6H13). Moreover, Bozek’s 

flexible DBP diesters discussed in his dissertation all seemingly adopt identical folded shapes in the LC 

phase, yet their columnar phases have different thermal stabilities.133 Our lack of understanding may 

stem from the dynamic conformational equilibrium that exists for flexible discotic dimers (Figure 1.7), 

even for ones with short linkers. One must consider the types of shapes adopted (folded and unfolded) 

and the relative population of each. Given the strong correlation between molecular shape and self-

assembly in discotic LCs, it is critical to understand the conformational dynamics of discotic dimers. 

 

1.4. Probing the Conformational Dynamics of Discotic Dimers 

The idea that dimers can fold and unfold in the columnar phase was proposed more than two 

decades ago.114,128 In Boden and coworkers’ report in 1999, they modelled the different possible folded 

and extended conformational modes of discotic dimers in the columnar phase;114 however, to date 

there have been no reports of detailed studies on discotic dimer conformational dynamics. There have 

been reports suggesting columnar self-assembly via purely unfolded or folded shapes, as outlined in the 

previous section, but no mention of dimers that can do both in equilibrium. Furthermore, the impact 

folded versus unfolded shapes have on the liquid crystal properties has not been explicitly investigated. 

One reason for the lack of direct studies is the difficulty in trying to decipher between folded and 

unfolded forms in the LC phase, especially if the dimer can adopt both in equilibrium. 

Figure 1.10 shows an example of the difficulty in defining the shape of discotic dimers in the 

LC phase. By powder X-ray diffraction (XRD), a commonly used technique to analyze supramolecular 

self-assembly (see section 1.9.3),134 the two dimers are essentially identical. They both form Colh phases 

with columnar spacings (lattice constant, a) within an ångström (Å) of each other; yet their shapes are 
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seemingly different. The dimer on the left is reported to adopt a folded structure,115 while the dimer 

on the right is unfolded.130 Compounding the issue, the monomeric analogue of the 1,4-phenylene 

dimer also forms a Colh phase with virtually the same lattice spacing. Clearly, it is difficult to determine 

the shape of the dimer based purely on powder XRD, despite some reports claiming dimers with 

columnar spacings comparable to monomers support self-assembly via folded shapes. 

 

Figure 1.10. Two previously reported DBP dimers (I and II) along with the monomeric analogue of 
the 1,4-phenylene bridged dimer (III). Dimer I was reported to fold in the columnar 
phase;115 dimer II can only exist unfolded;130 R = C8H17. 

One method that could differentiate folded versus unfolded forms, at least in the crystalline 

phase, is single crystal XRD.134 This of course requires growing single crystals of the material; however, 

the advantageous glass forming ability of discotic dimers inhibits single crystal growth. Indeed, there 

have been multiple attempts to grow single crystals from discotic dimers in our group, but we have 

thus far been unsuccessful. 

A less direct approach may be needed to probe the conformational dynamics of discotic 

dimers. If the shape can be determined in other media (solution, gas phase, etc.), the data can be used 

to infer what is occurring in the LC phase, with appropriate assumptions. Solution analyses represent 

a much more accessible media to probe the conformational dynamics of molecules.135 Kevin Bozek, a 

former member of our group, first reported the conformational dynamics of a discotic dimer in 

solution, specifically the aforementioned DBP propyl diester.116 He observed an upfield shift in the 

aromatic region of the 1H NMR spectrum of the dimer relative to that of a DBP monomer (Figure 

1.11). Here, a simple DBP methyl ester is used as the monomeric comparison. The majority of DBP 
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monoesters give virtually identical 1H NMR signals in the aromatic region,136 and thus any DBP 

monomer can be used to probe the degree of folding. 

 

Figure 1.11. 1H NMR spectra of the previously reported DBP methyl ester (monomer)110 and 1,3-
propyl diester (dimer).116 

The significant upfield shift observed for the dimer relative to the monomer provides evidence 

for folding in solution. When two aromatic cores are intramolecularly stacked (folded), the aromatic 

protons on one ring lie in the shielding cone of the adjacent ring, thereby becoming more shielded and 

shifted upfield in the 1H NMR spectrum.137 NMR spectroscopy has been used extensively to probe 

supramolecular assemblies,138 including folding effects in dimers for non-mesogenic systems.139,140 For 

instance, Zachariasse and coworkers used 1H NMR to examine the folded geometries of pyrene diesters 

for excimer formation.141,142 

Bozek’s report in 2014 was the first study in the discotic LC field to report folding in solution. 

He also predicted the dimer likely folds in the columnar LC phase given its short linking group. In 

addition to this report, Bozek performed multiple experiments to understand the conformational 

dynamics of discotic dimers. In his dissertation, he estimated the equilibrium constant between folded 

and unfolded conformers in solution;133 yet, one aspect that was not considered was the ability of these 

dimers to adopt both folded and unfolded forms in the columnar phase. It was assumed the dimers 

with their relatively short linkers self-assembled via folded structures. This assumption has been applied 

in some literature reports as well; however, the hydroquinone bridged dimer in Figure 1.10 suggests 
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unfolded conformers with short linkers may be able to span two columns, at least with a DBP core.130 

If a dimer adopts both folded and unfolded structures in solution, this equilibrium may exist in the LC 

phase as well. What implications do the conformational geometries (folded versus unfolded) and 

dynamics (degree of folding) have on the liquid crystal properties of discotic dimers? 

1.5. Thesis Overview 

The purpose of this thesis is to help answer the question outlined above so we can attain a 

better understanding of discotic dimer self-assembly. Because the conformational dynamics depend on 

the nature of the aromatic core, peripheral chains, and the linking group,140,141,143 the discotic core and 

peripheral chains will be kept constant. A DBP core with four hexyloxy chains on the periphery (except 

in Chapter 6) will be employed. Only the linking group will be varied, allowing us to directly probe the 

effect the linker has on the conformational dynamics, and in turn the self-assembly. The linking group 

will consist of a diester linkage (Scheme 1.2). The diester bridge was chosen because, synthetically, the 

dimers can be obtained via a simple Steglich esterification144 from the known DBP acid110 and a 

commercially available diol (Scheme 1.2). The former compound is synthesized from the previously 

described phenanthrene quinone with commercially available 3,4-diaminobenzoic acid, as shown 

below. DBP esters are also advantageous for their tendency to form thermally broad columnar LC 

phases, attributed to the electronic withdrawing ability of the ester.110,136 For example, the previously 

mentioned propyl DBP diester forms a wide columnar LC phase range (96−205 °C).116 
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Scheme 1.2. Synthetic route towards DBP diesters. 

 

Reagents and conditions: (a) glacial acetic acid (cat.), anhydrous ethanol, reflux, 1 d; (b) diol, 4-

dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 0 °C – rt, 1 d. 

The conformational dynamics between folded and unfolded conformers will be analyzed in 

solution by probing for upfield shifts in the aromatic region of the 1H NMR spectrum. Density 

functional theory (DFT)145 calculations will be used to model the folded and unfolded geometries of 

the dimers. The solution behaviour and DFT models will be used in conjunction to define the dimer’s 

shape, allowing us to better understand their self-assembly. In particular, we are interested in how the 

conformational dynamics and geometries affect the thermal stability of the columnar LC phase and the 

metastability of the LC glass at room temperature. The former can be assessed by examining the 

clearing temperature (Tc), which is the upper thermal limit of the LC phase. The latter can be probed 

by analyzing microscopy and XRD samples that have been left at ambient conditions for prolonged 

periods. Both of these properties are important parameters for applications using discotic dimers.54 

 In Chapter 2, the effect linker stereochemistry has on the conformational dynamics and LC 

self-assembly is measured for a pair of 2,3-butyl linked DBP diesters. In Chapter 3, these properties 

are assessed for a pair of conformationally constrained dimers. In Chapters 4 and 5, the role adjacent 

ether groups have on the self-assembly of discotic dimers and monomers are examined. Most dimers 

reported in the literature have ether groups ortho to the linking group (like structure I in Figure 1.10);122 

however, our diesters (including those in Chapters 2 and 3) do not. Our DBP diesters show 

comparatively higher clearing temperatures and prolonged LC glass stabilities, in addition to the 

unprecedented folding behaviour in solution. I therefore wanted to determine if the lack of an adjacent 
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ether group is responsible for these marked differences. To understand the role the adjacent ether 

group has on discotic dimer self-assembly (Chapter 5), I first needed to understand its role in 

monomeric systems (Chapter 4). 

In November 2019, it was recommended by my committee to seek out a “capstone project”, 

one that takes everything I learned from my research to design a new series of molecules. To this end, 

Chapter 6 investigates a series of discotic dimers as potential nematic discotic (ND) materials. The ND 

phase is a highly fluid LC phase, making it easy to form large, well-aligned uniform thin films for 

devices.146 Such alignment is difficult to achieve for columnar materials, which has hampered their 

device performance.147 Key structure-property relationships are developed to provide strategies 

towards designing discotic materials that form the rarely observed ND phase. 

The final chapter concludes and presents ideas for future work, including a brief case study on 

a series of discotic tetramers. The case study demonstrates how probing discotic dimer self-assembly 

allows us to model more complicated oligomeric and potentially polymeric systems. All of the chapters 

exemplify the importance in understanding the conformational dynamics of discotic dimers to control 

their self-assembly, all in an effort to enable an a priori design of materials. 

1.6. Solution Properties Characterization 

1.6.1. NMR Techniques 

Nuclear magnetic resonance (NMR) spectroscopy is a universally used tool for identifying and 

assessing the purity of organic compounds.148 NMR studies performed include 1D (1H and 13C) and 

2D (COSY, HSQC, and HMBC) experiments. Proton NMR (1H NMR)149 spectroscopy was used to 

identify compounds, assess their purity, and describe the conformational dynamics of discotic dimers. 

Proton-decoupled Carbon-13 NMR (13C{1H} NMR)150,151 spectroscopy was also used in compound 

identification, as were the 2D techniques: correlation spectroscopy (COSY), heteronuclear single-

quantum correlation spectroscopy (HSQC), and heteronuclear multi-bond correlation spectroscopy 

(HMBC). COSY gives proton-proton correlations 3-4 bonds away, HSQC provides carbon-hydrogen 

one bond correlations, and HMBC gives carbon-hydrogen correlations over multiple bonds.152  

Rotating Frame Overhauser Enhancement Spectroscopy (ROESY) is also briefly discussed in 

this thesis. This technique can provide through space couplings between protons that are 

approximately 4.5 Å apart or less,152 which may be useful in identifying folding in discotic dimers. 
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1.6.2. Degree of Folding 

As previously mentioned, the degree of folding for a discotic dimer in solution can be assessed 

by probing for upfield shifts in the aromatic region of the 1H NMR spectrum with respect to a 

monomeric analogue. In flexible systems, the folded and unfolded conformations can exist in 

equilibrium. In an ideal case, one could observe distinct aromatic peaks for both the unfolded and 

folded conformers. This would mean the conformational equilibrium is in slow exchange relative to 

the timescale of the NMR experiment.153 In practice, room temperature 1H NMR spectroscopy cannot 

distinguish between the two states for the discotic dimers examined, suggesting the equilibrium is in 

fast exchange on the NMR timescale. The temperature can be lowered in an attempt to reach the 

coalescence temperature, at which the equilibrium is in slow exchange.153 Kevin Bozek measured the 

1H NMR spectra of his dimers below room temperature, down to -10 °C; 133 however, he was not able 

to reach the coalescence temperature, at which point the two conformational modes would be 

distinguishable in the 1H NMR spectrum. 

Since the conformational equilibrium in Figure 1.7 is in fast exchange, the observed chemical 

shifts for the aromatic protons of a discotic dimer, d, are described as the difference between the 

chemical shifts of the unfolded conformer, u, and those of the folded conformer, f, in proportion to 

their mole fractions u and f, respectively (equation 1-1): 

 𝛿𝑑  =  𝜒𝑢𝛿𝑢 − 𝜒𝑓𝛿𝑓 (1-1) 

The relative populations of the folded and unfolded conformations will determine the overall observed 

d. That is, a relatively high amount of the unfolded conformer would yield comparatively downfield 

d values, whereas high amounts of the folded conformer would provide relatively upfield d values. 

The observed upfield shift in the aromatic region of a discotic dimer relative to a monomer, Δ, can 

be described by equation 1-2, 

 ∆𝛿 =  𝛿𝑚 −  𝛿𝑑 (1-2) 

where m is the observed chemical shift of a DBP monoester. Combining equations 1-1 and 1-2 yields 

equation 1-3, 

 ∆𝛿 =  𝛿𝑚 − (𝜒𝑢𝛿𝑢 −  𝜒𝑓𝛿𝑓) (1-3) 
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which will be used to describe the conformational equilibrium of flexible dimers in solution. More 

details are provided in Chapter 2. 

 Another factor that needs to be considered for the conformational dynamics is the influence 

of aggregation (intermolecular π-π stacking interactions). Variable concentration NMR experiments 

can help rule out aggregation effects, as upfield shifts (Δ) due to these intermolecular interactions will 

be concentration dependent, decreasing in effect with decreasing concentration. Conversely, 

intramolecular interactions are independent of concentration, and thus solutions at low concentration 

should have roughly the same observed Δ values as higher concentration samples. Many of the dimers 

discussed in subsequent chapters were tested for concentration dependence and showed little to no 

change in the observed Δ at different concentrations. This confirms the upfield shifts observed in the 

1H NMR experiments are due to intramolecular (folding) effects. Bozek observed similar concentration 

independence for his dimers.133 Note that the concentrations of the dimers in chloroform solutions 

ranged from 10-4 to 10-2 M. The 1H NMR could not be measured at higher concentrations because 10-

2 M is close to the saturation limit of the dimers. This is especially the case for dimers that tend to 

unfold in solution, as extended dimers exhibited lower solubilities than folded dimers. 

 Solvent and temperature can also affect the degree of upfield shifts. Bozek conducted an 

extensive analysis on the solvent and temperature dependence of the observed upfield shifts in his 

dimeric systems.133 He found little variation in the upfield shifts with the different solvents tested. In 

his variable temperature experiments, he observed very small downfield shifts (≤ 0.25 ppm) up to 70 

°C, suggesting the unfolded conformer becomes slightly more populated at higher temperatures. 

Because Bozek already conducted an extensive analysis on the effects of solvent and temperature on 

folding in his dissertation, these experiments were not performed and will not be discussed further 

herein. 

1.6.3. Diffusion Ordered Spectroscopy (DOSY) 

Diffusion ordered spectroscopy (DOSY) is an NMR based technique that is often used to 

separate the NMR spectra of molecules in solution using their diffusion coefficients.154 The diffusion 

coefficient measures the amount molecules diffuse over a given area in solution per second, with units 

of m2 s-1. The diffusion coefficient is influenced by several physical properties such as size, shape, and 

aggregation.154 DOSY can therefore provide useful information on the relative size of molecules.  

The diffusion coefficient (D) is proportional to the thermal energy of the system as well as the 

molecular dimensions.155 This is described by the relationship (equation 1-4): 



18 

 𝐷 =  
𝑘𝐵𝑇

𝑓
 (1-4) 

where kB is the Boltzmann coefficient, T is the temperature, and f is the hydrodynamic friction 

coefficient or the frictional factor. For ideal cases where the molecule is spherical in shape, the Stokes 

equation can be used to relate f to the hydrodynamic or Stokes radius, rs, and the solution viscosity, η 

(equation 1-5). 

 𝑓 = 6𝜋𝜂𝑟𝑠 (1-5) 

Combining equations 1-4 and 1-5 gives the Stokes-Einstein equation (equation 1-6).155 

 𝐷 =  
𝑘𝐵𝑇

6𝜋𝜂𝑟𝑠
 (1-6) 

The Stokes-Einstein equation shows the diffusion coefficient is inversely proportional to the 

radius (rs) of the molecule, assuming the other factors (T and η) are accounted for. This relationship 

assumes molecules are spherical and much larger than the solvent molecules. The spherical assumption 

does not hold for large, irregularly shaped molecules, like the discotic dimers investigated in this thesis. 

For non-spherical, more multifaceted shapes, modelling the hydrodynamic friction coefficient, f, 

becomes more difficult. For this reason, the diffusion coefficients themselves are often reported as an 

estimate of size, since larger molecules will have smaller diffusion coefficients than smaller molecules, 

and vice versa, according to equation 1-6.155 It should be noted that by estimating molecular size using 

the diffusion coefficients, we assume a constant temperature (all samples were measured at 300 K) and 

a constant viscosity; the latter was assumed to be true across all samples. 

DOSY experiments involve several key components that are beyond the scope of this thesis. 

The basic experimental procedure will be briefly discussed here. The simplest DOSY experiment is the 

pulsed field gradient (PFG) spin-echo method. Two gradient pulses are employed, separated by some 

time (Δ). A 180° radiofrequency pulse is applied between them at time Δ/2. This causes the initial 

magnetization from the first pulse to flip, resulting in a negative value. A second refocusing gradient 

pulse is applied; however, complete refocusing will occur only if the local magnetization is identical 

during the two gradient pulses. This means that a complete refocusing only occurs if the molecule has 

not moved in between the two pulses. If the molecule diffuses away during the diffusion delay Δ, the 

local field experienced during the second gradient pulse will not match the first, resulting in only partial 

refocusing. This causes the signal to decrease in intensity. The amount of attenuation depends on how 

far the molecule diffused during the diffusion delay Δ. In essence, the larger the molecule, the stronger 

the signal and the smaller the molecule, the weaker the signal.155 
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The diffusion rate is characterized by sequentially increasing the diffusion period (Δ), the 

length of the gradient pulses (), or gradient strength (G) and monitoring the signal change over this 

period. In practice, G is varied while the other two parameters are kept constant. The intensity of the 

signal (I) at the end of the gradient pulse can be described by a simplified version of the Stejskal-Tanner 

expression (equation 1-7).155 

 𝐼 = 𝐼0𝑒−𝐷𝛾2𝐺2𝛿2(Δ−
𝛿

3
−

𝜏

2
)
 (1-7) 

Here, I0 is the intensity at zero gradient strength, D is the diffusion coefficient, γ is the gyromagnetic 

ratio, and Δ and τ are the diffusion delays. 

The DOSY experiments performed in this thesis use the more commonly employed bipolar 

pulse pair longitudinal eddy current delay (BPP-LED) sequence. The details of this experiment are 

beyond the scope of this thesis. Essentially, the BPP involves adding two equal pulses at Δ/2 of 

opposing signs, separated by a 180° pulse. This method is advantageous because it generates fewer 

eddy current distortions and is independent of deuterium nuclei, both of which can hamper the single 

gradient pulse methods.155 A full description of the experimental procedure and parameters is provided 

in section 2.7.7 in Chapter 2. 

1.7. Computational Chemistry 

Density functional theory (DFT)145 calculations were used to calculate the energies and 

geometries of the numerous possible conformations for a given molecule. DFT calculations are widely 

used to describe 3D molecular structures in the gas phase.156,157 DFT uses the electron density of a N-

body system (i.e., a molecule) to describe the electronic structure and properties of the ground state. 

This provides a simpler and cheaper (in terms of calculation time) method to calculate the ground state 

of the molecule compared to using molecular orbital theory to solve the N-electron wavefunction  

and the associated Schrodinger equation.145 DFT provides an excellent balance between accuracy and 

cost-effectiveness. It is especially advantageous when predicting the minimum energy of structures, 

which will be used in this thesis. 

Many improvements to DFT have been made over the years. One of the most popular is the 

Becke three parameter Lee-Yang-Parr (B3LYP) hybrid functional.158,159 B3LYP is still the most 

commonly used density functional for chemical applications.160 The B3LYP method was used for all 

calculations unless otherwise specified. They were performed at the 6-31G(d) level, a commonly used 

basis set for calculations of this type.161,162 Calculations with a second polarization, 6-31G(d,p), were 
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tested with some of the conformers but no significant differences in the optimized geometries were 

observed. Because of the size and therefore complexity in optimizing these large dimeric molecules, 

many structures were first optimized by molecular mechanics using the universal force-field (UFF)163 

method to obtain a reasonable starting geometry before optimizing with DFT. This procedure helped 

reduce calculation cost (see Appendix A for more detail). 

One area of concern with DFT calculations is when dispersion interactions are significant. 

Uncorrected DFT calculations, including B3LYP, do not correctly describe long-range dispersion 

interactions. They tend to treat these interactions as repulsive, contradicting empirical data.164 Since the 

geometry and energy for many of our calculations rely on dispersion interactions (e.g., folded 

conformers), a dispersion correction was added for all DFT calculations. The Grimme D3 dispersion 

correction was employed, which has been shown to provide reliable results in conjunction with hybrid 

density functionals like B3LYP.165–167 All calculations were performed on isolated molecules in the gas 

phase. Calculations involving the self-consistent reaction field (SCRF) method with chloroform were 

attempted; no significant differences were observed in the optimized geometries compared to gas phase 

calculations. More detail on how the calculations were conducted and how conformations were chosen 

and constructed is provided in Chapter 2 and in Appendix A. 

1.8. Folding in the Gas, Solution, and Liquid Crystal Phases 

The degree of folding and conformational geometries of dimers can differ depending on the 

surrounding media.168 In the gas phase, dimers can be viewed as isolated molecules, meaning 

interactions with neighboring molecules are ignored.169,170 This is the case for DFT calculations. The 

energetics of the system will therefore only depend on the energetics of individual conformers, 

including both folded and unfolded structures. Because π-π stacking interactions are generally 

attractive, especially with large aromatic cores like DBPs,171,172 we anticipate folded conformers will be 

energetically favoured over unfolded conformations in the gas phase. 

In solution, dimers are no longer in isolation. They are surrounded by both solvent molecules 

and by other neighboring dimers (solute). Because the NMR studies look at fairly dilute solutions (3−

5 mg/mL), we anticipate intermolecular interactions will be dominated by solute-solvent interactions. 

This is confirmed by the lack of noticeable aggregation for flexible dimers at these concentrations. The 

conformational dynamics will therefore depend on the energy of the individual conformers and on the 

interactions between the solute and the solvent (i.e., chloroform).173–175 The solute-solvent interaction 

will depend on the conformation of the dimer.175 For example, the unfolded structure has a larger 
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surface area compared to the folded structure. This may lead to greater solvation of unfolded structures 

with chloroform, which has been shown to interact favourably with aromatic π surfaces.138,176 

In the liquid crystal phase, the molecular concentrations are much higher (~1000 mg/mL) 

than in solution, meaning there will be significant interactions between neighbouring dimers. The 

conformational dynamics will depend on the energetics of the individual conformers and on the π- π 

stacking interactions between dimers, which will dictate self-assembly.177–179 Like in solution, the 

unfolded conformer has a larger surface area to interact with neighboring molecules, in this case 

through π-π stacking interactions. This may also stabilize unfolded structures in the liquid crystal 

relative to folded structures. The type of media will be considered when analyzing the conformational 

dynamics. These effects will be discussed in Chapters 2 and 3. 

1.9. Materials Properties Characterization 

The liquid crystalline properties of novel compounds were analyzed by differential scanning 

calorimetry (DSC), polarized optical microscopy (POM), and variable temperature X-ray diffraction 

(vt-XRD). These are commonly used techniques in the field of thermotropic liquid crystals to 

characterize their phase behaviour. The techniques are briefly discussed here. The specific 

instrumentation is detailed in the experimental sections of the subsequent chapters. 

1.9.1. Differential Scanning Calorimetry (DSC) 

DSC is a quantitative technique that measures the thermal phase behaviour of a material at a 

constant pressure.180 In a typical DSC experiment, two aluminum pans (one containing a measured 

amount of sample (sample pan) and one empty pan (reference pan)) are heated or cooled at a constant 

rate (Figure 1.12). The heat flow into or out of the system is measured as a function of temperature, 

giving a DSC thermogram like the one shown in Figure 1.12. When the sample maintains a singular 

phase (e.g., its crystalline state), the heat flow is linear with a slope that is offset to the heat capacity of 

the material. This is shown in equation 1-8 below, 

 Δ𝑞 = 𝑚𝐶𝑃Δ𝑇 (1-8) 

where Δq is the change in heat flow, ΔT is the change in temperature, m is the mass of the sample, and 

Cp is its heat capacity.180 
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Figure 1.12. DSC thermogram of a mesogenic compound showing the different phase transitions 
that can exist. The inset shows the sample chamber inside the instrument. Cr = 
crystalline, Colh = columnar hexagonal, Iso = isotropic, Tm = melting temperature, Tc = 
clearing temperature. 

When a phase transition occurs (e.g., crystal(Cr)-to-isotropic(Iso) transition), the change in heat 

flow is non-linear and very large over a small amount of time.180 This gives what is termed as a first-

order transition, with the peak maximum corresponding to the phase transition temperature. Another 

transition that can be observed is what is referred to as a second-order transition. These transitions are 

typically displayed by a short but sharp step in the baseline. Glass transitions (Tg) are examples of 

second-order transitions.180 

 Figure 1.12 shows an example of a DSC thermogram for a mesogenic molecule. Two 

transitions are typically observed on heating: a Cr-to-LC transition (melting temperature, Tm) and an 

LC-to-Iso transition (clearing temperature, Tc). The material repeats these transitions in reverse on 

cooling but with some degree of hysteresis due to supercooling; hence, phase transition temperatures 

are typically reported for the heating cycle.19 DSC data are commonly reported for the second or third 

heating/cooling cycle to avoid thermal anomalies from inhomogeneous neat samples, to rule out 

metastable paramorphic transitions, and to ensure the data are reproducible.180 For the discotic dimers 

in this thesis, their strong propensity to supercool and retain liquid crystallinity means their Tm 

transitions are not observed on subsequent runs. For this reason, the first heating/cooling cycle is 

often reported for these systems. 
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 In addition to the transition temperatures, DSC also provides the enthalpy of each transition, 

ΔH. This is obtained by integrating the peak area in the DSC thermogram.180 The change in enthalpy 

is a good measure of the change in order between the two phases. For example, a Cr-to-LC transition 

typically has a fairly large enthalpy because there is a significant reduction in the ordering of molecules. 

An LC-to-Iso transition, depending on the type of LC phase, will often have a very small change in 

enthalpy. For example, the highly disordered nematic LC phase will display very small transition peaks 

with enthalpies typically ≤ 1 kJ/mol.19 DSC will be used in this thesis to assess the thermal stabilities 

and degree of ordering of the LC phases examined. 

1.9.2. Polarized Optical Microscopy (POM) 

Polarized optical microscopy (POM) is a qualitative technique that is used to identify the types 

of phases formed by a material. This technique uses a standard microscope equipped with two 

polarizers on opposite sides of the sample, as depicted in Figure 1.13(a).181 The light source provides 

unpolarized light which then becomes linearly polarized after passing through the first polarizer. This 

light passes through the sample and reaches the second polarizer, which is aligned orthogonal to the 

first, before reaching the detector (camera or microscope lens). If the sample is non-birefringent, or 

optically isotropic, the image is black because no light reaches the detector. If the sample is birefringent, 

or optically anisotropic, light will reach the detector,181 producing an image like the one shown in Figure 

1.13(b). The majority of LC phases are birefringent, depending on the direction of supramolecular 

alignment. 
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Figure 1.13. (a) Simplified schematic of a polarized optical microscope. (b) Examples of images from 
non-birefringent and birefringent samples. (c) Image of our microscope equipped with 
a heating stage and temperature control. 

Most LC phases exist well above room temperature, and thus our microscope is equipped with 

a heating stage (Figure 1.13(c)). Experiments are typically performed at temperatures close to the Tc by 

slowly cooling samples from the isotropic liquid phase into the LC phase. This procedure is effective 

because patterns or textures exhibited by the phase are more discernible when cooled from the 

isotropic liquid phase. The characteristic textures allow us to identify the type of LC phase formed. 

Another important parameter investigated by POM is fluidity. Fluidity is assessed by applying 

a mechanical stress (referred to as shearing) on the sample, which helps confirm liquid crystallinity. 

The viscosity of the phase can also help identify the type of LC phase, as the degree of fluidity will 

depend on the supramolecular organization (as described in section 1.2.1).9 As with texture analysis, 

fluidity is assessed near the Tc because viscosity increases significantly as the temperature is lowered, 

especially in the case of columnar phases. 

As discussed in section 1.2.2, nearly all discotic liquid crystals form columnar phases, with by 

far the most common packing mode being columnar hexagonal (Colh). An example of this phase under 

the microscope is shown in Figure 1.14(a). The dendritic, snowflake-like appearance with hexagonal 

(sixfold) symmetry is strongly indicative of the Colh phase.182,183 Notice that some domains remain 

black even though they have dendritic textures in these regions. This occurs when the sample is 

homeotropically aligned, meaning the columns grow normal to the microscope slide.184 In this 
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alignment, the 2D hexagonal lattice is optically isotropic, and hence non-birefringent, so no light 

reaches the detector in these regions. To surmount this problem, images of Colh phases are often taken 

with a quarter-wave retardation plate inserted. The quarter-wave plate allows light to pass through the 

second polarizer, enabling non-birefringent domain structures to be viewed (see Figure 1.14(b)).  

 

Figure 1.14. Representative polarized optical micrographs of a columnar hexagonal liquid crystal (a) 
without and (b) with a 530 nm quarter wavelength retardation plate. 

1.9.3. Variable Temperature X-ray Diffraction (vt-XRD) 

DSC analyzes the thermal phase behaviour and POM qualitatively helps identify the type of 

LC phase; variable temperature X-ray diffraction (vt-XRD) is used to probe the supramolecular 

structure and confirm the type of LC phase.185 In a simplified explanation, the technique involves 

irradiating a sample with X-rays and measuring the resulting diffraction pattern, outlined in Figure 

1.15(a). The X-rays are generated by bombarding a metal source, typically copper, with beam of high 

energy electrons (~104 V). The resulting X-rays have a wide range of wavelengths; a nickel filter is 

typically employed to absorb most of the radiation, except the intense Cu Kα line (λ = 1.5418 Å). This 

monochromatic X-ray source is then focused onto a sample and the diffraction pattern is collected 

onto the detector.134 The initial 2D diffraction pattern can be integrated into a 1D spectrum of radiation 

intensity versus 2θ. This 1D X-ray diffractogram is commonly reported, although 2D patterns can also 

contain useful information for well-aligned samples. 
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Figure 1.15. (a) Simplified schematic of powder X-ray diffraction for unaligned samples. The 
components are not to scale. (b) Schematic representation of Bragg’s law. The 2θ values 
obtained on the detector are dependent on the d-spacing as shown in the diagram. 

XRD interpretation relies on Bragg’s law, which regards supramolecular structures (e.g., 

crystals, LCs, etc.) as systematically repeating layers or planes of atoms or molecules. In a simplified 

schematic (Figure 1.15(b)), some X-rays get reflected by the initial atomic/molecular layer with an angle 

equal to the angle of incidence, while others are transmitted and then reflected by succeeding layers. 

Bragg’s law is satisfied when the reflected beams are in-phase and thus interfere constructively. This is 

described by equation 1-9 (Bragg’s law), 

 𝑛λ = 2𝑑𝑠𝑖𝑛𝜃 (1-9) 

where λ is the wavelength of the incident X-ray (e.g., Kα, 1.5418 Å), n is an integer describing the 

number of planes (n is typically set to 1), d is the distance between repeating layers in the structure, 

and θ is the angle of incidence of the incoming beam.134 The 1D X-ray diffractogram plots 2θ values, 

which is the angle between the incident beam and the diffracted beam. The 2θ values can be converted 
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into the spacing (d) between equivalent planes using equation 1-9. Each peak is assigned a set of Miller 

indices h,k,l (for the x,y,z direction of the planes), defining the repeated planes within the lattice. The 

spacings of these planes are defined as dhkl, which is termed the d-spacing. 

Many small d-spacings (large angles) can appear for crystal-like solids, which tend to be highly 

ordered in all three dimensions.4 For liquid crystals, only medium to fairly large d-spacings (medium to 

small angles) are observed, and thus XRD of LCs typically range from 1 to 30 degrees (2θ).185 Figure 

1.16 shows an example of the 2D and 1D XRD spectra obtained for a columnar hexagonal LC phase. 

In the low-angle region (1−15°), long range ordering between columns (intercolumnar) is observed. 

These sharp peaks are indexed to the d100, d110, and d200 diffraction planes of the hexagonal lattice. The 

column-to-column distance, a, can be calculated from the d100 spacing (𝑎 =  
2𝑑100

√3
). In the wide-angle 

region (16−30°), the alkyl halo (spacing between alkoxy chains) and π-π stacking (intracolumnar) peaks 

are observed. The breadth of these peaks exemplifies their more short-range order. 

 

Figure 1.16. XRD analysis of a Colh LC phase showing (a) the 2D diffraction pattern and (b) the 
integrated 1D spectrum. Inset in (b) shows the column-to-column distance, a, of the 
Colh phase. Data was obtained on the SAXS instrument. 

In this thesis, two different instruments are used for vt-XRD experiments. Historically, our 

group has used a Rigaku R-Axis Rapid X-ray diffractometer (Figure 1.17(a)) equipped with an in-house 

built temperature-controlled sample stage (Figure 1.17(b)).186 This stage takes a sample that was loaded 

into a glass capillary in its isotropic liquid state. The XRD data can be examined from room temperature 

to around 300 °C. While this method has proven adequate in identifying LC phases, it is an older, less 

sensitive instrument. Some d-spacings (like the aforementioned d110 and d200 planes) are not well 

resolved because the samples loaded via capillary are generally not well-aligned (Figure 1.17(c)). 
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Nevertheless, we were still relying on this instrument until a flood in late 2019 rendered the Rigaku 

instrument non-operational for several months. This forced us to explore other options. 

 

Figure 1.17. (a) Image of the Rigaku X-ray instrument and (b) our in-house built temperature 
controllable sample stage.186 (c) Integrated 1D XRD spectrum obtained on the 
instrument for a Colh LC phase. 

The instrument we currently employ is the newer SAXSLAB Ganesha 300XL Small Angle X-

ray Scattering (SAXS) system (Figure 1.18(a)). Despite the name, this instrument can perform wide-

angle measurements as well (up to ~30 Å). Neat samples (powders) are loaded into a thin-walled 

Quartz capillary tube. The tube sits in a Linkam heating stage (Figure 1.18(b)), allowing measurements 

to be made between room temperature and 350 °C. While samples still appear randomly aligned, the 

SAXS provides a better signal-to-noise ratio. For instance, the d110 and d200 peaks of the Colh phase 

absent in Figure 1.17(c) can be observed on the SAXS instrument (Figure 1.18(c)) for the same sample. 

 

Figure 1.18. (a) Image inside of the SAXS X-ray instrument and (b) the Linkam heating stage. (c) 
Integrated 1D XRD spectrum obtained on the instrument for a Colh LC phase. 

The only disadvantage with the SAXS instrument is sample loading. Because the quartz 

capillary tubes are narrow and very brittle, samples need to be either a liquid or a fine powder at room 

temperature. Waxy or other physically sticky samples, which can exist for certain LC derivatives, cannot 

be loaded into the quartz capillary tubes; however, the Rigaku can be used for these samples since they 
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can be easily loaded into a glass capillary from their less viscous isotropic state. These glass capillaries 

can be measured on the SAXS instrument, but only at room temperature where samples are loaded 

onto an ambient sample plate. The glass capillaries are too short and wide to mount on the Linkam 

heating stage for variable temperature measurements. In the subsequent chapters, the type of 

instrument used for vt-XRD measurements is specified. 



30 

Chapter 2.  
 
Stereochemistry, Conformational Dynamics, and the Stability of 
Liquid Crystal Phases 

 

2.1. Permission of Reprint 

The research work presented in this chapter has been published as a full article in the Journal 
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[Zellman, C. O.; Williams, V. E. J. Org. Chem. 2021, 86 (21), 15076-15084].187 Copyright [2021] American 
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Columbia Knowledge Development Fund (BCKDF), Western Economic Diversification (WD), and 
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2.2. Overview 

This chapter builds off the literature foundation outlined in Chapter 1. The work presented 

here investigates a pair of dimers differing only in linker stereochemistry, an aspect that has not been 

investigated previously. In addition, a change in stereochemistry will influence the conformational 

dynamics, thereby allowing us to probe how dimer conformation impacts self-assembly. 

2.3. Abstract 

Although discotic liquid crystal dimers have been widely targeted as organic semiconductors 

and as LC-glass formers, the role of conformational dynamics on the self-assembly of these flexible 

mesogens remains poorly understood. In an effort to probe this effect, we investigated the impact of 

linker stereochemistry on the phase behaviour of discotic liquid crystalline dimers. Diastereomeric 

dibenzo[a,c]phenazine diesters were prepared from (2R,3R)- and meso-2,3-butanediol. While both 

dimers form columnar phases, the meso-isomer had a clearing temperature (Tc) that was 31 °C higher 

than that of its chiral diastereomer. Conformational analysis via DFT calculations, 1H NMR, and DOSY 

experiments indicated that both compounds adopt predominantly extended conformations but that 

the meso-dimer shows a stronger preference to unfold in solution. To probe how conformation alters 

phase stability, we prepared derivatives in which catechol and hydroquinone act as rigid linkers that 

lock the dimers in a folded or an extended conformation, respectively. The diester of hydroquinone 

possessed a Tc that was nearly 100 °C higher than the catechol derivative, consistent with a model 

where extended conformations stabilize the columnar LC phase. Extended dimers also exhibited 

higher transition enthalpies at the Tc, an indication that their columnar phases are more ordered than 

folded structures. 

2.4. Introduction 

Columnar liquid crystals,32,76,188 which are typically formed through the self-assembly of highly 

conjugated disc-shaped molecules, constitute a promising class of organic semiconductors that have 

found use in OLEDs,45,46,68 photovoltaics,48,49,52 and field-effect transistors.54–57 Unfortunately, these 

materials rarely from thermodynamically stable liquid crystal phases at or below room temperature, 

thus limiting their use in many applications.31,56,122 This problem can be circumvented by systems that 

form metastable glasses upon supercooling from the columnar phase.112,114 Such glassy materials are 

perhaps most reliably accessed by covalently linking two discotic mesogens by a flexible tether.113,114 

Unlike monomeric LC glass formers, which tend to crystallize on the order of minutes to hours, 

discotic dimers can retain LC ordering at room temperature for months or even years.114–116 
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In addition to inhibiting crystallization, the linking group in a discotic dimer can also influence 

liquid crystal behaviour and charge carrier mobilities in significant, but often poorly understood, 

ways.53,118–121 A complicating factor in discotic dimers is the molecular shape; flexible linkers, by their 

nature, allow the dimer to adopt a range of conformations, including both folded and unfolded 

structures (Figure 2.1).114 In triphenylene dimers, the absence of liquid crystallinity in systems with 

shorter tethers has been ascribed to a lack of planarity or the inability of the two discs to reside in 

separate columns.77,127–129 In the less common cases where short linking groups allow for columnar 

phases, it has been suggested that dimers adopt folded structures that permit both discs to pack within 

a single column, obviating the need for the linker to span the distance between two columns.115,116 

These models suggest that conformational equilibria between folded and extended forms may be 

critical in determining liquid crystalline behaviour of discotic dimers; yet, it remains difficult to decipher 

between folded and extended forms in the LC phase. Moreover, we do not understand how folding 

impacts the phase behaviour. 

 

Figure 2.1. Discotic dimer conformational equilibrium between extended (left) and folded (right) 
shapes. 

Given the importance molecular shape has on the liquid crystalline properties of discotic 

dimers, it is surprising that, to the best of our knowledge, the effect of linker stereochemistry has yet 

to be examined. In the present work, we report the synthesis of a pair of diastereomeric discotic dimers, 

dDBP(2R,3R) and dDBP(meso). Because the configurational differences between these compounds 

will likely alter their equilibrium preference for folded and unfolded conformers, we anticipated that 

their differences in phase behaviour could provide insight into the role of folding on liquid crystalline 

self-assembly. 
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2.5. Results and Discussion 

Initial attempts to prepare dDBP(2R,3R) and dDBP(meso) by the one-pot double 

esterification of the corresponding alcohols afforded inconsistent results and low overall yields. In 

general, the one-pot route was found to be unsuccessful for diol precursors that are highly viscous 

liquids ((2R,3R)-2,3-butanediol)) or highly hygroscopic solids (meso-2,3-butanediol) at room 

temperature. These physical properties made it very difficult to measure small stoichiometric amounts. 

For this reason, both diesters were synthesized in two steps from the previously reported carboxylic 

acid DBP(acid)110 via sequential Steglich esterification (Scheme 2.1). Coupling of DBP(acid) with 

(2R,3R)-2,3-butanediol in the presence of DMAP and EDC afforded the monoester mDBP(2R,3R) 

in 81% yield. This product was subsequently coupled under the same conditions to afford the diester 

dDBP(2R,3R) in 80% yield. Similarly, the reaction of DBP(acid) and meso-2,3-butanediol afforded 

the racemic mixture of the monoesters mDBP(2R,3S) and mDBP(2S,3R) in 67% yield. Conversion 

of these intermediates to the diester dDBP(meso) (41% yield) required more forcing conditions 

(refluxing toluene), as no reaction was observed when the coupling was carried out at room 

temperature in dichloromethane. The lower reactivity of these monoesters versus mDBP(2R,3R) was 

not fully investigated but may arise from a stronger ability of the former to engage in intermolecular 

hydrogen bonds. 
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Scheme 2.1. Representative reaction scheme for the two-step synthesis of dDBP(2R,3R). 

 
aReagents and conditions: (a) 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), dry dichloromethane, 0 °C−rt, 1−3 days. 

The liquid crystalline properties of the newly prepared mono- and diesters were studied by 

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

diffraction (vt-XRD) experiments. The four compounds all possess enantiotropic liquid crystalline 

(LC) phases (Table 2.1). On the first heating scan, DSC thermograms display a large enthalpy peak at 

low temperatures and a smaller peak at higher temperatures, consistent with crystalline-to-LC (melting 

temperature, Tm) and LC-to-isotropic liquid (clearing temperature, Tc) transitions, respectively (see 

section 2.7.4 for DSC thermograms). On cooling, only the isotropic-to-LC transition is observed, and 

on subsequent heating scans, the crystalline-to-LC transition is no longer present. None of the 

compounds show signs of degradation up to 300 °C on multiple heating and cooling cycles. Slow 

cooling from the isotropic phase under POM results in the formation of dendritic textures with sixfold 

symmetric domains (Figure 2.2(a,b)), consistent with a columnar hexagonal (Colh) LC phase (see 

section 2.7.5 for all other POM images). Mechanical shearing of the textures confirmed fluidity of the 

samples. 
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Table 2.1. Phase behaviour of the two mono- and two diester 2,3-butyl-linked DBPs. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the first 

heating/cooling cycle. 

 

Figure 2.2. Polarized optical micrographs of dDBP(2R,3R) showing dendritic textures with sixfold 
symmetry of the Colh phase at (a) 216 °C, (b) 190 °C, (c) room temperature, and (d) 
room temperature after 1 year. Image (a) was taken with a 530 nm quarter wavelength 
retardation plate. Images (b) and (c) were taken in the same plane of view. 
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The vt-XRD experiments are consistent with the assignment of Colh LC phases. At 

temperatures slightly below the Tc, diffraction patterns show a sharp, intense peak in the low-angle 

region indexed to the (100) plane of the hexagonal lattice; up to three additional smaller peaks were 

assigned to the (110), (200), and (210) diffraction planes. In the higher angle region, two broad peaks 

appear at around 4.6 and 3.6 Å, which were assigned to the packing distances of the alkyl chains and 

the π-stacking of the aromatic cores, respectively (see section 2.7.6 for XRD data). 

The absence of LC-to-solid transitions in the DSC cooling curves indicates that both the 

mono- and diesters supercool from their columnar phases. The glassy states of the monoesters 

mDBP(2R,3R) and mDBP(2S,3R)/mDBP(2R,3S) are short lived; XRD samples show signs of 

crystallization after less than a day at room temperature, with multiple peaks emerging in the low-angle 

region (Figure 2.20−Figure 2.21 in section 2.7.6). POM images of the racemate show needle-like 

textures after the sample is left at room temperature for 7 months (Figure 2.15 in section 2.7.5). In 

contrast, optical microscopy (Figure 2.2(c,d) and Figure 2.16 in section 2.7.5) and XRD experiments 

(Figure 2.22−Figure 2.23 in section 2.7.6) indicate the diesters dDBP(2R,3R) and dDBP(meso) 

retain liquid crystalline order for more than 2 years at room temperature. The difference in duration of 

the LC glassy phases between monomers and dimers is consistent with previous observations and 

underscores the utility of dimers as metastable materials. 

The monomer mDBP(2R,3R) and the racemic mixture of mDBP(2S,3R) and 

mDBP(2R,3S) clear to their isotropic phases at similar temperatures (Tc = 216 °C and 214 °C, 

respectively). This suggests that the stereochemistry of the pendant group has little impact on the 

thermodynamic stability of the columnar phase for these systems. In contrast, the stereochemistry of 

the linking group has a striking impact on the phase stability of the dimers. Whereas dDBP(2R,3R) 

has a Tc of 230 °C, which is slightly elevated compared to its monomer, dDBP(meso) clears at 261 

°C, 31 °C higher than its diastereomer and 47 °C above that of the corresponding monomer. These 

differences can be rationalized in terms of molecular shape. The stereochemistry of the ester is 

expected to have little impact on the overall molecular shape of the monomers, consistent with the 

observed insensitivity of the clearing temperature in those systems. On the other hand, changing the 

stereochemistry of a dimer’s linker could alter both the equilibrium between folded and unfolded 

structures and the shapes of individual conformations, leading to dramatic differences in phase stability. 

To better understand how linker stereochemistry influences the average molecular shape of 

dDBP(2R,3R) and dDBP(meso), we examined the conformational dynamics of these systems in 

solution. We have previously noted that a propyl-linked dibenzo[a,c]phenazine diester exhibits strong 

upfield shifts in the aromatic region of its 1H NMR spectrum,116 which is associated with intramolecular 
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π-interactions due to folding.137 Consistent with these earlier observations, the aromatic proton signals 

of dDBP(2R,3R) and dDBP(meso) show a substantial upfield shift relative to the monomeric 

derivative mDBP(2R,3R) (Figure 2.3). The observed upfield shifts of the dimers were largely 

concentration and solvent independent, as previously noted for the propyl diester.116 This is consistent 

with these shifts being due to intramolecular (folding) rather than intermolecular (aggregation) effects. 

In addition to 1H NMR, we also looked at ROESY NMR of the two dimers. We observe correlations 

between Ha and Hb/Hc, suggestive of folding; however, mDBP(2R,3R) also displays these 

correlations, inferring ROESY does not provide conclusive evidence of folding (see Appendix B for 

ROESY data). 

 

Figure 2.3. 1H NMR of the aromatic region for (I) mDBP(2R,3R), (II) dDBP(2R,3R), and (III) 
dDBP(meso). 

The magnitude and pattern of the upfield shifts in Figure 2.3 provide information regarding 

both the extent of folding and the geometry of the folded conformation.141,142 These upfield shifts can 

be defined by equation 2-1: 

 ∆𝛿 =  𝛿𝑚 −  𝛿𝑑 (2-1) 

where Δ is the difference between the observed chemical shift of a monomer proton (m) and that of 

the corresponding dimer signal (d). There is very little variation in the aromatic peak positions of the 
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DBP monoesters; thus, the chemical shifts of mDBP(2R,3R) are used for m for all comparisons. We 

restricted our solution analysis to the phenanthrene protons (labeled d−g in Figure 2.3). Because these 

protons are remote from the linking group, their shifts should be much less sensitive to local effects 

than protons a−c, which are in close proximity to the ester. The proton assignments in Figure 2.3 were 

made based on HSQC and HMBC experiments. While these experiments could not distinguish protons 

d and e, nor f from g, their assignments were consistent with DFT calculations described below. The 

phenanthrene protons of dDBP(2R,3R) are shifted upfield between 0.15 and 0.40 ppm relative to the 

corresponding monomer peaks; the dDBP(meso) peaks experience a smaller shielding effect (Δ = 

0.04−0.20 ppm). 

Because conformational exchanges are fast relative to the NMR timescale, the observed 

chemical shifts represent the weighted average of the conformer populations. The larger Δ values of 

dDBP(2R,3R) relative to dDBP(meso) may therefore reflect its greater tendency to fold in solution 

but could also arise from differences in the folded geometries. In an attempt to better understand these 

contributions, density functional theory (DFT)145 calculations using the Becke three parameter Lee-

Yang-Parr (B3LYP) method158,159 were carried out at the 6-31G(d) level161,162 implementing the 

Grimme D3 dispersion correction165,167 using Gaussian 09.189 The addition of a dispersion correction 

was critical for the folded conformers because uncorrected DFT calculations view intramolecular π-π 

interactions as repulsive.164 Truncated molecules, in which the peripheral hexyloxy chains were replaced 

by methoxy groups, were constructed and their energies minimized from a variety of folded and 

unfolded geometries (see Appendix A for more detail on the calculations).  

The resulting lowest energy conformers for both dimers are shown in Figure 2.4; in both cases, 

these gas phase calculations predict that folded structures are strongly favoured. The folded structure 

of dDBP(2R,3R) (Figure 2.4(a)) is stabilized by 37.9 kcal/mol relative to the lowest energy conformer 

(ΔEf-e in Figure 2.4). Folding is less favoured in the case of dDBP(meso) (Figure 2.4(b)), which is 35.9 

kcal/mol lower in energy than its most stable extended form. This 2 kcal/mol difference can be 

attributed to steric effects in the linker. The Newman projections viewed along the linking groups of 

these dimers are displayed in Figure 2.5. In the case of dDBP(meso), gauche interactions between the 

methyl groups are present in the folded dimer, whereas these groups are anti in the unfolded 

conformation. Conversely, these unfavourable gauche contacts are present in the extended conformer 

of dDBP(2R,3R) but absent when the molecule folds. 
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Figure 2.4. Lowest energy conformers for (a) dDBP(2R,3R) and (b) dDBP(meso). (c) Folded 
conformer that best fits the experimental 1H NMR data for dDBP(meso). ΔEf-e is the 
energy gap between the folded conformer and the lowest energy unfolded conformer. 

 

Figure 2.5. Newman projections of (a) dDBP(2R,3R) and (b) dDBP(meso) viewed along the C2

−C3 bond of the butyl linker. Unfavourable gauche interacctions are indicated by the red 

arrow. 

The 1H NMR spectra of the conformations were calculated using the gauge-independent 

atomic orbital (GIAO) method.190 The calculated aromatic upfield shifts, Δcalc, were determined by 

taking the difference between the calculated aromatic chemical shifts of mDBP(2R,3R) and those of 

the folded conformer. A plot of observed Δ versus Δcalc for the most stable structure of 

dDBP(2R,3R) (Figure 2.4(a)) afforded the best fit among the folded conformers with a reasonable 

linear correlation (R2 = 0.79). This structure is therefore likely the dominant folded conformer in 

solution. While the lowest energy conformer for dDBP(meso) (Figure 2.4(b)) showed a poorer fit (R2 

= 0.48) to experimental data, a better agreement (R2 = 0.90) was found for the conformer shown in 

Figure 2.4(c), which is only 1.4 kcal/mol higher in energy in the gas phase models. It is likely that the 

energetics of these two conformers are inverted in solution, favouring the structure in Figure 2.4(c). 

The folded structures shown in Figure 2.4 suggest that dDBP(2R,3R) and dDBP(meso) adopt nearly 

identical folded geometries in solution. This is supported by the good linear correlation (R2 = 0.85) 
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obtained when the phenanthrene protons observed Δ values of dDBP(2R,3R) are plotted against 

those of dDBP(meso) (see Figure 2.27 in section 2.7.8). We therefore propose that the observed 

disparities in their chemical shifts reflect differences in the extent of folding rather than the geometry 

of the folded structures. 

In the simple model of a molecule existing in equilibrium between two states (folded and 

unfolded), the observed chemical shift of a proton will depend on the difference in the values of the 

purely extended (e) and purely folded (f) geometries and on the mole fraction of the folded form (f). 

 ∆𝛿 =  𝜒𝑓(𝛿𝑒 −  𝛿𝑓) (2-2) 

While equation (2-2) suggests that dDBP(2R,3R) spends more time in a folded geometry than its 

diastereomer dDBP(meso), calculating the absolute extent of folding (f) requires that we know e 

and f. As already noted, the monomeric esters, such as mDBP(2R,3R), are reasonable 

approximations for the spectra of the extended conformer (i.e., e  m); however, we lack a model 

system for f. For this reason, we decided to prepare a rigid dimer that locked the two discs into a 

folded geometry. DFT models of a catechol-linked system dDBP(cat) (Figure 2.6(a)) suggested that 

this compound should exhibit a similar folded geometry to those of dDBP(2R,3R) and dDBP(meso) 

but, due to geometric constraints imposed by the aromatic spacer, should not be able to adopt an 

extended structure. In addition to providing a model compound for these NMR studies, dDBP(cat) 

was targeted to probe the effects of purely folded structures in the columnar LC phase. For this reason, 

we also synthesized the hydroquinone derivative dDBP(hyd) as a model system in which the dimer is 

restricted as an extended structure in both solution and the columnar LC phase. Gorecka and co-

workers have previously reported a hydroquinone-linked DBP dimer but with C8 chains on the 

periphery.130 The compound displayed Colh LC phase behaviour with a Tc of 289 °C. 
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Figure 2.6. (a) Predicted geometry of dDBP(cat) and (b) plot of observed Δ versus Δcat for the 
phenanthrene protons of dDBP(2R,3R) (black) and dDBP(meso) (blue). 

The rigid dimers dDBP(cat) and dDBP(hyd) were obtained via one-pot Steglich 

esterification reactions of DBP(acid) with catechol and hydroquinone, respectively (Scheme 2.2). The 

one-pot reaction worked well for these two dimers because their diol precursors are non-hygroscopic 

solids at ambient conditions, making it easier to measure small stoichiometric amounts. Even at low 

concentrations, dDBP(hyd) exhibits a marked tendency to aggregate in 1H NMR experiments, making 

it unsuitable as a model system for the extended structures in solution; for this reason, the chemical 

shifts of mDBP(2R,3R) were used for e. In contrast, proton signals of dDBP(cat) experience large 

upfield shifts that do not vary appreciably over the range of concentrations examined. The general 

pattern of Δ values for the phenanthrene protons of the catechol-linked dimer (Δcat) is similar to 

those observed for dDBP(2R,3R) and dDBP(meso) but with much higher values that range from 

0.42 to 1.23 ppm (see Figure 2.26 in section 2.7.8). The observed Δ values for dDBP(cat) correlate 

well (R2 = 0.85) with the trend predicted for this compound (Δcalc) by DFT models. 

Scheme 2.2. Representative reaction scheme for the one-pot synthesis of dDBP(cat). 

 
aReagents and conditions: (a) DMAP, EDC, dry dichloromethane, 0 °C – rt, 21 h, 69%. 
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Assuming that dDBP(cat) remains fully folded in solution (i.e., cat  f) allows us to rewrite 

the expression for the observed Δ for partially folded dimer systems as the product of the mole 

fraction of folding and Δcat, shown in equation (2-3). 

 ∆𝛿 =  𝜒𝑓(Δ𝛿𝑐𝑎𝑡) (2-3) 

If a dimer adopts a similar folded geometry to dDBP(cat), then a plot of observed Δ versus Δcat 

should be linear with a slope equal to f. The plots for dDBP(2R,3R) and dDBP(meso) (Figure 

2.6(b)) show excellent linear correlations, with R2 values of 0.90 and 0.98, respectively. This is 

consistent with the geometric similarities between the folded conformer of dDBP(cat) (Figure 2.6(a)) 

and those for dDBP(2R,3R) and dDBP(meso) shown in Figure 2.4. The values of f obtained from 

these plots are shown in Table 2.2, along with the resulting Keq and Gibbs free energy (ΔG) for the 

equilibria between folded and unfolded geometries. These latter two values are calculated using 

equations 2-4 and 2-5, 

 𝐾𝑒𝑞  =  
𝜒𝑓

1 − 𝜒𝑓
 (2-4) 

 Δ𝐺 =  −𝑅𝑇𝑙𝑛(K𝑒𝑞) (2-5) 

where R is the gas constant and T is the temperature in Kelvin. In contrast to the DFT calculations 

that predict a strong preference for the folded structures in the gas phase, the results in Table 2.2 

indicate that both dimers spend more time in their extended forms in solution. 

Table 2.2. Conformational dynamics data based on the observed Δ values for dimers 
dDBP(2R,3R) and dDBP(meso). 

 
 

The conformational equilibria of the dimers were further probed by DOSY NMR experiments 

to determine their diffusion coefficients in solution (see section 2.7.7 for more detail). Due to its 

compact structure, the catechol dimer dDBP(cat) exhibits the highest diffusion coefficient (3.81 ± 

0.02 * 10-9 m2 s-1). The dimers dDBP(2R,3R) and dDBP(meso) both had a lower diffusion coefficient 

of 2.00 ± 0.02 * 10-9 m2 s-1, which is only slightly higher than the value measured for the fully extended 

dimer dDBP(hyd) (1.69 ± 0.01 * 10-9 m2 s-1). These results are consistent with the calculations in Table 
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2.2 based on observed Δ values, indicating that the flexible dimers spend the majority of their time in 

unfolded geometries and hence have higher Stokes-Einstein radii. 

Notably, while the DFT models predict that the folded conformer is favoured for both dimers, 

our experimental results indicate that the extended conformer is preferred in solution. This discrepancy 

can be understood by considering the contributions from solvation and entropy, both of which are 

likely to favour the extended conformer and are neglected in the gas phase DFT calculations. In 

particular, because the extended conformer has a larger solvent-accessible surface, solvation is expected 

to stabilize the open form preferentially. However, the DFT calculations do predict that 

dDBP(2R,3R) has a 2 kcal/mol stronger preference to fold than dDBP(meso). This is in accord with 

the results obtained experimentally (Table 2.2) that show a larger f for dDBP(2R,3R). The stronger 

propensity of dDBP(2R,3R) to fold in both solution and the gas phase can be rationalized based on 

gauche interactions between the methyl groups on the linker, as demonstrated in Figure 2.5. 

What implications do the conformational dynamics have for the LC phase behaviour of 

flexible dimers? Our solution and computational studies indicate that the geometries of the dimers in 

their respective folded and unfolded states are similar, suggesting that differences in the columnar 

phase stabilities are due to factors other than the shape of individual conformers. This prompted us to 

consider a model in which flexible dimers can adopt both the folded and unfolded conformations in 

the liquid crystal phase, as in solution, and that the proportion of these conformations could impact 

the overall phase stability. In this context, the rigid dimers dDBP(cat) and dDBP(hyd) provide ideal 

model systems for the purely folded and unfolded conformations, respectively. 

The phase behaviour of dDBP(cat) and dDBP(hyd) are summarized in Table 2.3. Both 

dimers form Colh LC phases. Notably, these rigid dimers appear to crystallize in less than an hour at 

room temperature. Although there are no observable changes by microscopy (section 2.7.5), room 

temperature XRD experiments of dDBP(cat) and dDBP(hyd) show the appearance of multiple small 

peaks at low angles (section 2.7.6), indicating crystallization. In addition, dDBP(hyd) displays a second 

reproducible transition on the DSC cooling curve (section 2.7.4), suggesting a phase transition from 

the Colh phase at lower temperatures. We conclude both dimers crystallize at room temperature, 

contrasting dDBP(2R,3R) and dDBP(meso) which retain liquid crystallinity for over two years. The 

difference in LC glass stability between the two 2,3-butylene and two phenylene dimers suggests that 

conformational flexibility is strongly correlated with LC glass formation (see Table 2.4 and Table 2.5 

in section 2.7.6 for summary of LC glass stabilities). The difference in crystallization kinetics can be 

explained by the entropic differences. Dimers dDBP(2R,3R) and dDBP(meso) have significant 

conformational freedom, and thus transitioning to the rigid crystalline phase will require overcoming 
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a large entropic barrier. In contrast, the limited conformational freedom of dDBP(cat) and 

dDBP(hyd) likely results in a much lower entropic barrier for crystallization for these two rigid dimers. 

Table 2.3. Phase behaviour of dDBP(cat) and dDBP(hyd). 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the first 

heating/cooling cycle. 

We observe a dramatic difference in the clearing temperatures of dDBP(cat) and 

dDBP(hyd), with the former clearing at 331 °C versus 235 °C for the latter. We also found that the 

enthalpy of transition at the Tc is much higher for dDBP(hyd) (17.9 kJ/mol) than for dDBP(cat) (9.7 

kJ/mol). These differences are likely due to the enhanced ability of this extended molecule, with its 

larger surface area, to form attractive interactions with its neighbours compared to the folded catechol 

derivative. The higher ordering observed for the mesophase of dDBP(hyd) could also be attributed 

to a lower rotational freedom; because the two discs reside in separate columns, their motions are likely 

more constrained. There is some literature precedence for greater columnar ordering from extended 

structures, as modelling studies by Zannoni and coworkers showed extended dimers adopt more 

ordered columnar phases compared with monomers.129 

These observations, along with the equilibrium data in Table 2.2, help us to rationalize the 31 

°C elevation in the Tc of dDBP(meso) compared to dDBP(2R,3R). Although the extent of folding 

will differ between solution and the liquid crystal, the solution studies demonstrate that both the folded 

and unfolded states are energetically accessible, making it likely that both are populated in the columnar 

phase. Moreover, because the differences in the conformational equilibria of dDBP(meso) and 

dDBP(2R,3R) appear to arise from steric effects in the linker (Figure 2.5), these compounds should 

show similar trends in the LC phase. In other words, we expect that dDBP(meso) will have a greater 

tendency to exist in an unfolded state in the columnar phase, leading to its higher observed clearing 

temperature. We also note that the enthalpy of the clearing transition is appreciably higher for 

dDBP(meso) (23.8 kJ/mol) than for dDBP(2R,3R) (16.0 kJ/mol), consistent with the trend seen for 

the rigid dimers. These higher enthalpies indicate a greater ordering within the columnar phase, which 

is generally associated with higher charge carrier mobilities;53,119,120 thus, extended dimers may be more 

appealing for semiconducting applications. 
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Although speculation that folded and unfolded dimers can coexist in columnar phases dates 

back decades,114 we are unaware of direct evidence that these different conformers would be 

compatible within the same phase nor what impact this equilibrium would have on the phase stabilities. 

In order to explore this scenario, we prepared mixtures of dDBP(cat) and dDBP(hyd) in 1:3, 1:1, 

and 3:1 molar ratios. POM experiments indicated that these mixtures were fully compatible with no 

evidence of phase separation. DSC experiments show that the Tc of these mixtures rises linearly as the 

mole fraction of dDBP(hyd) increases (Figure 2.7) rather than exhibiting distinct transitions for the 

individual components (see section 2.7.10 for DSC thermograms and POM images). This observation 

not only demonstrates the ability of a columnar phase to simultaneously accommodate both folded 

and unfolded structures but also suggests a mean of stabilizing columnar phases by doping with 

extended dimers. 

 

Figure 2.7. Plot of Tc versus 
hyd

 (the mole fraction of dDBP(hyd) doped into dDBP(cat)) 

measured by DSC on the second heating run. 

2.6. Conclusions 

The present work explored the role linker stereochemistry has on the phase behaviour of a 

pair of diastereomeric discotic dimers. A dramatic 31 °C difference between the clearing temperatures 

of dDBP(meso) and dDBP(2R,3R) accompanied the inversion of stereochemistry at a single carbon. 

Analogous changes in stereochemistry had a negligible impact on the phase stability of related 

monomers, suggesting that dimers are particularly sensitive to changes in linker geometry. Our efforts 

to understand this effect led us to investigate both gas-phase DFT models and solution-based NMR 

studies of the conformational dynamics. Although the dimers adopt similar folded geometries, they 

differ in the extent to which they fold. We posited that the higher phase stabilities are associated with 
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a greater degree of folding, a speculation that was supported by an almost 100 °C elevation in Tc on 

going from a rigidly folded structure (dDBP(cat)) to its fully extended isomer (dDBP(hyd)).  

Dimers with a greater degree of unfolding also showed larger enthalpies at the Tc transition. 

This suggests that extended dimers form more ordered columnar LC phases, which could promote 

charge transport. Our study underscores the importance in considering not just static structures of 

molecules during self-assembly but also their dynamic nature. These observations have important 

implications for the design of discotic dimers and more broadly for the study of self-assembly for 

flexible molecules. 

2.7. Experimental 

2.7.1. Materials and Instrumentation 

Materials. Dry dichloromethane (CH2Cl2; anhydrous, 99.8%, contains 40-150 ppm amylene 

as a stabilizer, Sigma Aldrich, Oakville, ON, Canada) was used as the solvent for reactions employing 

CH2Cl2. All other solvents used for syntheses and workups were reagent grade without further 

purification. The following reagents employed for syntheses were used as received: (2R,3R)-2,3-

butanediol (97%, 99% ee/GLC, Sigma Aldrich, Milwaukee, WI, USA), meso-2,3-butanediol (99%, Sigma 

Aldrich, St Louis, MO, USA), catechol (BDH Chemicals, Vancouver, BC, Canada), hydroquinone (J.T. 

Baker Chemical, Phillipsburg, NJ, USA), 4-dimethylaminopyridine (DMAP; >99.0%, Tokyo Chemical 

Industry Co., Portland, OR, USA), and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; 

Oakwood Chemical, Estill, SC, USA). The 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylic acid (DBP(acid)) was synthesized according to previously published methods.110 Column 

chromatography was performed using Silicycle Ultrapure silica gels 2500 (Parc-Technologique, 40−63 

μm (230−400 mesh), Quebec City, QC, Canada). Drying of the organic extracts was performed using 

magnesium sulfate (MgSO4; BDH, reagent grade, Radnor, Pa, USA). The nuclear magnetic resonance 

(NMR) solvent CDCl3 (D 99.8%, Cambridge Isotope Laboratories, Andover, MA) was used as 

received. 

Instrumentation. All instrumentation measurements were performed at Simon Fraser 

University (SFU), Burnaby, BC, Canada, unless stated otherwise. The 400 MHz 1H-NMR spectra were 

obtained on a Bruker AVANCE III 400 MHz NMR spectrometer with a 5 mm BBOF probe. The 500 

MHz 1H-NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer with a 5 mm 

TXI probe. The 600 MHz 1H-NMR, COSY, HSQC, HMBC, and 150 MHz 13C-NMR spectra were 

obtained on a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm QNP cryoprobe 
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and an Ultrashield 600 Plus magnet. For the S2 2-D HMBC 1H-13C correlation spectra, the pulse 

sequence (hmbcgplpndgf) used 1 ms sine-shaped gradient pulses (ratio 50:30:40.1) for selection and 

was optimized for long-range (2- and 3-bond) couplings. A low pass J-filter was used to suppress one-

bond correlations. No decoupling was applied during acquisition. A total of 256 increments were 

acquired with 8 scans per increment, 16 dummy scans, and a recycle delay of 1.5 s. The 1/(2J)CH delay 

was set to 3.45 ms (1J(CH) = 145 Hz), a 62.5 ms delay was used for evolution of long-range couplings 

(2,3J(CH) = 8 Hz), and a 200 μs homospoil/gradient recovery delay was used. 

Mass spectrometry (MS) measurements were performed using a microOTOF-Q II instrument 

(Bruker, direct electrospray ionization (ESI), scan range: 50−3000 m/z, set capillary at 4500 V, end 

plate offset at -500 V, 0.3 bar nebulizer, 180 °C dry heater, dry gas injected at 4.0 L/min, University of 

Notre Dame Mass Spectrometry and Proteomics Facility). 

2.7.2. Synthesis of Monoesters 

(2R,3R)-3-Hydroxy-butan-2-yl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylate (mDBP(2R,3R)). A flame-dried, three-necked round bottom flask (50 mL) equipped 

with a magnetic stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (20 mL). To the 

flask were added: DBP(acid) (95.2 mg, 0.131 mmol), (2R,3R)-2,3-butanediol (0.40 mL, 4.38 mmol), 

and DMAP (52.2 mg, 0.427 mmol), in sequence. The yellow suspension was left to stir at 0 °C for 20 

min. At this time, EDC (83.2 mg, 0.434 mmol) was added, and the yellow-orange suspension was 

stirred at ambient temperature for 19 h. The resulting intense red-orange solution was diluted with 

CH2Cl2 (50 mL) and washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried 

over MgSO4, and concentrated on a rotary evaporator to afford a red-orange solid. The crude product 

was purified by column chromatography using a gradient of 0−5% ethyl acetate in CH2Cl2 as the eluent 

(L = 14.2 cm, Rf = 0.05−0.50). The compound was further purified via recrystallization from acetone, 

yielding a bright orange powder (85.2 mg, 81%). 1H NMR (CDCl3, 400 MHz):  8.99 (dd, 1H, J = 1.7, 

0.4 Hz), 8.71 (s, 2H), 8.37 (dd, 1H, J = 8.9, 1.8 Hz), 8.32 (dd, 1H, J = 8.7, 0.5 Hz), 7.64 (s, 1H), 7.63 

(s, 1H), 5.17 (dq, 1H, J = 6.2, 6.2 Hz), 4.34 (t, 2H, J = 6.5 Hz), 4.32 (t, 2H, J = 6.6 Hz), 4.27 (t, 2H, J 

= 6.5 Hz), 4.26 (t, 2H, J = 6.6 Hz), 4.04 (dq, 2H, J = 6.2, 6.2 Hz), 2.25 (brs, 1H), 1.98 (m, 8H), 1.61 

(m, 8H), 1.47 (d, 3H, J = 6.4 Hz), 1.42 (m, 16H), 1.36 (d, 3H, J = 6.4 Hz), 0.95 (m, 12H) ppm. 13C{1H} 

NMR (CDCl3, 150 MHz):  166.0, 152.3, 151.9, 149.4, 149.3, 143.2, 143.0, 142.6, 140.3, 132.0, 130.0, 

129.3, 128.2, 127.1, 126.5, 123.2, 123.1, 108.7, 108.4, 105.93, 105.86, 76.4, 70.4, 69.52, 69.50, 69.14, 

69.12, 31.88, 31.87, 31.86, 29.5, 29.43, 29.41, 26.04, 26.01, 25.98, 25.97, 22.84, 22.83, 22.821, 22.819, 
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19.31, 16.69, 14.3, 14.24, 14.22 ppm (3 carbon signals missing or overlapping). HRMS (ESI+ of M + 

H+): m/z for C49H68N2O7: calculated: 797.5099; experimental: 797.5081. 

Meso-3-hydroxybutan-2-yl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(mDBP(2R,3S)/mDBP(2S,3R)). A flame-dried, two-necked round bottom flask (250 mL) equipped 

with a magnetic stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (125 mL). To the 

flask were added: DBP(acid) (203.2 mg, 0.280 mmol), meso-2,3-butanediol (276.6 mg, 3.069 mmol), 

and DMAP (102.8 mg, 0.8415 mmol), in sequence. The yellow suspension was left to stir at 0 °C for 

20 min. At this time, EDC (142.8 mg, 0.7449 mmol) was added, and the yellow-orange suspension was 

stirred at ambient temperature for 2 days. The resulting intense red-orange solution was poured over 

ice (200 g) and stirred for 1 h. The crude product was extracted with CH2Cl2 (50 mL). The orange 

organic extract was collected, washed with H2O (3 * 50 mL), 10% v/v HCl (50 mL), and brine (50 

mL), dried over MgSO4, and concentrated on a rotary evaporator to afford a dark red-orange solid. 

The crude product was purified by column chromatography using a gradient of 7.5−30% ethyl acetate 

in hexanes as the eluent (Rf = 0.04−0.35). The compound was further purified via recrystallization from 

acetone, yielding a bright yellow-orange powder (150.0 mg, 67%). 1H NMR (CDCl3, 500 MHz):  8.91 

(d, 1H, J = 1.6 Hz), 8.609 (s, 1H), 8.607 (s, 1H), 8.32 (dd, 1H, J = 8.8 Hz), 8.24 (d, 1H, J = 8.8 Hz), 

7.57 (s, 2H), 5.27 (qd, 1H, J = 6.5, 3.2 Hz), 4.31 (t, 2H, J = 6.6 Hz), 4.30 (t, 2H, J = 6.6 Hz), 4.242 (t, 

2H, J = 6.6 Hz), 4.238 (t, 2H, J = 6.6 Hz), 4.18 (qd, 1H, J = 6.4, 3.2 Hz), 2.37 (brs, 1H), 1.98 (m, 8H), 

1.61 (m, 8H), 1.47 (d, 3H, J = 6.5 Hz), 1.43 (m, 16H), 1.36 (d, 3H, J = 6.5 Hz), 0.96 (m, 12H) ppm. 

13C{1H} NMR (CDCl3, 150 MHz):  166.0, 152.3, 152.1, 149.5, 149.4, 143.2, 143.1, 142.6, 140.2, 132.0, 

130.1, 129.3, 128.2, 127.2, 126.6, 123.2, 123.1, 108.8, 108.5, 106.1, 106.0, 75.8, 69.7, 69.6, 69.5, 69.19, 

69.16, 31.861, 31.856, 31.849, 31.847, 29.5, 29.44, 29.42, 29.40, 26.02, 26.00, 25.97, 22.83, 22.82, 18.3, 

14.4, 14.3, 14.24, 14.22 ppm (4 carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z 

for C49H68N2O7: calculated: 797.5099; experimental: 797.5068. 

2.7.3. Synthesis of Diesters 

(2R,3R)-Butane-2,3-diyl bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(2R,3R)). A flame-dried, three-necked round bottom flask (50 mL) equipped with a magnetic 

stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (20 mL). To the flask were added: 

mDBP(2R,3R) (69.1 mg, 0.0867 mmol), DBP(acid) (104.5 mg, 0.1441 mmol), and DMAP (57.5 mg, 

0.471 mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC 

(112.7 mg, 0.5879 mmol) was added, and the yellow-orange suspension was stirred at ambient 

temperature for 3 days. The resulting orange-brown mixture was diluted with CH2Cl2 (50 mL) and 
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washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford a red-orange solid. The crude product was purified by 

column chromatography using a gradient of 80−100% CH2Cl2 in hexanes and then 0−1% ethyl acetate 

in CH2Cl2 as the eluents (L = 16.1 cm, Rf = 0.14−0.26). The compound was further purified via 

recrystallization from EtOH in CH2Cl2, yielding a bright yellow-orange powder (104.3 mg, 80%). 1H 

NMR (CDCl3, 400 MHz):  8.89 (d, 2H, J = 1.7 Hz), 8.49 (s, 2H), 8.34 (dd, 2H, J = 8.9, 1.9 Hz), 8.33 

(s, 2H), 8.18 (d, 2H, J = 8.9 Hz), 7.49 (s, 2H), 7.43 (s, 2H), 5.56 (m, 2H), 4.24 (t, 4H, J = 6.5 Hz), 4.23 

(t, 4H, J = 6.4 Hz), 4.18 (t, 4H, J = 6.5 Hz), 4.15 (t, 4H, J = 6.6 Hz), 1.95 (m, 16H), 1.64 (d, 6H, J = 

6.0 Hz), 1.59 (m, 16H), 1.42 (m, 32H), 0.96 (m, 24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  166.0, 

152.1, 151.9, 149.3, 149.2, 143.2, 142.9, 142.5, 140.3, 132.5, 129.9, 129.3, 128.2, 127.0, 126.4, 123.13, 

123.08, 108.7, 106.0, 105.8, 73.4, 69.5, 69.4, 69.03, 68.96, 31.880, 31.877, 31.87, 29.52, 29.49, 29.42, 

29.40, 26.01, 26.00, 25.98, 22.83, 22.82, 22.81, 17.0, 14.25, 14.24, 14.224, 14.222 ppm (3 carbon signals 

missing or overlapping). HRMS (ESI+ of M + H+): m/z for C94H127N4O12: calculated: 1503.9445; 

experimental: 1503.9468. 

Meso-butane-2,3-diyl bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(meso)). A flame-dried, three-necked round bottom flask (50 mL) equipped with a magnetic 

stir bar under a nitrogen atmosphere was charged with toluene (20 mL). To the flask were added: 

mDBP(2R,3S)/mDBP(2S,3R) (61.1 mg, 0.0767 mmol), DBP(acid) (89.8 mg, 0.124 mmol), and 

DMAP (56.3 mg, 0.461 mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At 

this time, EDC (89.0 mg, 0.464 mmol) was added, and the dark yellow mixture was refluxed on a 

heating mantle and stirred for 21 h. The resulting intense red-orange solution was extracted with 

CH2Cl2 (50 mL). The orange organic extract was washed with H2O (3 * 25 mL), 10% v/v HCl (25 

mL), and brine (25 mL), dried over MgSO4, and concentrated on a rotary evaporator to afford a yellow-

orange solid. The crude product was purified by column chromatography using a gradient of 80−100% 

CH2Cl2 in hexanes and then 0−2% ethyl acetate in CH2Cl2 as the eluents (L = 13.0 cm, Rf = 0.24−

0.54). The compound was further purified via recrystallization from EtOH in CH2Cl2, yielding a bright 

yellow powder (46.9 mg, 41%). 1H NMR (CDCl3, 400 MHz):  8.96 (dd, 2H, J = 1.8, 0.4 Hz), 8.74 (s, 

2H), 8.58 (s, 2H), 8.40 (dd, 2H, J = 8.8, 1.8 Hz), 8.34 (dd, 2H, J = 8.9, 0.4 Hz), 7.67 (s, 2H), 7.61 (s, 

2H), 5.63 (m, 2H), 4.34 (t, 4H, J = 6.5 Hz), 4.28 (t, 4H, J = 6.7 Hz), 4.23 (t, 4H, J = 6.4 Hz), 4.22 (t, 

4H, J = 6.4 Hz), 1.96 (m, 12H), 1.91 (tt, 4H, J = 6.5, 6.5 Hz), 1.65 (d, 6H, J = 6.2 Hz), 1.59 (m, 16H), 

1.40 (m, 32H), 0.94 (m, 24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  165.8, 152.4, 152.1, 149.51, 

149.49, 143.6, 143.4, 142.9, 140.6, 132.5, 130.2, 129.5, 128.3, 127.3, 126.7, 123.5, 123.4, 109.0, 108.5, 

106.3, 106.1, 72.8, 69.7, 69.6, 69.2, 69.1, 31.9, 31.834, 31.830, 31.8, 29.46, 29.45, 29.4, 29.3, 26.00, 25.98, 



50 

25.97, 25.96, 22.82, 22.814, 22.808, 15.9, 14.24, 14.22 ppm (3 carbon signals missing or overlapping). 

HRMS (ESI+ of M + H+): m/z for C94H127N4O12: calculated: 1503.9445; experimental: 1503.9456. 

1,2-Phenylene bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(cat)). A flame-dried, three-necked round bottom flask (50 mL) equipped with a magnetic stir 

bar under a nitrogen atmosphere was charged with dry CH2Cl2 (20 mL). To the flask were added: 

catechol (9.93 mg, 0.0902 mmol), DBP(acid) (195.2 mg, 0.2693 mmol), and DMAP (98.6 mg, 0.807 

mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC (169.8 

mg, 0.8858 mmol) was added, and the yellow-orange mixture was stirred at ambient temperature for 

21 h. The resulting red-orange mixture was poured over ice (100 g) and stirred for 30 min. The mixture 

was filtered via vacuum filtration to remove unreacted DBP(acid). The filtrate was collected, and the 

organic product was extracted with CH2Cl2 (50 mL). The orange extract was collected, washed with 

H2O (3 * 50 mL), 10% v/v HCl (50 mL), and brine (50 mL), dried over MgSO4, and concentrated on 

a rotary evaporator to afford a red-orange solid. The crude product was purified by column 

chromatography using a gradient of 75−100% CH2Cl2 in hexanes (L = 14.8 cm, Rf = 0.17−0.59). The 

compound was further purified via recrystallization from ethanol in ethyl acetate, yielding a dark orange 

powder (93.9 mg, 68%). 1H NMR (CDCl3, 400 MHz):  8.43 (dd, 2H, J = 8.8, 1.7 Hz), 8.42 (d, 2H, J 

= 1.7 Hz), 8.18 (s, 2H), 8.17 (d, 2H, J = 8.7 Hz), 7.61 (dd, 2H, J = 5.9, 3.7 Hz), 7.48 (s, 2H), 7.46 (dd, 

2H, J = 6.0, 4.0 Hz), 7.23 (s, 2H), 6.85 (s, 2H), 4.23 (t, 8H, J = 6.5 Hz), 4.15 (t, 4H, J = 6.4 Hz), 3.97 

(t, 4H, J = 6.6 Hz), 2.00 (m, 16H), 1.72 (tt, 4H, J = 7.4, 7.4 Hz), 1.63 (m, 12H), 1.48 (m, 32H), 1.01 (m, 

24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.6, 151.6, 151.4, 149.0, 148.5, 143.3, 142.78, 142.75, 

142.0, 139.8, 133.8, 129.2, 128.1, 128.0, 126.8, 126.6, 125.8, 124.1, 122.8, 121.6, 108.2, 106.9, 105.7, 

103.7, 69.7, 68.6, 68.53, 68.45, 32.1, 32.04, 31.95, 29.8, 29.64, 29.61, 29.5, 22.93, 22.89, 22.88, 22.86, 

14.34, 14.27, 14.26 ppm (2 carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for 

C96H123N4O12: calculated: 1523.9132; experimental: 1523.9116. 

1,4-Phenylene bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(hyd)). A flame-dried, three-necked round bottom flask (50 mL) equipped with a magnetic stir 

bar under a nitrogen atmosphere was charged with dry CH2Cl2 (20 mL). To the flask were added: 

DBP(acid) (97.2 mg, 0.134 mmol), hydroquinone (416.9 mg, 3.79 mmol), and DMAP (56.1 mg, 0.459 

mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC (106.3 

mg, 0.5545 mmol) was added, and the yellow-orange mixture was stirred at ambient temperature for 2 

days. The resulting red-orange mixture was diluted with CH2Cl2 (50 mL) and washed with H2O (3 * 25 

mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4, and concentrated on a rotary 

evaporator to afford a red-orange solid. The crude product was purified by column chromatography 
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using a gradient of 0−1% ethyl acetate in CH2Cl2 as the eluent (L = 14.8 cm, Rf = 0.43−0.45) and then 

purified on a separate column with 90−100% CH2Cl2 in hexanes and then 0−1% ethyl acetate in 

CH2Cl2 as the eluents (L = 10.5 cm, Rf = 0.31−0.45). The compound was further purified via 

recrystallization from EtOH in CH2Cl2, yielding a bright yellow powder (17.8 mg, 17%). 1H NMR 

(CDCl3, 400 MHz):  8.90 (brs, 2H), 8.47 (brs, 2H), 8.44 (d, 2H, J = 9.2 Hz), 8.38 (brs, 2H), 8.22 (d, 

2H, J = 8.3 Hz), 7.49 (brs, 2H), 7.45 (s, 4H), 7.41 (brs, 2H), 4.29 (t, 4H, J = 6.6 Hz), 4.26 (t, 4H, J = 

6.4 Hz), 4.24 (t, 4H, J = 6.6 Hz), 4.21 (t, 4H, J = 6.4 Hz), 1.99 (m, 16H), 1.63 (m, 16H), 1.46 (m, 32H), 

0.98 (m, 24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.9, 152.0, 151.8, 149.2, 148.8, 142.5, 140.2, 

133.1, 129.3, 128.9, 128.1, 127.1, 126.4, 123.2, 123.1, 122.8, 108.5, 108.0, 105.9, 105.5, 69.5, 69.3, 69.0, 

68.9, 31.96, 31.95, 31.92, 29.60, 29.57, 29.49, 29.48, 26.11, 26.07, 26.05, 26.04, 22.90, 22.88, 22.87, 

22.86, 14.31, 14.28, 14.265, 14.258 ppm (4 carbon signals missing or overlapping). HRMS (ESI+ of M 

+ H+): m/z for C96H123N4O12: calculated: 1523.9132; experimental: 1523.9101. 

Note: Yield for dDBP(hyd) is low because these reaction conditions were used to produce the 

monomer. Both monomer (could not purify this compound) and dimer were produced. The dimer 

was isolated from the mixture as described above. 

2.7.4. DSC 

Phase transition temperatures and enthalpies were investigated using differential scanning 

calorimetry (DSC) on a DSC Q2000 instrument (TA Instruments) equipped with a refrigerated cooling 

system (TA Instruments, Refrigerated Cooling System 90). Heating and cooling measurements were 

performed at a rate of 10 °C/min. 

 

Figure 2.8. DSC thermograms of mDBP(2R,3R) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 2.9. DSC thermograms of mDBP(2R,3S)/mDBP(2S,3R) for the (a) first and (b) second 
heating/cooling cycles. 

 

Figure 2.10. DSC thermograms of dDBP(2R,3R) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 2.11. DSC thermograms of dDBP(meso) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 2.12. DSC thermograms of dDBP(cat) for the (a) first and (b) second heating/cooling cycles. 

 

Figure 2.13. DSC thermograms of dDBP(hyd) for the (a) first and (b) second heating/cooling cycles. 

2.7.5. POM 

Texture and phase behaviour analyses were carried out using polarized optical microscopy 

(POM) on an Olympus BX50 microscope equipped with cross polarizers and a Linkam LTS350 

heating stage. All images shown are ca. 920 x 1400 μm in size, unless otherwise specified. 
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Figure 2.14. Polarized optical micrographs of mDBP(2R,3R) showing dendritic textures with sixfold 
symmetry of the Colh phase at (a) 209 °C, (b) 170 °C, and (c) room temperature. Image 
(a) was taken with a 530 nm quarter wavelength retardation plate. Images (b) and (c) 
were taken in the same plane of view. Image (d) was taken at room temperature after 
being left at ambient conditions for 7 months. 
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Figure 2.15. Polarized optical micrographs of mDBP(2R,3S)/mDBP(2S,3R) showing dendritic 
textures with sixfold symmetry of the Colh phase at (a) 210 °C, (b) 161 °C, and (c) room 
temperature. Image (a) was taken with a 530 nm quarter wavelength retardation plate. 
Images (b) and (c) were taken in the same plane of view. Image (d) was taken at room 
temperature after being left at ambient conditions for 7 months, showing the emergence 
of needle-like textures. 
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Figure 2.16. Polarized optical micrographs of dDBP(meso) showing dendritic textures with sixfold 
symmetry of the Colh phase at (a) 253 °C, (b) 253 °C, and (c) room temperature. All three 
images were taken with a 530 nm quarter wavelength retardation plate. Images (b) and 
(c) were taken in the same plane of view. Image (d) was taken at room temperature after 
being left at ambient conditions for 16 months. 
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Figure 2.17. Polarized optical micrographs of dDBP(cat) showing dendritic textures with sixfold 
symmetry of the Colh phase at (a) 226 °C, (b) 208 °C, and (c) room temperature. Image 
(a) was taken with a 530 nm quarter wavelength retardation plate. Images (b) and (c) 
were taken in the same plane of view. Image (d) was taken at room temperature after 
being left at ambient conditions for 9 months. 
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Figure 2.18. Polarized optical micrographs of dDBP(hyd) showing dendritic textures with sixfold 
symmetry of the Colh phase at (a) 285 °C, (b) 285 °C, and (c) room temperature. Image 
(a) was taken with a 530 nm quarter wavelength retardation plate. Images (b) and (c) 
were taken in the same plane of view. Image (d) was taken at room temperature after 
being left at ambient conditions for 2 months. 

2.7.6. XRD 

Wide-angle X-ray scattering (WAXS) experiments were obtained on a SAXSLAB Ganesha 

300XL Small Angle X-ray Scattering (SAXS) system. All samples were loaded into thin-walled quartz 

capillary tubes with a 1.5 mm outer diameter (Charles Supper Company). All measurements were 

performed using on a Linkam T95-PE heating stage. Figure 2.19 shows the WAXS spectra of a blank 

sample and mDBP(2R,3R) in the isotropic liquid phase for reference. 
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Figure 2.19. X-ray diffractogram of (a) a blank quartz capillary tube at room temperature and (b) 
mDBP(2R,3R) in the isotropic liquid phase at 300 °C. 

 

Figure 2.20. X-ray diffractogram of mDBP(2R,3R) at (a) room temperature prior to heating, (b) 200 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 1 day. 
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Figure 2.21. X-ray diffractogram of mDBP(2R,3S)/mDBP(2S,3R) at (a) room temperature prior 
to heating, (b) 200 °C, (c) room temperature after cooling, and (d) room temperature 
after being left at ambient conditions for 4 months. 
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Figure 2.22. X-ray diffractogram of dDBP(2R,3R) at (a) room temperature prior to heating, (b) 215 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 2 years. 
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Figure 2.23. X-ray diffractogram of dDBP(meso) at (a) room temperature prior to heating, (b) 240 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 2 years. 
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Figure 2.24. X-ray diffractogram of dDBP(cat) at (a) room temperature prior to heating, (b) 220 °C, 
(c) room temperature after cooling, and (d) room temperature after being left at ambient 
conditions for 4 months. 
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Figure 2.25. X-ray diffractogram of dDBP(hyd) at (a) room temperature prior to heating, (b) 300 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 4 months. 



65 

Table 2.4. X-ray diffraction data of the 2,3-butyl linked DBP mono- and diesters. 
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Table 2.5. X-ray diffraction data of the catechol and hydroquinone DBP diesters. 

 

2.7.7. DOSY 

Diffusion ordered spectroscopy (DOSY) measurements were obtained on a Bruker AVANCE 

III digital NMR spectrometer running TopSpin version 3.5 with a standard bore magnet operating at 

14.1 T (600.13 MHz for 1H). A Bruker QCI-F 5mm cryoprobe with a Z-gradient coil was used. The 

sample was exposed to 1H 90-degree r.f. pulses of 11.6 μs, and a GREAT 1/10 gradient amplifier 

delivered a maximum gradient current of 10 A, corresponding to a gradient strength of 5.35 G/cmA. 

The gradient strength was calibrated using distilled water. All samples analyzed were dissolved in D-

chloroform and the chemical shift was referenced using the residual solvent signal (set to 7.26 ppm). 

A flow of heated air was used during all NMR experiments to maintain a temperature of 300 K. The 

1H longitudinal relaxation times (T1) for the nuclei of interest were estimated using 1-dimensional 

inversion recovery experiments. 

The DOSY experiments were performed using a pulse sequence incorporating a bipolar 

gradient pair with spoiler gradients and longitudinal eddy current delays were used. A recycle delay 

(D1) of 5 s (> 5 x T1) was used and 16 scans were accumulated to provide sufficient signal to noise. 

Initially, two 1-dimensional DOSY scans were carried out on each sample to determine the optimal 

settings for the diffusion gradient length () and the diffusion time (Δ) using the standard Bruker pulse 
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sequence ledbpgp2s1d and gradient strengths (GPZ6) of 2% and 95%, respectively. The 95% gradients 

should have a signal strength of approximately 5% of the signal intensity observed for a gradient 

strength of 2%. The delay for longitudinal eddy current dissipation (D21) was set to 5 ms. Typically, Δ 

(D20) was set to 100 ms and  was 1000-1200 μs (2 x P30) to sample data over the entire decay curve 

and ensure reliable estimates of the diffusion coefficients (D). The spectral width was set to 5000 Hz 

(12.5 ppm), the transmitter offset was set to 5 ppm, shaped file SMSQ10.100 were used for all gradients, 

1 ms spoiler gradients were set to -17.13% (GPZ7) and -13.17% (GPZ8) of maximum power and the 

gradient recovery delay (D16) was set to 200 μs. 

After setting up the DOSY measurement parameters, a linear ramp of the gradient strengths 

from 2-95% was employed using the au program “dosy” to create the gradient ramp file. A pseudo-2-

D array of 16 x 1-D NMR experiments was acquired using the standard Bruker pulse sequence 

ledbpgp2s (total experiment time was 3 – 4 h). The DOSY data was processed by applying a 1-

dimensional Fourier transform in the F2 direction (xf2) with a 2 Hz exponential apodization, phased 

and baseline corrected (abs2). The au program “setdiffparm” was run to extract diffusion sequence 

parameters and store parameters for DOSY processing. To determine the diffusion coefficients, D, for 

each sample, integrated peak areas for the four phenanthrene protons in the aromatic region were fit 

to the gradient strength. Fitting was done using the T1/T1 analysis routines in TopSpin on peak intensity 

against gradient strength, which is fit to equation 2-6 to determine the values of D in units of m2/s. 

The D was calculated from each of the four phenanthrene proton peaks, with the reported D 

representing an average of each of these values (Table 2.6). 

 𝐼 = 𝐼0𝑒−𝐷𝛾2𝑔2𝛿2(∆−
𝛿

3
−

𝜏

2
)
 (2-6) 

 

Table 2.6. DOSY data for the four DBP diesters studied in Chapter 2. 
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2.7.8. Conformational Dynamics Data 

 

Figure 2.26. 1H NMR spectra of the aromatic region for mDBP(2R,3R) (green) and dDBP(cat) 
(violet). Both spectra were obtained from chloroform solutions with a concentration of 
3-5 mg/mL. 

The plot on the left in Figure 2.27 shows the relationship between the observed Δ values of 

dDBP(2R,3R) against those of dDBP(meso) for the phenanthrene protons only. The plot on the 

right in Figure 2.27 is the same plot shown in Figure 2.6(b) but includes the slopes and R2 values from 

the linear regression analysis. 

 

Figure 2.27. (Left) Plot of the observed Δ values of dDBP(2R,3R) versus the observed Δ values of 
dDBP(meso). (Right) Plot from Figure 2.6(b) showing the slope and R2 values. 
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2.7.9. Modelling 

Shown in Figure 2.28 below are the two lowest energy conformers of dDBP(cat). Both 

conformers are close in energy (within 1.4 kcal/mol) and conformational geometry. The conformation 

chosen to represent the folded conformer of dDBP(cat) in the main text is the conformer on the right 

in Figure 2.28. This conformer was chosen because it displayed a slightly better observed Δ versus 

Δcalc NMR fit (R2 of 0.85 versus 0.78 for the conformer on the left). A similar argument was made for 

the folded geometries of dDBP(meso). Figure 2.29 shows the lowest energy conformer of 

dDBP(hyd). See Appendix A for a detailed description of the calculations performed for the dimers 

discussed in this chapter. 

 

Figure 2.28. The two calculated lowest energy conformers of dDBP(cat). 

 

Figure 2.29. Lowest energy conformation for dDBP(hyd).  
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2.7.10. Liquid Crystal Data of dDBP(cat):dDBP(hyd) Mixtures 

Mixtures of dDBP(cat) and dDBP(hyd) were prepared by combining the appropriate 

stoichiometry amounts in chloroform, mixing thoroughly, and allowing the solvent to evaporate. DSC 

and POM measurements were conducted on the mixtures, and the results are shown below. XRD 

measurements were not conducted but the POM experiments show textures consistent with the 

assignment of a Colh LC phase. The clearing temperatures obtained by DSC and POM experiments 

are summarized in Table 2.7. 

 

Figure 2.30. DSC thermograms of a 75:25 molar ratio of dDBP(cat):dDBP(hyd) for the (a) first 
and (b) second heating/cooling cycles at a scan rate of 10 °C/min. 

 

Figure 2.31. Polarized optical micrographs of a 75:25 molar ratio of dDBP(cat):dDBP(hyd), 
showing dendritic textures with sixfold symmetry of the Colh phase at (a) 250 °C and (b) 
room temperature in the same plane of view. Image (a) was taken with a 530 nm quarter 
wavelength retardataion plate. 
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Figure 2.32. DSC thermograms of a 50:50 molar ratio of dDBP(cat):dDBP(hyd) for the (a) first 
and (b) second heating/cooling cycles at a scan rate of 10 °C/min. 

 

Figure 2.33. Polarized optical micrographs of a 50:50 molar ratio of dDBP(cat):dDBP(hyd), 
showing dendritic textures with sixfold symmetry of the Colh phase at (a) 225 °C and (b) 
room temperature in the same plane of view. Image (a) was taken with a 530 nm quarter 
wavelength retardataion plate. 

 

Figure 2.34. DSC thermograms of a 25:75 molar ratio of dDBP(cat):dDBP(hyd) for the (a) first 
and (b) second heating/cooling cycles at a scan rate of 10 °C/min. 
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Figure 2.35. Polarized optical micrographs of a 25:75 molar ratio of dDBP(cat):dDBP(hyd), 
showing dendritic textures with sixfold symmetry of the Colh phase at (a) 260 °C and (b) 
room temperature in the same plane of view. Image (a) was taken with a 530 nm quarter 
wavelength retardataion plate. 

Table 2.7. The Tc (by POM and DSC) values for different mole fractions of dDBP(hyd) doped 
into dDBP(cat). DSC values were obtained on the second heating run at 10 °C/min. 

 
 

 

 

Figure 2.36. Plots of Tc against the mole fraction of dDBP(hyd) doped into dDBP(cat) (
hyd

) 

obtained from POM (green) and DSC (violet) measurements. 
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Chapter 3.  
 
Conformationally Constrained Discotic Dimers 

3.1. Overview 

In the last chapter, we saw the sensitivity between linker stereochemistry and columnar self-

assembly, stemming from the change in the conformational dynamics imposed by the linking group. 

The two butyl dimers investigated had significant conformational freedom. In this chapter, we will 

explore a pair of conformationally constrained diastereomeric dimers, probing the effect reduced 

conformational freedom has on the conformational dynamics and self-assembly. 

3.2. Abstract 

The conformational geometries available to a discotic dimer can significantly impact its self-

assembly. In this study, two diastereomeric dibenzo[a,c]phenazine diesters containing a 1,2-cyclohexyl 

bridge exhibited dramatically different phase behaviour. The trans dimer displayed Colh ordering while 

the cis dimer was amorphous. In solution, both dimers appeared to fold and unfold in equilibrium. 

Although their folded geometries were similar, their unfolded structures were quite disparate. The trans 

dimer can adopt a fully extended, fairly planar structure, ideal for columnar organization. Conversely, 

the stereochemistry of the cis dimer does not permit extended conformers, and instead the dimer is 

limited to non-planar unfolded structures. This geometry is not compatible with the folded structure 

and likely disrupts columnar ordering. Geometric constraints in the linker were important for columnar 

phase stability as well. The trans dimer clears 40 °C lower than a stereochemical equivalent 2,3-butyl 

dimer. In this case, the larger cyclohexyl group creates steric hinderance in the unfolded form, which 

can prohibit π−π stacking. We proposed this effect could shift the conformational equilibrium in the 

columnar phase towards folded structures for the trans cyclohexyl dimer, supported by its smaller 

enthalpy at the clearing temperature transition. 

3.3. Introduction 

Discotic liquid crystals (DLCs) are an important class of optoelectronic materials54 that have 

been extensively investigated as organic semiconductors for OLEDs,45,46,68 photovoltaics,48,49,52 and 

OFETs.55–57 Despite their many attractive features – including highly anisotropic charge conduction, 

and the ability to uniformly align and self-heal – these materials generally exhibit liquid crystalline 
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ordering only at elevated temperatures.32,94 Discotic dimers, formed by linking two disc-shaped groups 

by a flexible spacer, offer an alternative strategy for accessing DLC ordering at low temperatures. Like 

their monomeric counterparts, discotic dimers can assemble into columnar liquid crystal phases; unlike 

monomers, these dimers tend to supercool into glasses that maintain liquid crystalline ordering for 

months or even years.114–116 

In addition to promoting glass-formation, the linking group can dramatically influence the 

ordering and stability of a dimer’s mesophase.122 By their nature, flexible linkers allow dimers to adopt 

many different shapes, including both folded and unfolded structures. The failure of dimers with short 

tethers to form LC phases is commonly attributed to the inability of the discs of unfolded structures 

to pack in separate columns.114,128,129 Notable exceptions to this trend have been rationalized by 

invoking folded conformations that permit both discs to reside within the same column.115,116 In reality, 

dimers likely adopt multiple conformations in the liquid crystal, a point that has long been recognized 

but seldom explored. We demonstrated in Chapter 2 that a pair of diastereomeric diesters 

dDBP(2R,3R) and dDBP(meso) do appear to adopt folded and unfolded structures in the columnar 

phase.187 In addition, doping experiments between a folded and unfolded dimer, dDBP(cat) and 

dDBP(hyd), respectively, showed the two conformations are indeed compatible in the Colh LC phase. 

In Chapter 2, we observed that dimers with a greater tendency to fold in solution also have 

lower clearing temperatures, highlighting the importance of conformational dynamics on the self-

assembly process.187 Stereochemistry of the tether between dDBP(2R,3R) and dDBP(meso) 

determined the conformational preferences of the dimers while allowing the molecules considerable 

geometric freedom. In contrast, dimers bridged by catechol (dDBP(cat)) and hydroquinone groups 

(dDBP(hyd)) were constrained by their rigid linkers to adopt exclusively folded or unfolded structures. 

In this chapter, we explore the effects of partially restricting the conformational freedom of the discotic 

dimers by replacing the acyclic linkers in dDBP(2R,3R) and dDBP(meso) with the analogous 

cyclohexyl groups to afford dDBP(trans) and dDBP(cis), respectively (see below). These derivatives 

nonetheless retain some flexibility and are therefore less constrained and more dynamic than the 

catechol and hydroquinone-linked systems. 
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3.4. Results and Discussion 

Compounds dDBP(trans) and dDBP(cis) were synthesized via the condensation of 

DBP(acid) and the appropriate diol by Steglich esterification (Scheme 3.1) using the same conditions 

reported in Chapter 2 for dDBP(2R,3R) and dDBP(meso). The cis dimer was prepared in two steps 

(route 1) via the monoester mDBP(cis); note this intermediate was formed as a racemic mixture of the 

(1R,2S)- and (1S,2R)-enantiomers. The trans dimer was obtained in a one-pot synthesis (route 2). The 

monomer mDBP(trans) was formed as well, but in low yield. A separate reaction using the first step 

in route 1 was performed to isolate mDBP(trans) in greater yield. Note that these reactions were 

performed in the early stages of my PhD work. At this time, I had not yet optimized the conditions 

for these reactions. Because the diol precursors are solid and reasonably non-hygroscopic at room 

temperature, we can easily measure out small stoichiometric amounts of the material. Therefore, in 

hindsight, the one-pot synthesis (route 1) is the most efficient pathway to produce both dimers in high 

yield, although route 2 does have the benefit of isolating the monomer in greater amounts. 
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Scheme 3.1. Reaction scheme for the synthesis of the 1,2-cyclohexyl mono- and diesters. 

 

Reagents and conditions: (a) cis-1,2-cyclohexanediol (10 equiv.), 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), dry dichloromethane, 0 °C−rt, 2 days; (b) DBP(acid) (2 equiv.), 

DMAP, EDC, dry dichloromethane, 0 °C−rt, 2 days; (c) (1R,2R)-trans-1,2-cyclohexanediol (1 equiv.), DMAP, 

EDC, dry dichloromethane, 0 °C−rt, 4 days. 

The liquid crystal properties of the dimers and their monomeric precursors were investigated 

by differential scanning calorimetry (DSC), polarized optical microscopy (POM), and variable 

temperature X-ray diffraction (vt-XRD). The phase behaviour is summarized later in Table 3.1. 

Compounds mDBP(trans), mDBP(cis), and dDBP(trans) exhibit columnar hexagonal (Colh) 

phases on both heating and cooling. The DSC thermograms of the first heating scan for each of these 

compounds exhibit a large enthalpy peak, followed by a smaller enthalpy peak at higher temperature, 

consistent with melting (Tm) and clearing (Tc) transitions, respectively (see section 3.6.4). Slow cooling 

of these samples below their Tc revealed dendritic textures with sixfold symmetry by POM (see Figure 

3.1 and section 3.6.5 for all other images), consistent with Colh phases. Mechanical shearing of these 

textures confirmed their fluidity. Interestingly, samples of dDBP(trans) were both more viscous and 

displayed more uniform homeotropic alignment than the monomers. X-ray diffraction patterns of 

these Colh phases exhibited an intense peak (d100) at low angles, along with two or three lower intensity 

peaks indexed to the d110, d200, and d210 planes. In the high angle region, two broad peaks were assigned 

to the ordering of alkyl chains (alkyl halo) and aromatic cores (π−π stacking; see section 3.6.6). 
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Figure 3.1. Polarized optical micrographs of (a) mDBP(trans) at 209 °C, (b) mDBP(cis) at 203 
°C, and (c) dDBP(trans) at 188 °C. Image (c) was taken with a 530 nm quarter 
wavelength retardation plate. 

No LC-to-crystalline transitions were observed in the DSC cooling curves of these 

compounds, suggesting they supercool from their columnar phase. The formation of LC glasses was 

confirmed by POM and XRD, which show retention of columnar ordering down to room temperature. 

In the case of mDBP(trans), the LC glass is short lived. The material cold crystallizes in subsequent 

heating cycles before melting into the liquid crystal. After less than an hour at room temperature, XRD 

experiments show the loss of hexagonal ordering and the appearance of multiple small peaks, indicative 

of crystallization (see Figure 3.17 in section 3.6.6). 

Conversely, the LC glass is longer lived for mDBP(cis) and dDBP(trans). By DSC, no 

melting transitions are observed in subsequent heating cycles for these compounds. For mDBP(cis), 

XRD samples show evidence of crystallization after 1 year at room temperature – multiple peaks 

emerge, and the spectrum can no longer be indexed to columnar ordering. The markedly slower 

crystallization kinetics of mDBP(cis) compared to its diastereomer mDBP(trans) may be a result of 

the former being isolated as a racemate, which has shown to inhibit crystallization due to racemates 

having a greater number of competing polymorphs.191 Remarkably, the diester dDBP(trans) shows 

no signs of crystallization by POM or XRD, retaining Colh ordering even after being left at room 

temperature for over 4 years (see sections 3.6.5 and 3.6.6 for crystallization experiments). The 

contrasting crystallization kinetics of the monomers compared with dDBP(trans) again show the 

importance of conformational flexibility for glass formation. The dimer dDBP(trans), although more 

constrained than dDBP(2R,3R) and dDBP(meso), has significant conformational freedom 

compared to the two monomers, which likely results in a larger entropy of crystallization for 

dDBP(trans) versus mDBP(trans) and mDBP(cis). 

The diester dDBP(cis) shows drastically different phase behaviour from the other three 

compounds. A single small enthalpy peak appears at 75 °C in the first DSC heating run, but no first 

order phase transitions are observed on cooling nor in subsequent heating/cooling cycles between -40 

°C and 300 °C. The observation of the small, irreversible first-order transition in the first DSC heating 
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scan suggests that the neat material obtained from solution is partially crystalline. Indeed, small 

crystallites are visible among spherical domains at room temperature (Figure 3.2(a)). Above 75 °C, 

these crystallites melt into an optically isotropic liquid (Figure 3.2(b)), eventually becoming fluid. Upon 

cooling, this liquid becomes increasingly viscous until losing fluidity altogether at approximately 65 °C. 

These samples remain isotropic (Figure 3.2(c)) even after sitting at room temperature for more than 

four years. Closer inspection of the second heating and cooling curves reveals second order transitions 

at 59 °C and 66 °C, respectively, with a glass transition (Tg). These peaks are also observed on 

subsequent thermal cycles (see Figure 3.11 in section 3.6.4). 

 

Figure 3.2. Polarized optical micrographs of dDBP(cis) under non-polarized light at (a) room 
temperature and (b) 82 °C at x4 magnification. Image (c) was taken under cross-polarized 
light with a cover slip at room temperature at x10 magnification. 

XRD studies of dDBP(cis) confirm the absence of long-range order in both neat samples 

and those that have undergone thermal treatment. Only broad peaks associated with the short-range 

ordering of the molten alkyl chains and the aromatic cores are observed, similar to the diffraction 

patterns of the isotropic liquid of the other three compounds (see section 3.6.6). The absence of 

additional features in the diffraction pattern of neat samples suggests that the degree of crystallinity is 

low even prior to heating. XRD samples left at room temperature for four years show no evidence of 

crystallization. 

Table 3.1. Phase behaviour of the 1,2-cyclohexyl DBP mono- and diesters. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic, X = unknown, partially crystalline phase. bTransition temperatures and enthalpies were determined by 

DSC (scan rate = 10 °C/min) on the first heating/cooling cycle. 
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What accounts for the dramatic difference in phase behaviour of dDBP(trans), which clears 

from a Colh phase at 190 °C, and its non-mesogenic stereoisomer dDBP(cis), which is an isotropic 

liquid at 75 °C (see Table 3.1)? This effect, associated with the inversion of a single stereocentre, is 

considerably more pronounced than between the closely related acyclic dimers dDBP(2R,3R) and 

dDBP(meso) discussed in Chapter 2. Both dimers exhibit Colh phases with clearing temperatures of 

230 °C and 261 °C, respectively. Notably, these differences in phase stability are only evident for the 

dimers; the monomers mDBP(trans) and mDBP(cis), as well as the monomers of the acyclic 

systems, form Colh phases with clearing temperatures between 205−216 °C. The disparity between 

monomers and dimers is likely due to shape effects. In the case of the monomers, structural changes 

are limited to peripheral groups, which should have little impact on the overall molecular shape. In 

contrast, altering the stereochemistry of a dimer’s linking group could dramatically change both the 

shape of individual conformers and the position of the conformational equilibrium. We saw the effect 

linker stereochemistry had on the conformational dynamics of dDBP(2R,3R) and dDBP(meso), 

which appeared responsible for the 31 °C difference in Tc. 

The conformational dynamics of dDBP(trans) and dDBP(cis) in solution were examined by 

1H NMR spectroscopy. The aromatic peaks for these compounds are shown in Figure 3.3, along with 

those of mDBP(trans) and the catechol-linked dimer dDBP(cat). As mentioned in Chapter 2, the 

proton assignments, which were made based on HSQC and HMBC experiments, could not distinguish 

protons d from e, nor f from g, but were consistent with density functional theory (DFT) NMR 

calculations described later. The aromatic peaks of dDBP(trans) and dDBP(cis) are shifted upfield 

relative to the corresponding signals of mDBP(trans), suggesting that the dimers’ protons are shielded 

through π−π interactions.137 These chemical shifts are largely concentration independent, consistent 

with intramolecular stacked (i.e., folded) structures. 
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Figure 3.3. 1H NMR spectra of the aromatic region for (I) mDBP(trans), (II) dDBP(trans), (III), 
dDBP(cis), and (IV) dDBP(cat). All spectra were obtained at concentrations between 
3−5 mg/mL in CDCl3. 

As discussed in Chapter 2, if we assume that the conformational equilibria of dimers each 

consist of a folded and unfolded state in fast exchange, the observed upfield shift (Δ) of an aromatic 

proton relative to the corresponding signal for the monomer will be the weighted average of the 

corresponding shifts for the folded (f) and unfolded (u) conformations. This is described by equation 

3-1: 

 ∆𝛿 =  𝜒𝑓(𝛿𝑢 −  𝛿𝑓) (3-1) 

where 
f
 is the mole fraction of the folded conformers. As described in Chapter 2, we expect the 

aromatic protons of the unfolded conformer to experience a similar environment to those of 

monomers, and hence the chemical shifts of mDBP(trans) are used for values of u. The fully folded 

catechol-linked dimer, dDBP(cat), serves as a model system to estimate f. We once again restricted 

our analysis to the phenanthrene protons (protons d−g in Figure 3.3), since perturbations in their 

chemical shifts are expected to be dominated by π−π interactions within a folded structure, whereas 

protons a−c could also be influenced by local effects such as by the conformation of the adjacent ester 

linker. The Δ for protons d−g are in the range of 0.08−0.43 ppm for dDBP(cis) and 0.08−0.22 ppm 
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for dDBP(trans); these Δ values are much smaller than for dDBP(cat) (0.38−1.17 ppm), which 

predominantly adopts a folded geometry. Thus, dDBP(trans) and dDBP(cis) appear to exist in 

equilibria between folded and unfolded structures but favour the extended conformation. 

 In addition to 1H NMR spectroscopy, circular dichroism (CD) can provide information on 

the conformational dynamics for chiral molecules, like dDBP(trans). The CD spectra of 

mDBP(trans), dDBP(trans), and dDBP(cis) are shown in Figure 3.4. As expected, dDBP(cis) does 

not give a CD signal because it is a meso compound. For the two chiral derivatives, dDBP(trans) 

exhibits a CD spectrum but its monomeric analogue, mDBP(trans), does not. While mDBP(trans) 

is chiral, its chromophore (the DBP core) is not chiral, and thus does not give a CD signal.192 

Conversely, the two DBP cores in dDBP(trans), if folded, interact in a chiral manner. The observed 

CD signal of dDBP(trans) supports our analysis from the 1H NMR spectrum that it folds in solution. 

The overlay of the UV-Vis spectrum of dDBP(trans) in Figure 3.4 confirms the CD spectrum is 

derived from the DBP moiety. In addition to CD, UV-Vis and fluorescence spectroscopy were 

performed on all four compounds; however, no noticeable differences were observed in the absorption 

and emission properties of the compounds (see section 3.6.7). Note that the emissive properties were 

only measured in solution. While the photophysical properties were not investigated on the neat 

material, qualitative experiments indicate the compounds may be emissive in the solid and LC state. 

 

Figure 3.4. CD spectra of dDBP(cis) (magenta), mDBP(trans) (green), and dDBP(trans) (blue). 
UV-Vis spectrum of dDBP(trans) is shown in orange. All solutions were between 1.4 
and 3.5 μM in concentration. 
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Diffusion ordered spectroscopy (DOSY) was used to further probe the folded-unfolded 

equilibria of dDBP(trans) and dDBP(cis) in CDCl3. The resulting diffusion coefficients for 

dDBP(trans) and dDBP(cis) were 2.06 ± 0.01 * 10-9 m2s-1 and 1.89 ± 0.01 * 10-9 m2s-1, respectively. 

These values are slightly higher than the coefficient previously measured for the fully extended model 

system dDBP(hyd) (1.69 ± 0.01 * 10-9 m2s-1), and considerably lower than that of the fully folded 

derivative dDBP(cat) (3.81 ± 0.02 * 10-9 m2s-1). The diffusion coefficients therefore support the 

conclusion that both cyclohexyl dimers exist predominantly in the unfolded conformation in solution. 

The structures of these folded and unfolded conformations were modelled by performing 

unconstrained DFT145 geometry optimizations in Gaussian 09189 starting from multiple initial 

geometries (details are described in Appendix A). The B3LYP functional158,159 was employed at the 6-

31G(d) level.161,162 Like in Chapter 2, a Grimme D3 dispersion correction165,167 was added to each 

calculation because uncorrected DFT poorly describes systems strongly influenced by dispersion 

forces.164 Conformations were assessed by comparing calculated 1H NMR shifts using the Gauge-

Independent Atomic Orbital (GIAO) method190 for protons a−g to the experimentally observed 

values. The folded conformers that best match the 1H NMR data are shown in Figure 3.5 with fits of 

R2 = 0.77 for dDBP(trans) and R2 = 0.98 for dDBP(cis). Both conformations were within 3 kcal/mol 

of the lowest energy conformer; the latter have similar shapes to those in Figure 3.5 but display poorer 

fits to the experimental chemical shifts (R2 = 0.54 and 0.53, respectively; see section 3.6.10 for 

schematics of the lowest energy folded conformers and Appendix A for all other conformations). 

Notably, the two conformers in Figure 3.5 have different geometries. This is consistent with the 1H 

NMR spectrum in Figure 3.3, as a poor correlation is obtained when the experimental Δ values are 

plotted against each other (R2 = 0.51; see section 3.6.9). Unfortunately, this means we cannot compare 

the conformational equilibria of the two dimers using equation (3-1). 

 

Figure 3.5. The folded conformers of (a) dDBP(trans) and (b) dDBP(cis) that best fit the 
experimental 1H NMR data according to our NMR calculations. 
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Although dDBP(trans) and dDBP(cis) adopt distinct folded conformers, these geometric 

differences are likely not sufficient to explain the dramatic changes in phase behaviour. Indeed, the 

folded structure of dDBP(cis) is virtually identical to that of dDBP(cat), which forms a Colh phase 

with a clearing temperature of 235 °C,187 suggesting that the former should also be able to assemble 

into a stable columnar phase. This led us to consider whether the geometries of the unfolded 

conformations of dDBP(trans) and dDBP(cis) are responsible for the observed effects. The lowest 

energy unfolded conformers of dDBP(trans) and dDBP(cis) are shown in Figure 3.6. Notably, 

dDBP(trans) adopts an extended, relatively planar geometry similar to those calculated for other 

dDBP derivatives, namely dDBP(2R,3R), dDBP(meso), and dDBP(hyd). This extended geometry 

was shown to be compatible with columnar hexagonal organization in Chapter 2. In contrast, the 

unfolded structure of dDBP(cis) is not extended and is distinctly nonplanar, a shape that is likely 

incompatible with columnar self-assembly. Indeed, reports of non-mesogenic triphenylene dimers have 

ascribed their lack of columnar behaviour to the inability to planarize.114,128,129 

 

Figure 3.6. Optimized unfolded conformers of (a) dDBP(trans) and (b) dDBP(cis). 

While the shape of the unfolded conformer of dDBP(cis) accounts for its inability to form a 

liquid crystal phase, it does not, by itself, explain this molecule’s glass-forming ability. Just as how other 

flexible dDBP derivatives can exist in equilibrium between folded and unfolded forms within their 

liquid crystal phase, dDBP(cis) likely exhibits similar dynamics in the isotropic phase. Unlike 

dDBP(trans) and other dDBP derivatives, in which the unfolded and folded structures can co-exist 

within the same columnar matrix as demonstrated by the doping experiment in Chapter 2, the 

conformers of dDBP(cis) likely organize into incompatible supramolecular structures. This likely 

frustrates crystallization and leads to glass formation. The co-existence of incompatible conformers 

inhibits crystallization not only from the melt, but also from solution. For instance, while 

mDBP(trans), mDBP(cis), and dDBP(trans) are only soluble in halogenated and aromatic solvents 

(e.g., dichloromethane, chloroform, and toluene) at room temperature, dDBP(cis), in addition to these 

solvents, also readily dissolves in acetone, ethyl acetate, diethyl ether, and hexanes. No other DBP 

derivative, to our knowledge, is soluble in hexanes at room temperature. 
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The shape of the unfolded form of dDBP(cis) also explains the dramatic contrast between 

its phase behaviour and that of its acyclic analog dDBP(meso), which shares the same relative 

stereochemistry, yet has a Colh phase that is stable to 261 °C. Modelling studies from Chapter 2 indicate 

that dDBP(meso), unlike dDBP(cis), can adopt an extended planar structure (see section 3.6.10). 

These differing geometries are a direct consequence of the structural constraints imposed by the more 

rigid structure of dDBP(cis). In the case of dDBP(meso), the unfolded geometry arises from an anti-

periplanar conformation of DBP groups (Figure 3.7, structure I). Because this geometry is inaccessible 

when the R groups are tethered together as part of a cyclohexane ring, the only accessible unfolded 

conformer of dDBP(cis) is one in which the DBP groups are gauche (structures II and III). These 

geometries force the two rings into different planes. 

 

Figure 3.7. Newman projections of dDBP(cis), dDBP(meso), dDBP(trans), and dDBP(2R,3R). 

The “x” and “√” symbols indicate whether the structure is possible based on geometric 
contraints imposed by the linker. 

The same geometric considerations can be used to rationalize the less dramatic difference in 

phase behaviour between dDBP(trans) and dDBP(2R,3R), which share the same relative 

stereochemistry. In contrast to dDBP(cis) and dDBP(meso), both the cyclic and acyclic-bridged 
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systems can, in this case, adopt planar unfolded conformations in which the discotic groups are anti-

periplanar (Figure 3.7, structure IV). Thus, both compounds are in equilibrium between folded and 

unfolded structures that can pack within the same columnar phase. Nonetheless, dDBP(2R,3R) does 

exhibit a substantially more stable mesophase, with a clearing temperature that is almost 40 °C higher 

than that of dDBP(trans). The lower Tc of the cyclic derivative suggests that the cyclohexyl linker 

disrupts packing of the columnar phase in the folded and/or unfolded conformations, either due to 

increased steric bulk or its decreased flexibility. 

The monomeric analogues mDBP(trans) and mDBP(2R,3R) adopt Colh phases with very 

similar clearing temperatures (211 °C and 216 °C, respectively). This comparison suggests the increased 

steric bulk of the cyclohexyl ring may not significantly disrupt columnar packing; however, we again 

need to consider the different shapes of the molecules. The monomers place the linking group on the 

periphery, as do the folded conformers of the dimers. The cyclohexyl group likely has a minimal impact 

on π−π stacking in these conformations. In contrast, the unfolded conformer places the linking group 

in the middle of the molecule, orthogonal to the DBP cores (Figure 3.7, structure IV). The larger 

cyclohexyl group in dDBP(trans) may perturb π−π stacking relative to the smaller methyl groups in 

dDBP(2R,3R), which could account for the 40 °C difference in columnar stability.  

In addition to the conformer itself, steric hinderance in the unfolded form may shift the 

equilibrium towards folded structures for dDBP(trans) in the liquid crystal phase. This shift would 

depress the Tc according to our analysis in Chapter 2. Unfortunately, we cannot directly compare the 

equilibrium constants of dDBP(trans) and dDBP(2R,3R) in solution because they adopt different 

folded geometries; however, the smaller enthalpy at the Tc transition for dDBP(trans) (9.2 kJ/mol) 

compared with dDBP(2R,3R) (16.0 kJ/mol) supports this hypothesis that the former folds more than 

the latter in the columnar phase. We saw in Chapter 2 that the degree of order of the columnar phase, 

measured by the enthalpy, decreases as the degree of folding increases. 

3.5. Conclusions 

This study built off the work in Chapter 2 and explored how added conformational constraints 

in the linking group in discotic dimers affect the conformational dynamics and self-assembly. 

Remarkably, differing only in linker stereochemistry, dDBP(trans) displayed Colh organization while 

dDBP(cis) was amorphous. Unlike Chapter 2, which attributed a 31 °C difference in Tc to the 

propensity to fold, the degree of folding did not account for the dramatic differences in self-assembly. 

Instead, the conformational geometries were responsible, specifically the unfolded structure. The trans 
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dimer forms a fully extended and relatively planar structure while geometric constraints of the cis dimer 

do not allow it to fully extend, instead forming a non-planar unfolded geometry. 

In addition to linker stereochemistry, linker sterics played a role on the thermal stability of the 

columnar phase. The two dimers dDBP(2R,3R) and dDBP(trans), which have the same 

stereochemistry, displayed a 40 °C difference in clearing temperature. We proposed the larger 

cyclohexyl group may somewhat perturb π−π stacking for unfolded structures in the columnar phase, 

which could shift the conformational equilibrium of dDBP(trans) to folded structures relative to 

dDBP(2R,3R). This hypothesis was supported by the smaller enthalpy at the Tc transition for 

dDBP(trans) compared with dDBP(2R,3R). 

The work presented here shows that the conformational geometries, specifically the planarity, 

is a key structural feature for columnar hexagonal self-assembly. In the past, the length of the linker 

has been noted as an important parameter for columnar organization, with short linkers perturbing 

columnar assembly; however, this study shows the length is less important – all four dimers discussed 

contain a short two carbon diester bridge. Rather, it is the influence the linker has on the geometries 

adopted by the molecule that affects supramolecular self-assembly. 

3.6. Experimental 

3.6.1. Materials and Instrumentation 

Materials. Dry dichloromethane (CH2Cl2; HPLC grade, >99.8%, Fisher Scientific, USA) was 

used as the solvent for all syntheses. All other solvents employed for workups were reagent grade and 

were used as received without further purification. The following reagents employed for syntheses 

were used as received: (1R,2R)-trans-1,2-cyclohexanediol (99%, 99:1 ee/HPLC, Fluka Chemie 

GmbH, Switzerland), cis-1,2-cyclohexanediol (ICN Biomedicals, Plainview, NY, USA), 4-

dimethylaminopyridine (DMAP; >99.0%, Tokyo Chemical Industry Co., Portland, OR, USA), 1-ethyl-

3-(3-dimethylaminopropyl carbodiimide (EDC; Oakwood Chemical, Estill, SC). The 2,3,6,7-

tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylic acid (DBP(acid)) was synthesized according to 

previously published methods.110 Column chromatography was performed using Silicycle Ultrapure 

silica gels 2500 (Parc-Technologique, 40−63 μm (230−400 mesh), Quebec City, QC). Drying of the 

organic extracts was performed using magnesium sulfate (MgSO4) (BDH, reagent grade, Radnor, PA). 

The nuclear magnetic resonance (NMR) solvent CDCl3 (D 99.8%, Cambridge Isotope Laboratories, 

Andover, MA) was used as received. 
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Instrumentation. All instrumentation measurements were performed at Simon Fraser 

University (SFU), Burnaby, BC, Canada, unless stated otherwise. The 400 MHz 1H-NMR spectra were 

obtained on a Bruker AVANCE III 400 MHz NMR spectrometer with a 5 mm BBOF probe. The 500 

MHz 1H-NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer with a 5 mm 

TXI probe. The 600 MHz 1H-NMR, COSY, HSQC, HMBC, and 150 MHz 13C-NMR spectra were 

obtained on a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm QNP cryoprobe 

and an Ultrashield 600 Plus magnet. For the S2 2-D HMBC 1H-13C correlation spectra, the pulse 

sequence (hmbcgplpndgf) used 1 ms sine-shaped gradient pulses (ratio 50:30:40.1) for selection and 

was optimized for long-range (2- and 3-bond) couplings. A low pass J-filter was used to suppress one-

bond correlations. No decoupling was applied during acquisition. A total of 256 increments were 

acquired with 8 scans per increment, 16 dummy scans, and a recycle delay of 1.5 s. The 1/(2J)CH delay 

was set to 3.45 ms (1J(CH) = 145 Hz), a 62.5 ms delay was used for evolution of long-range couplings 

(2,3J(CH) = 8 Hz), and a 200 μs homospoil/gradient recovery delay was used. 

Mass spectrometry (MS) measurements were performed using a microOTOF-Q II instrument 

(Bruker, direct electrospray ionization (ESI), scan range: 50−3000 m/z, set capillary at 4500 V, end 

plate offset at -500 V, 0.3 bar nebulizer, 180 °C dry heater, dry gas injected at 4.0 L/min, University of 

Notre Dame Mass Spectrometry and Proteomics Facility). 

3.6.2. Synthesis of Monoesters 

(1R,2R)-Trans-2-hydroxycyclohexyl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylate (mDBP(trans)). A flame dried, two-neck round bottom flask (100 mL) equipped with a 

magnetic stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (50 mL). To the flask were 

added: (1R,2R)-trans-1,2-cyclohexanediol (307.4 mg, 2.646 mmol), DBP(acid) (191.0 mg, 0.2635 

mmol), and DMAP (106.5 mg, 0.8717 mmol), in sequence. The yellow suspension was stirred at 0 °C 

for 20 min. At this time, EDC (336.7 mg, 1.756 mmol) was added, and the yellow-orange suspension 

was stirred at ambient temperature for 2 days. The resulting intense red solution was poured over ice 

(100 g) and stirred for 1 h. The crude product was extracted with CH2Cl2 (25 mL). The orange extract 

was collected, washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over 

MgSO4, and concentrated on a rotary evaporator to afford a dark red-orange solid. The crude product 

was purified by column chromatography using 25% ethyl acetate in hexanes as the eluent (L = 11.9 

cm, Rf = 0.31). The compound was further purified via recrystallization from acetone, yielding a bright 

orange powder (52.4 mg, 24%). 1H NMR (CDCl3, 400 MHz):  8.99 (dd, 1H, J = 1.8, 0.4 Hz), 8.74 (s, 

1H), 8.72 (s, 1H), 8.37 (dd, 1H, J = 8.8, 1.9 Hz), 8.31 (dd, 1H, J = 8.8, 0.3 Hz), 7.67 (s, 1H), 7.66 (s, 
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1H), 4.98 (ddd, 1H, J = 10.1, 9.2, 4.1 Hz), 4.35 (t, 2H, J = 6.5 Hz), 4.33 (t, 2H, J = 6.6 Hz), 4.28 (t, 2H, 

J = 6.5 Hz), 4.27 (t, 2H, J = 6.5 Hz), 3.88 (m, 1H), 2.44 (d, 1H, J = 2.9 Hz), 2.28 (m, 1H), 2.19 (m, 1H), 

1.98 (m, 8H), 1.83 (m, 2H), 1.61 (m, 8H), 1.52 (m, 1H), 1.42 (m, 19H), 0.95 (m, 12H) ppm. 13C{1H} 

NMR (CDCl3, 150 MHz): d 166.5, 152.4, 152.2, 149.62, 149.55, 143.5, 143.3, 142.9, 140.5, 132.2, 130.2, 

129.4, 128.3, 127.3, 126.8, 123.5, 123.5, 109.0, 108.8, 106.4, 106.3, 79.5, 73.0, 69.7, 69.3, 33.3, 31.85, 

31.84, 31.83, 30.3, 29.46, 29.45, 29.42, 29.41, 26.02, 26.00, 25.975, 25.970, 24.2, 24.0, 22.829, 22.825, 

22.814, 22.811, 14.24, 14.23, 14.211, 14.207 ppm (2 carbon signals missing or overlapping). HRMS 

(ESI+ of M + H+): m/z for C51H71N2O7: calculated: 823.5261; experimental: 823.5232. 

Cis-2-hydroxycyclohexyl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(mDBP(cis)). A flame-dried, two-neck round bottom flask (250 mL) equipped with a magnetic stir 

bar under a nitrogen atmosphere was charged with dry CH2Cl2 (125 mL). To the flask was added: 

DBP(acid) (209.0 mg, 0.2883 mmol), cis-1,2-cyclohexanediol (335.9 mg, 2.892 mmol), and DMAP 

(112.6 mg, 0.9217 mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this 

time, EDC (142.3 mg, 0.7423 mmol) was added, and the yellow-orange suspension was stirred at 

ambient temperature for 2 days. The resulting intense red-orange solution was poured over ice (200 g) 

and stirred for 1 h. The crude product was extracted with CH2Cl2 (50 mL). The orange extract was 

collected, washed with H2O (3 * 50 mL), 10% v/v HCl (50 mL), and brine (50 mL), dried over MgSO4, 

and concentrated on a rotary evaporator to afford a red-orange solid. The crude product was purified 

by column chromatography using a gradient of 10−25% ethyl acetate in hexanes as the eluent (Rf = 

0.03−0.38). The compound was further purified via recrystallization from acetone, yielding a bright 

orange powder (156.1 mg, 66%). 1H NMR (CDCl3, 400 MHz):  8.98 (dd, 1H, J = 1.8, 0.3 Hz), 8.72 

(s, 1H), 8.71 (s, 1H), 8.36 (dd, 1H, J = 8.8, 1.9 Hz), 8.30 (dd, 1H, J = 8.9, 0.4 Hz), 7.663 (s, 1H), 7.662 

(s, 1H), 5.34 (ddd, 1H, J = 7.9, 2.7, 2.7 Hz), 4.35 (t, 2H, J = 6.3 Hz), 4.32 (t, 2H, J = 6.4 Hz), 4.273 (t, 

2H, J = 6.5 Hz), 4.270 (t, 2H, J = 6.4 Hz), 4.11 (m, 1H), 2.23 (brs, 1H), 2.15 (m, 1H), 1.98 (m, 9H), 

1.81 (m, 4H), 1.60 (m, 8H), 1.53 (m, 2H), 1.42 (m, 16H), 0.95 (m, 12H) ppm. 13C{1H} NMR (CDCl3, 

150 MHz):  166.0, 152.5, 152.3, 149.7, 149.6, 143.5, 143.4, 143.0, 140.6, 132.1, 130.4, 129.5, 128.4, 

127.4, 126.9, 123.6, 123.5, 109.1, 108.9, 106.5, 106.4, 75.5, 69.8, 69.74, 69.72, 69.4, 69.3, 31.83, 31.82, 

30.7, 29.9, 29.47, 29.45, 29.42, 29.40, 27.5, 26.02, 26.00, 25.971, 25.966, 22.82, 22.814, 22.808, 22.2, 

21.5, 14.23, 14.22, 14.21, 14.20 ppm (2 carbon signals missing or overlapping). HRMS (ESI+ of M + 

H+): m/z for C51H71N2O7: calculated: 823.5261; experimental: 823.5265. 
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3.6.3. Synthesis of Diesters 

(1R,2R)-Trans-cyclohexane-1,2-diyl bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylate) (dDBP(trans)). A flame dried, two-neck round bottom flask (100 mL) equipped with a 

magnetic stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (40 mL). To the flask was 

added: (1R,2R)-trans-1,2-cyclohexanediol (14.3 mg, 0.123 mmol), DBP(acid) (119.6 mg, 0.1650 

mmol), and DMAP (135.5 mg, 1.109 mmol), in sequence. The yellow suspension was stirred at 0 °C 

for 20 min. At this time, EDC (142.3 mg, 0.7423 mmol) was added, and the red-orange mixture was 

stirred at ambient temperature for 4 days. The resulting intense red solution was diluted with CH2Cl2 

(100 mL) and subsequently poured over ice (100 g) and stirred for 1 h. The orange organic extract was 

collected, washed with H2O (3 * 75 mL), 10% v/v HCl (75 mL), and brine (75 mL), dried over MgSO4, 

and concentrated on a rotary evaporator to afford a red-orange solid. The crude product was purified 

by column chromatography using CH2Cl2 as the eluent (Rf = 0.12). The compound was further purified 

via recrystallization from acetone, yielding a bright orange powder (37.9 mg, 30%). 1H NMR (CDCl3, 

400 MHz),  8.91 (dd, 2H, J = 1.9, 0.3 Hz), 8.60 (s, 2H), 8.50 (s, 2H), 8.33 (dd, 2H, J = 8.9, 1.9 Hz), 

8.19 (dd, 2H, J = 8.8, 0.3 Hz), 7.59 (s, 2H), 7.55 (s, 2H), 5.45 (m, 2H), 4.28 (m, 12H), 4.22 (t, 4H, J = 

6.8 Hz), 2.46 (m, 2H), 1.96 (m, 18H), 1.80 (m, 2H), 1.59 (m, 18H), 1.41 (m, 32H), 0.95 (m, 24H) ppm. 

13C{1H} NMR (CDCl3, 150 MHz):  166.2, 152.3, 152.0, 149.5, 149.4, 143.4, 143.2, 142.7, 140.5, 132.5, 

130.0, 129.4, 128.3, 127.2, 126.6, 123.41, 123.40, 108.9, 108.5, 106.3, 106.2, 75.6, 69.7, 69.6, 69.2, 31.88, 

31.85, 31.84, 31.83, 30.7, 29.50, 29.49, 29.43, 29.40, 26.1, 25.992, 25.987, 25.97, 23.9, 22.8, 22.814, 

22.808, 14.26, 14.21, 14.20 ppm (3 carbon signals missing or overlapping). HRMS (ESI+ of M + H+): 

m/z for C96H129N4O14: calculated: 1529.9607; experimental: 1529.9593. 

Cis-cyclohexane-1,2-diyl bis(2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(cis)). A flame dried, two-neck round bottom flask (100 mL) equipped with a magnetic stir 

bar under a nitrogen atmosphere was charged with dry CH2Cl2 (40 mL). To the flask was added: 

mDBP(cis) (80.0 mg, 0.0972 mmol), DBP(acid) (148.1 mg, 0.2043 mmol), and DMAP (86.3 mg, 

0.706 mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC 

(114.4 mg, 0.5968 mmol) was added, and the yellow-orange mixture was stirred at ambient temperature 

for 2 days. The resulting orange mixture was poured over ice (100 g) and stirred for 1 h. The crude 

product was extracted with CH2Cl2 (100 mL). The extract was collected and filtered via vacuum 

filtration to remove unreacted DBP(acid). The orange filtrate was collected, washed with H2O (3 * 75 

mL), 10% v/v HCl (75 mL), and brine (75 mL), dried over MgSO4, and concentrated on a rotary 

evaporator to afford a red-orange solid. The crude product was purified by column chromatography 

using 15% ethyl acetate in hexanes as the eluent (L = 13.0 cm, Rf = 0.27). The compound was further 
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purified by washing the solid copiously in methanol for hours and collected via vacuum filtration, 

yielding a red-orange powder (51.5 mg, 35%). 1H NMR (CDCl3, 400 MHz):  8.82 (d, 2H, J = 1.6 Hz), 

8.66 (s, 2H), 8.38 (dd, 2H, J = 8.8, 1.8 Hz), 8.293 (d, 2H, J = 8.8 Hz), 8.290 (s, 2H), 7.59 (s, 2H), 7.45 

(s, 2H), 5.63 (m, 2H), 4.33 (t, 4H, J = 6.5 Hz), 4.27 (t, 4H, J = 6.6 Hz), 4.14 (t, 4H, J = 6.7 Hz), 4.10 (t, 

4H, J = 6.6 Hz), 2.32 (m, 2H), 1.98 (m, 16H), 1.86 (tt, 4H, J = 6.8, 6.8 Hz), 1.71 (m, 2H), 1.57 (m, 

16H), 1.41 (m, 32H), 0.95 (m, 24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  165.9, 152.3, 151.9, 

149.5, 149.3, 143.5, 143.3, 142.7, 140.5, 132.7, 130.4, 129.4, 128.2, 127.2, 126.5, 123.5, 123.2, 109.0, 

108.4, 106.5, 105.9, 72.4, 69.8, 69.5, 69.1, 69.0, 31.89, 31.88, 31.86, 31.85, 29.6, 29.50, 29.48, 29.39, 

28.3, 26.04, 26.02, 25.99, 25.97, 22.83, 22.82, 22.2, 14.23, 14.22, 14.21 ppm (3 carbon signals missing 

or overlapping); HRMS (ESI+ of M + H+): m/z for C96H129N4O14: calculated: 1529.9607; experimental: 

1529.9590. 

3.6.4. DSC 

Phase transition temperatures and enthalpies were investigated using differential scanning 

calorimetry (DSC) on a DSC Q2000 instrument (TA Instruments) equipped with a refrigerated cooling 

system (TA Instruments, Refrigerated Cooling System 90). Heating and cooling measurements were 

performed at a rate of 10 °C/min. 

 

Figure 3.8. DSC thermograms of mDBP(trans) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 3.9. DSC thermograms of mDBP(cis) for the (a) first and (b) second heating/cooling cycles. 

 

Figure 3.10. DSC thermograms of dDBP(trans) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 3.11. DSC thermograms of dDBP(cis) for the (a) first and (b) second heating/cooling cycles. 
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3.6.5. POM 

Texture and phase behaviour analyses were carried out using polarized optical microscopy 

(POM) on an Olympus BX50 microscope equipped with cross polarizers and a Linkam LTS350 

heating stage. All images shown are ca. 920 x 1400 μm in size, unless otherwise specified. 

 

Figure 3.12. Polarized optical micrographs of mDBP(trans) showing dendritic textures with sixfold 
symmetry at (a-b) 209 °C and (c) room temperature. Image (d) shows the sample at room 
temperature after 1 year. Image (a) was taken with a 530 nm quarter wavelength 
retardation plate. Images (b) and (c) were taken in the same plane of view. 
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Figure 3.13. Polarized optical micrographs of mDBP(cis) showing dendritic textures with sixfold 
symmetry at (a-b) 203 °C and (c) room temperature. Image (d) shows the sample at room 
temperature after 1 year. Image (a) was taken with a 530 nm quarter wavelength 
retardation plate. 
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Figure 3.14. Polarized optical micrographs of dDBP(trans) showing dendritic textures with sixfold 
symmetry at (a-b) 188 °C and (c) room temperature. Image (d) shows the sample at room 
temperature after 3 years. Images (a) and (c) were taken with a 530 nm quarter 
wavelength retardation plate. 

 

Figure 3.15. Polarized optical micrographs of dDBP(cis) showing the isotropic nature of the 
material at room temperature (a) with and (b) without a 530 nm quarter wavelength 
retardation plate.  
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3.6.6. XRD 

Wide-angle X-ray scattering (WAXS) experiments were obtained on a SAXSLAB Ganesha 

300XL Small Angle X-ray Scattering (SAXS) system. All samples were loaded into thin-walled quartz 

capillary tubes with a 1.5 mm outer diameter (Charles Supper Company). All measurements were 

performed using on a Linkam T95-PE heating stage. Figure 3.16 shows the WAXS spectra of a blank 

sample and dDBP(trans) in the isotropic liquid phase for reference. 

 

Figure 3.16. X-ray diffractograms of (a) a blank capillary tube and (b) dDBP(trans) in the isotropic 
liquid phase at 250 °C. 
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Figure 3.17. X-ray diffractograms of mDBP(trans) at (a) room temperature prior to heating, (b) 200 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 3 days. 
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Figure 3.18. X-ray diffractograms of mDBP(cis) at (a) room temperature prior to heating, (b) 190 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for 1 year. 
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Figure 3.19. X-ray diffractograms of dDBP(trans) at (a) room temperature prior to heating, (b) 180 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for over 4 years. 
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Figure 3.20. X-ray diffractograms of dDBP(cis) at (a) room temperature prior to heating, (b) 150 
°C, (c) room temperature after cooling, and (d) room temperature after being left at 
ambient conditions for over 4 years. 
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Table 3.2. X-ray diffraction data of the 1,2-cyclohexyl DBP mono- and diesters. 

 
 

3.6.7. Photophysical Properties 

Ultraviolet-visible (UV-Vis) absorption spectroscopy experiments were performed on 

chloroform solutions at room temperature on a Varian Cary 300 Bio UV-Vis Spectrophotometer. 

Fluorescence excitation/emission spectroscopy experiments were performed on chloroform solutions 

at room temperature on a Photon Technology International (PTI) fluorimeter equipped with an LPS-

220B lamp power supply. 
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Table 3.3. Photophysical properties of the four 1,2-cyclohexyl DBP mono- and diesters. 
a
Maximum 

absorption of the lowest energy electronic transition. 

 
 

 

Figure 3.21. Photophysical properties of mDBP(trans) displaying the (a) absorption spectra of 
chloroform solutions of different concentrations, (b) the resulting Beer-Lambert plot for 
absorbance at 420 nm, (c) UV-Vis absorption and fluorescence excitation spectra 
overlayed with a normalized intensity, and (d) fluorescence excitation and emission 
spectra of a 3.00 μM solution. 
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Figure 3.22. Photophysical properties of mDBP(cis) displaying the (a) absorption spectra of 
chloroform solutions of different concentrations, (b) the resulting Beer-Lambert plot for 
absorbance at 420 nm, (c) UV-Vis absorption and fluorescence excitation spectra 
overlayed with a normalized intensity, and (d) fluorescence excitation and emission 
spectra of a 3.01 μM solution. 
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Figure 3.23. Photophysical properties of dDBP(trans) displaying the (a) absorption spectra of 
chloroform solutions of different concentrations, (b) the resulting Beer-Lambert plot for 
absorbance at 420 nm, (c) UV-Vis absorption and fluorescence excitation spectra 
overlayed with a normalized intensity, and (d) fluorescence excitation and emission 
spectra of a 2.99 μM solution. 
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Figure 3.24. Photophysical properties of dDBP(cis) displaying the (a) absorption spectra of 
chloroform solutions of different concentrations, (b) the resulting Beer-Lambert plot for 
absorbance at 420 nm, (c) UV-Vis absorption and fluorescence excitation spectra 
overlayed with a normalized intensity, and (d) fluorescence excitation and emission 
spectra of a 2.99 μM solution. 
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3.6.8. DOSY 

Table 3.4. DOSY data of dDBP(trans) and dDBP(cis). 

 
Diffusion coefficient was calculated by taking the average values from the four phenanthrene protons. 

3.6.9. Conformational Dynamics Data 

 

Figure 3.25. Experimental Δ values of (a) dDBP(trans) and (b) dDBP(cis) against dDBP(cat). 

 

Figure 3.26. Experimental Δ values of dDBP(trans) against dDBP(cis). 
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3.6.10. Modelling 

Shown below are the lowest energy conformers of dDBP(trans) and dDBP(cis) as well as 

side-by-side comparisons of the folded and unfolded conformers of dDBP(trans) and dDBP(2R,3R) 

and of dDBP(cis) and dDBP(meso). See Appendix A for more detail on the calculations performed. 

 

Figure 3.27. (a) Lowest energy folded conformer and (b) the folded conformer that best fit the 1H 
NMR data for dDBP(trans). 

 

Figure 3.28. (a) Lowest energy folded conformer and (b) the folded conformer that best fit the 1H 
NMR data for dDBP(cis). 

 

Figure 3.29. Folded conformers that best fit the 1H NMR data for (a) dDBP(trans) and (b) 
dDBP(2R,3R). 
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Figure 3.30. Lowest energy unfolded conformers of (a) dDBP(trans) and (b) dDBP(2R,3R). 

 

Figure 3.31. Folded conformers that best fit the 1H NMR data for (a) dDBP(cis) and (b) 
dDBP(meso). 

 

Figure 3.32. Lowest energy unfolded conformers of (a) dDBP(cis) and (b) dDBP(meso). 
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Chapter 4.  
 
Adjacent Functional Group Effects on the Assembly of Columnar 
Liquid Crystals 

 

4.1. Overview 

Our initial motivation was to probe the influence adjacent ether groups have on discotic dimer 

self-assembly. But to synthesize dimers with an adjacent ether chain, our synthetic route requires us to 

first synthesize the monomeric derivatives: DBP(MeE,OH), DBP(MeE,OMe), and 

DBP(MeE,OHx), followed by hydrolysis to afford DBP(CA,OMe) or DBP(CA,OHx) (see below). 

To understand discotic dimer self-assembly, it is important to first understand how the monomeric 

systems behave. Columnar self-assembly of monomeric esters and carboxylic acids with an adjacent 

functional group had not been studied previously. This chapter investigates the phase behaviour of 

these monomeric systems. Note that DBP(HxE,OMe) and its phase behaviour has been included in 

this chapter. This compound was not reported in the work published in 2020 in the Canadian Journal 

of Chemistry. 

4.2. Permission of Reprint 

The research work presented in this chapter has been published as a full article in the Canadian 

Journal of Chemistry by NRC Research Press. This article was published in a special issue, dedicated 

to Professor James D. Wuest (Part 2). This work is being reprinted with permission from [Zellman, C. 

O.; Vu, D.; Williams, V. E. Can. J. Chem. 2020, 98 (7), 379-385].193 Danielle Vu synthesized and 

characterized compounds DBP(H,OH) and DBP(H,OHx), and contributed to the final editing 
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process for the paper. All X-ray diffraction experiments, and all other syntheses and characterizations 

were performed by Carson Zellman. We gratefully acknowledge the Natural Sciences and Engineering 

Research Council of Canada (NSERC) and Simon Fraser University (SFU) for their 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. 

4.3. Abstract 

Although the impact of individual functional groups on the self-assembly of columnar liquid 

crystal phases has been widely studied, the effect of varying multiple substituents has received much 

less attention. Herein, we report a series of dibenzo[a,c]phenazines containing an alcohol or ether 

adjacent to an electron-withdrawing ester or acid. With one exception, these difunctional mesogens 

form columnar phases. The phase behaviour appeared to be dominated by the electron-withdrawing 

substituent; transition temperatures were similar to derivatives with these groups in isolation. In most 

instances, the addition of an electron-donating group ortho to an ester or acid supressed the melting 

temperature and elevated the clearing temperature, leading to broader liquid crystal thermal ranges. 

This effect was more pronounced for derivatives functionalized with longer chain hexyloxy groups. 

These results suggest a potential strategy for controlling the phase ranges of columnar liquid crystals 

and achieving room temperature mesophases. 

4.4. Introduction 

James Wuest has asserted that understanding molecular crystallization is one of the “great 

unmet challenges of contemporary science.”194 Although posed in the context of solids, this statement 

applies equally well to liquid crystals, which are exquisitely sensitive to variations at the molecular 

level.8,195,196 As such, the introduction of structural changes to satisfy application-specific properties 

can have unpredictable and undesirable effects on the self-assembly process.65,67,197,198 Delineating the 

rules that govern molecular organization is therefore critical for the design of new liquid crystal (LC) 

materials. 

It is in this context that we have been examining the structure-property relations of columnar 

liquid crystals formed from disc-shaped molecules (“discotic mesogens”). These phases have been 

targeted for applications such as solar cells,52,54 ferroelectrics,199–201 and ionic conductive materials.96,202–

204 Our primary targets are dibenzo[a,c]phenazines, DBP(X,Y), which constitute a versatile family of 

discotic mesogens that tend to form columnar phases with wide temperature ranges.103,130,205,206 
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Functional groups dramatically influence the self-assembly of these systems.100,101,207 For instance, the 

methyl ester DBP(MeE,H) forms a broad columnar hexagonal (Colh) phase,110 whereas 

DBP(H,OMe) is not liquid crystalline.100 These differences were ascribed to the stabilization of the 

columnar phase via π-stacking and dipole-dipole interactions, both of which are favoured by electron-

withdrawing groups such as esters.136,208 Functional groups that engage in specific interactions such as 

hydrogen bonding further alter the stability of the LC phase; the clearing point of the carboxylic acid 

DBP(CA,H) is 60 °C higher than that of the corresponding methyl ester DBP(MeE,H).110 

In the above examples, the functional groups being varied are relatively isolated; they lack 

adjacent substituents. Although we anticipate neighbouring groups would perturb the liquid crystal 

properties, it is difficult to predict the nature or magnitude of these changes. We have therefore 

undertaken the synthesis of a series of dibenzo[a,c]phenazine esters, DBP(MeE,Y), and carboxylic 

acids, DBP(CA,Y), bearing ortho-hydroxy, methoxy, or n-hexyloxy groups (Y = OH, OCH3, OC6H13) 

(see below). These substituents were chosen both for their synthetic accessibility and to allow us to 

probe the effects of sterics and hydrogen bonding on the phase behaviour. To better understand the 

role of hydroxy and hexyloxy groups independent of their impact on neighbour substituents, we also 

prepared the DBP(H,OH) and DBP(H,OHx) derivatives. 

 

*Compounds have been reported previously.100,110,136 

4.5. Results and Discussion 

4.5.1. Synthesis 

Dibenzo[a,c]phenazines DBP(X,Y) are readily accessed through the condensation of the 

appropriate 1,2-phenylenediamine derivative with the phenanthrene quinone 1; the synthesis of this 

quinone has been reported elsewhere.98,99,104 The mono-functionalized DBP(H,OH) and 

DBP(H,OHx) derivatives were synthesized according to Scheme 4.1. Commercially available 4-

amino-3-nitrophenol (2) was reduced to 3,4-aminophenol (3) by hydrazine hydrate in the presence of 

catalytic palladium. The electron-rich diamine showed noticeable degradation on prolonged exposure 

to oxygen and was therefore prepared as needed and used without further purification. Following a 
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previously reported condensation method,110 reaction of this compound with 1 in ethanol and catalytic 

glacial acetic acid afforded the alcohol DBP(H,OH). Reaction of DBP(H,OH) with 1-bromohexane 

in the presence of catalytic tetrabutylammonium bromide (Bu4NBr) and cesium carbonate (Cs2CO3) 

in butanone afforded DBP(H,OHx) in good yield (75%). 

Scheme 4.1. Reaction scheme for the synthesis of DBP(H,OHx). 

 

Reagents and conditions: (a) palladium on carbon (Pd/C), hydrazine hydrate, anhydrous ethanol, reflux, 3 h, 

>90%; (b) glacial acetic acid (cat.), anhydrous ethanol, reflux, 12 h, 79%; (c) 1-bromohexane, Bu4NBr (cat.), 

CsCO3, butanone, reflux, 12 h, 75%. 

The synthesis of the remaining dibenzo[a,c]phenazines proceeded via the ortho-hydroxy methyl 

ester DBP(MeE,OH) (Scheme 4.2 and Scheme 4.3). This derivative was obtained from condensation 

of 1 and the methyl diaminosalicylate 8; the latter was prepared using an approach adapted from He 

and coworkers (Scheme 4.2).209 First, 4-aminosalicylic acid (4) was converted in 88% yield to its methyl 

ester (5) via Fischer Speier esterification. Using the one-pot procedure of Lu et al.,210 this intermediate 

was N-acetylated and nitrated with a mixture of acetic anhydride and bismuth(III) nitrate pentahydrate 

(Bi(NO3)3・5H2O) to afford 6 in 38% yield. He and coworkers reported nitration of the acetanilide 

intermediate using a mixture of nitric and acetic acid;209 however, in our hands, this nitration method 

gave inconsistent results, leading us to adopt the bismuth nitrate synthesis. The amide 6 was 

deacetylated with concentrated sulfuric acid in methanol to give 7. This compound was then reduced 

using iron powder and concentrated hydrochloric acid to afford methyl 4,5-diamino-2-

hydroxybenzoate (8) in excellent yield (95%). Unlike the diamine 3, the less electron rich 8 was stable 

at ambient conditions with no signs of degradation. Reaction of 1 and 8 under the conditions described 

for DBP(H,OH) give DBP(MeE,OH) in 96% yield. 
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Scheme 4.2. Reaction scheme for the synthesis of DBP(MeE,OH). 

 

Reagents and conditions: (a) concentrated sulfuric acid, methanol, 0 °C−reflux, 16 h, 88%; (b) bismuth(III) 

nitrate pentahydrate (Bi(NO3)3・5H2O), acetic anhydride, dry dichloromethane, rt, 3 h, 38%; (c) concentrated 

sulfuric acid, methanol, reflux, 16 h, 96%; (d) iron powder, concentrated hydrochloric acid, methanol, reflux, 1 

h, 95%; (e) glacial acetic acid (cat.), ethanol, reflux, 16 h, 96%. 

The syntheses of the remaining dibenzo[a,c]phenazine esters and acids are shown in Scheme 

4.3. The ortho-hydroxy acid, DBP(CA,OH), was prepared by hydrolysis of the parent ester 

DBP(MeE,OH) in a concentrated solution of sodium hydroxide in 1,4-dioxane. The ortho-alkoxy 

methyl ester derivatives, DBP(MeE,OMe) and DBP(MeE,OHx), were synthesized by base-

catalyzed alkylation of DBP(MeE,OH) with the appropriate alkyl halide. Synthesis of the hexyloxy 

analogue DBP(MeE,OHx) was accompanied by the formation of 5−10% of the trans-esterification 

side products DBP(HxE,OH) or DBP(HxE,OHx), likely due to residual water in the reaction 

solvent. The side-product DBP(HxE,OH) was only observed in reactions using potassium carbonate 

(K2CO3) in acetone; reactions with cesium carbonate (Cs2CO3) in butanone afforded 

DBP(MeE,OHx) and DBP(HxE,OHx) only, suggesting these conditions provided more efficient 

alkylation. The trans-esterification impurities, DBP(HxE,OH) and DBP(HxE,OHx), were isolated 

and their LC properties also investigated, as discussed below. Lower yields were obtained for 

DBP(MeE,OHx), DBP(HxE,OH), and DBP(HxE,OHx) because of their similar Rf values by 

thin-layer chromatography (TLC), which made separation by column chromatography difficult. 
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Scheme 4.3. Reaction scheme for the synthesis of DBP(MeE,Y), DBP(HxE,Y), and 
DBP(CA,Y) derivatives. 

 

Reagents and conditions: (a) NaOH(aq), 1,4-dioxane, reflux, 16 h, 64%; (b) methyl iodide, K2CO3, dry 

dimethylformamide, reflux, 16 h, 79%; (c) 1-bromohexane, Cs2CO3, Bu4NBr, butanone, reflux, 16 h, 42%; (d) 1-

bromohexane, K2CO3, Bu4NBr (cat.), acetone, reflux, 16 h, 1−2%; (e) NaOH(aq), ethanol, reflux, 16 h, 90−99%; 

(f) DBP(CA,OMe), 1-hexanol, 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), dry dichloromethane, 0 °C−rt, 3 d, 24%. 

The esters DBP(MeE,OMe) and DBP(MeE,OHx) were hydrolyzed under basic conditions 

to the corresponding acids DBP(CA,OMe) and DBP(CA,OHx), respectively, in excellent yields (90

−99%). In the latter case, it was not necessary to remove the hexyl ester impurity DBP(HxE,OHx) 

from DBP(MeE,OHx), as both hydrolyze to DBP(CA,OHx). To complete the series, 

DBP(HxE,OMe) was synthesized via Steglich esterification between DBP(CA,OMe) and 1-hexanol 

in the presence of DMAP and EDC in dry dichloromethane. 

4.5.2. Self-assembly 

The LC properties for the newly prepared compounds were characterized by differential 

scanning calorimetry (DSC), polarized optical microscopy (POM), and variable temperature X-ray 

diffraction (vt-XRD) experiments. The results from these experiments are summarized in Table 4.1 

and Table 4.2. All compounds show reproducible phase transitions on consecutive heating/cooling 

cycles, with the exception of those that supercool from their LC phases (discussed later), which do not 

exhibit melting transitions on the second or subsequent heating scans. No signs of degradation up to 

250 °C was observed. 
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Table 4.1. Phase behaviour of all newly reported compounds in Chapter 4. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colr = columnar rectangular, Colh = 

columnar hexagonal, Iso = isotropic. bTransition temperatures and enthalpies were determined by DSC (scan 

rate = 10 °C/min) on the second heating/cooling cycle, except for DBP(CA,OHx), which was taken from its 

first heating/cooling run. 

With the exceptions of DBP(H,OH) and DBP(CA,OH), which both melt directly from 

solids into isotropic liquids, the newly prepared compounds all possess enantiotropic LC phases (Table 

4.1). DSC endotherms for these compounds exhibit a large enthalpy peak at low temperatures and a 

smaller peak at higher temperatures, which were ascribed to crystalline-to-LC (melting) and LC-to-

isotropic liquid (clearing) transitions, respectively (Figure 4.1(a); see section 4.7.5 for all other DSC 

thermograms). The higher temperature peaks show minimal hysteresis on cooling, consistent with LC-

to-isotropic transitions. Slow cooling from the isotropic phase leads to the formation of dendritic 

textures with sixfold symmetry under polarized optical microscopy (Figure 4.2 and Figure 4.3(a-b); see 

section 4.7.6 for all other POM images), characteristic of a columnar hexagonal (Colh) liquid crystal. 
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Mechanical shearing confirmed fluidity of the liquid crystal samples. These samples have a strong 

tendency to homeotropically align in POM experiments, a common feature of dibenzo[a,c]phenazine 

mesogens.104,136 

 

Figure 4.1. (a) DSC thermogram for the second heating/cooling cycle of DBP(MeE,OH) 
(heating/cooling rate = 10 °C/min). (b) X-ray diffractogram of DBP(MeE,OH) at 
175 °C. 

 

Figure 4.2. Polarized optical micrographs of DBP(MeE,OMe) at 204 °C (a) with and (b) without 
a 530 nm quarter wavelength retardation plate. Both images were taken in the same plane 
of view. 
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Figure 4.3. Polarized optical micrographs of DBP(CA,OHx) at 206 °C (a) with and (b) without a 
530 nm quarter wavelength retardation plate, at (c) 100 °C, and at (d) room temperature 
after being left at ambient conditions for 1 month. Images (a), (b), and (c) were taken in 
the same plane of view. 

The vt-XRD studies were consistent with the assignment of Colh phases (Table 4.2). 

Diffraction patterns show a single sharp intense peak at low angles, which is assigned to the (100) 

diffraction of a hexagonal lattice. In the higher angle region, two broad peaks appear at around 4.5 Å 

and 3.5 Å, assigned to the packing of the alkyl chains and between the aromatic cores, respectively 

(Figure 4.1(b); see section 4.7.7 for all other X-ray diffractograms). Changes in the functional groups 

have a minimal impact on the intercolumnar distance, a, with only small changes as the functional 

groups are lengthened or shortened. This suggests that all derivatives pack in a similar manner in the 

LC phase. It is probable that, like previously reported dibenzo[a,c]phenazines, these mesogens adopt 

an antiparallel arrangement within the columns.100,101 
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Table 4.2. X-ray diffraction data and lattice constants of all newly reported compounds. 

 
*Data for DBP(HxE,OMe) was obtained on the SAXS instrument. The rest were obtained on the Rigaku. 
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Although most compounds exhibited a single LC phase, DBP(CA,OHx) forms a second, low 

temperature mesophase above the melting temperature. Under POM, a clear transition is observed 

upon cooling below 105 °C (Figure 4.3(c)); the sample develops striations and then rapidly becomes 

uniformly birefringent. Tentative assignment of this phase as a columnar rectangular (Colr) phase was 

confirmed by vt-XRD. Above 105 °C, this compound shows a diffraction pattern consistent with a 

Colh phase, as described above. Below this transition, the (100) splits into two intense diffractions that 

were assigned to the (200) and (110) peaks of a rectangular phase. Additional low intensity peaks also 

developed, which were indexed to (310), (020), and (220) of the two-dimensional rectangular lattice. 

Most compounds exhibited crystallization on cooling, with a large depression of the LC-to-

crystal transition with respect to the corresponding melting transitions observed on heating. In DSC 

experiments, this hysteresis was as large as 107 °C. For DBP(MeE,OMe), DBP(MeE,OHx), 

DBP(CA,OMe), and DBP(CA,OHx), no freezing transition was observed down to -40 °C by DSC 

(see section 4.7.5). DBP(MeE,OHx) undergoes a melting transition on subsequent heating cycles, 

indicating that crystallization takes place during the short intervals between DSC runs. In the cases of 

DBP(MeE,OMe) and DBP(CA,OMe), cold crystallization was observed on subsequent DSC runs 

prior to the crystalline-to-LC melting transition. DBP(CA,OHx) shows neither a melting transition 

nor a cold crystallization on subsequent heating cycles. 

Most compounds were observed to crystallize on short timescales in POM experiments, 

forming highly birefringent grain-like or needle-like textures upon cooling (see section 4.7.6). This was 

confirmed by room temperature XRD experiments, as samples exhibited numerous sharp peaks, 

indicative of crystalline solid phases (see section 4.7.7). Crystallization of DBP(MeE,OHx) occurs 

within an hour, consistent with the DSC experiments described above. POM observations of 

DBP(MeE,OMe), which undergoes cold crystallization by DSC, indicate that this compound 

crystallizes at room temperature over a few months. No crystallization was observed for the acids 

DBP(CA,OMe) and DBP(CA,OHx), even after almost a year at room temperature (Figure 4.3(d) 

and Figure 4.23, respectively); instead, they retain LC ordering. 

Before discussing the effects of adjacent functional groups, it is first worth examining the 

phase behaviour of the six derivatives that bear each of these functional groups in isolation: 

DBP(CA,H) (DBP(acid) in Chapters 2 and 3), DBP(MeE,H), DBP(HxE,H), DBP(H,OH), 

DBP(H,OMe), and DBP(H,OHx). The phase sequences of these compounds are shown 

schematically in Figure 4.4. The previously reported electron-deficient esters DBP(MeE,H)110 and 

DBP(HxE,H)136 have elevated clearing temperatures and broader columnar phases. The phase range 
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of the electronically similar carboxylic acid, DBP(CA,H), is shifted to higher temperatures, likely 

because of the ability of these groups to hydrogen bond.110 

 

Figure 4.4. Graphical representation of the phase ranges of the DBP(X,H) and DBP(H,Y) series: 
Cr (dark grey), Colh (blue), and Iso (light grey). 

In contrast, the electron-rich analogues have narrower columnar liquid crystal ranges. In fact, 

the methyl ether DBP(H,OMe) is non-liquid crystalline. The newly prepared hexyloxy derivative 

DBP(H,OHx) exhibits a narrow Colh phase, with a clearing temperature that is more than 80 °C lower 

than either of the esters, in keeping with previous observations that electron-withdrawing groups 

elevate this transition.100 The observation of an LC phase for DBP(H,OHx), but not for the 

electronically similar compound DBP(H,OMe), can be attributed to the depression of the former’s 

melting point. The hydroxy-substituted derivative DBP(H,OH) also fails to form a columnar LC 

phase, likely because its anomalously high melting point (247 °C) lies well above the clearing 

temperature expected for an electron-rich mesogen. Hydrogen bonding likely accounts for the high 

melting temperature. 

Because the parent ester and acid derivatives form broad liquid crystal phases, our initial 

analysis focuses on the perturbation of these phase ranges by adjacent electron-rich groups. The phase 

sequencies of the methyl esters are shown in Figure 4.5. Surprisingly, although we anticipated that the 

addition of an electron-donating ether would destabilize the phases, the opposite effect is observed. 

Both the methoxy, DBP(MeE,OMe), and hexyloxy, DBP(MeE,OHx), derivatives clear at 10−20 
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°C higher than the parent compound, DBP(MeE,H). A similar effect is seen for the hexyl ester series 

(Figure 4.6); the clearing temperature of DBP(HxE,OMe) and DBP(HxE,OHx) is 8 °C and 15 °C 

higher, respectively, than that of the parent DBP(HxE,H).  

The impact of the additional ether group on the clearing temperature can be attributed to 

electronic and steric effects. Electronically, the ether group will affect the electronic density on the 

aromatic core and thus the π−π stacking interactions. Literature reports show electron donating groups 

stabilize π−π stacking interactions, but the effect is much smaller than with electron withdrawing 

groups.208,211,212 The molecular dipole will also be impacted; DFT calculations show DBPs with an 

additional ether group have a smaller dipole moment. A smaller dipole may destabilize the dipole-

dipole interactions in the antiparallel alignment of DBPs along the column. Indeed, Foster and 

coworkers found DBP derivatives with electron donating groups were non-mesogenic, while DBPs 

with electron withdrawing groups exhibited broad columnar phases.100 Sterically, the ether group takes 

up additional space in the molecule, especially for OHx derivatives. This additional long alkoxy chain 

likely helps fill space in the alkyl halo region of the columnar phase. Space filling has been shown to 

be a primary factor that governs the self-assembly of materials,30 and we postulate the ether group’s 

space filling ability largely accounts for the elevated clearing temperature. 

 

Figure 4.5. Graphical representation of the phase ranges of the DBP(MeE,Y) series: Cr (dark grey), 
Colh (blue), and Iso (light grey). 
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Figure 4.6. Graphical representation of the phase ranges of the DBP(HxE,Y) series: Cr (dark grey), 
Colh (blue), and Iso (light grey). 

In addition to the enhanced clearing temperatures, these bifunctional mesogens tend to melt 

at lower temperatures. While the methoxy derivatives melt at similar or higher temperatures relative to 

the parent esters, the hexyloxy derivatives have significantly lower melting temperatures, resulting in 

appreciably broadened liquid crystal phase ranges. This effect is especially pronounced for 

DBP(HxE,OHx), which exhibits a Colh phase over a span of more than 160 °C, compared with 

DBP(HxE,H), which has an approximately 100 °C phase range. Notably, the nearly 50 °C depression 

of the melting point of DBP(HxE,OHx) brings its liquid crystal phase close to room temperature. 

Many columnar liquid crystals exist well above room temperature,32,94 making adjacent functional 

groups a particularly attractive method when designing discotic liquid crystals for practical applications. 

Although ether groups stabilize the mesophases of the esters, they have the opposite effect on 

the carboxylic acids (Figure 4.7). The parent acid, DBP(CA,H), has a clearing temperature of 263 °C; 

this value drops dramatically to 222 °C for the hexyl ether DBP(CA,OHx) and 204 °C for the methoxy 

derivative DBP(CA,OMe). As already noted, the clearing temperature of the carboxylic acid 

DBP(CA,H) is much higher than that of the corresponding esters, DBP(HxE,H) and 

DBP(MeE,H), likely due to the formation of hydrogen bonded dimers.110 The presence of groups 

ortho to the acid may prevent these intermolecular interactions, either through competing 

intramolecular hydrogen bonding or because of steric hinderance. DFT145 calculations of 
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DBP(CA,OMe) show intramolecular hydrogen bonds are formed for the lowest energy structure of 

the isolated molecule in the gas phase (see section 4.7.8). This conformation could occur in the 

columnar LC phase, thereby inhibiting intermolecular hydrogen bonds. The clearing temperatures 

seem to support this argument. The acids DBP(CA,OMe) and DBP(CA,OHx) have clearing 

temperatures very close to their methyl ester analogues DBP(MeE,OMe) and DBP(MeE,OHx), 

respectively, which we would expect if the acids’ ability to dimerize were impeded. 

 

Figure 4.7. Graphical representation of the phase ranges of the DBP(CA,Y) series: Cr (dark grey), 
Colr (green), Colh (blue), and Iso (light grey). 

The impact of phenol groups varies considerably across the compounds studied. Their effects 

on the phase behaviour of esters are comparatively modest: DBP(MeE,OH) possesses a slightly 

narrower mesophase than its parent ester, DBP(MeE,H), with a lower clearing temperature and an 

elevated melting temperature. The two hexyl esters, DBP(HxE,OH) and DBP(HxE,H), clear at 

approximately the same temperature, but the former exhibits a slightly lower melting temperature and 

thus a broader LC phase range. The melting points of DBP(MeE,OH) (125 °C) and DBP(HxE,OH) 

(75 °C) are in stark contrast to those of the mono-substituted phenol DBP(H,OH) and the carboxylic 

acid derivative DBP(CA,OH), which melt directly into their isotropic state at 246 °C and 243 °C, 

respectively. We speculate that the high melting points of these last two compounds are due to 

hydrogen bonding between mesogens, which is inhibited by the presence of bulky ester groups in the 

cases of DBP(MeE,OH) and DBP(HxE,OH). Indeed, DFT calculations of DBP(MeE,OH) show 



123 

the lowest energy conformation contains an intramolecular hydrogen bond, similar to what was 

observed for DBP(CA,OMe) (see section 4.7.8). 

Overall, our observations suggest that the clearing temperatures of these mixed-functional 

group systems tend to be governed by the more electron-withdrawing substituent; the clearing 

temperature is generally much closer to that of the parent acid or ester than its ether or alcohol parent. 

For example, DBP(H,OHx) has a clearing temperature of 110 °C, whereas the mesogenic ester and 

acid derivatives all clear in excess of 190 °C. Thus, these carbonyl groups seem to dominate mesophase 

stability. However, the perturbations induced by ether or alcohol groups can be substantial; the clearing 

temperature of DBP(CA,OMe) is almost 60 °C lower than its parent acid DBP(CA,H), likely because 

the former does not form intermolecular hydrogen bonds in the columnar phase.110 In contrast, 

DBP(MeE,OHx) clears more than 20 °C higher than DBP(MeE,H), where hydrogen bonding does 

not play a role. Melting points are likewise strikingly sensitive to the introduction of ether groups, 

which in the hexyloxy cases led to a lowering of this transition. 

4.6. Conclusions 

In the present work, we investigated the effects of adjacent functional groups on the phase 

behaviour of discotic mesogens. We found that functional group effects are not strictly additive, namely 

the impact of a group depends on its neighbour. The effects are likely due to the interplay of electronic 

perturbations on the core, as well as the ability of groups to effectively fill space within the material. In 

the case of hydrogen-bonding groups such as hydroxyls and carboxylic acids, adjacent functional 

groups appear to destabilize the phases, presumably by inhibiting intermolecular hydrogen bonds. The 

addition of ethers to ester derivatives has the opposite effect of raising the clearing point. At the same 

time, these compounds melt at lower temperatures, particularly the hexyloxy derivatives, resulting in 

broader mesophases. 

Our current results suggest that introducing a second functional group provides a useful 

method for tuning the phase behaviour of ester and acid derivatives. The LC phase ranges were 

broadened through significant suppression of the melting temperature and a slight elevation of the 

clearing temperature in the absence of hydrogen bonding. It is not clear whether these perturbations 

are a general effect of installing an adjacent substituent next to the carbonyl or is specific to the ether 

and alcohol groups examined herein. We are continuing to investigate the multi-group interactions to 

better understand these effects. 
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4.7. Experimental 

4.7.1. Materials and Instrumentation 

Materials. Dry dichloromethane (HPLC grade, >99.8%, Fisher Scientific, USA) and dry 

dimethylformamide (99.8%, Sigma-Aldrich, USA) were used as solvents for water-sensitive chemistry. 

Methyl ethyl ketone (butanone) (99.9%, Fisher Chemical, USA) was dried over MgSO4 before use. All 

other solvents used for syntheses and workups were reagent grade and were used without further 

purification. The following reagents employed for syntheses were used as received: concentrated 

sulfuric acid (96.4%, Caledon, Georgetown, ON, CA), concentrated hydrochloric acid (36.5-38.0%, 

ACP, Montréal, QC, CA), glacial acetic acid (99.7%, ACP, Montréal, QC, CA), acetic anhydride (97.0%, 

Anachemia, Montréal, QC, CA), sodium hydroxide (97.0%, VWR Analytical, Radnor, PA), 4-

aminosalicylic acid (99%, Sigma Aldrich, Germany), bismuth(III) nitrate pentahydrate (Sigma Aldrich, 

St Louis, MO, USA), iron powder (<10 μm, 99.9%, Sigma Aldrich, Milwaukee, WI, USA), 

iodomethane (99%, Sigma Aldrich, Milwaukee, WI, USA), 1-bromohexane (98%, Sigma Aldrich, 

China), hexyl alcohol (98%, Sigma Aldrich, USA), tetrabutylammonium bromide (99%, Sigma Aldrich, 

Milwaukee, WI, USA), potassium carbonate (99.0%, ACP), cesium carbonate (Alfa, Danvers, MA, 

USA), palladium chloride (ICN, Aurora, OH, USA), activated charcoal (Anachemia, Montréal, QC, 

CA), and 4-amino-3-nitrophenol (98%, Alfa Aesar, USA). Column chromatography was performed 

using Silicycle Ultrapure silica gels 2500 (Parc-Technologique, 40-63 μm (230-400 mesh), Quebec City, 

QC, CA). Drying of the organic extracts was performed using magnesium sulfate (MgSO4) (BDH, 

reagent grade, Radnor, PA, USA). The nuclear magnetic resonance (NMR) solvents CDCl3 (D 99.8%, 

Cambridge Isotope Laboratories, Andover, MA, USA) and dimethyl sulfoxide (DMSO) (D 99.9%, 

Cambridge Isotope Laboratories, Andover, MA, USA) were used as received. 

Instruments. All instrumentation measurements were performed at Simon Fraser University 

(SFU), Burnaby, BC, Canada, unless stated otherwise. The 400 MHz 1H-NMR spectra were obtained 

on a Bruker AVANCE III 400 MHz NMR spectrometer with a 5 mm BBOF probe. The 500 MHz 

1H-NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer with a 5 mm TXI 

probe. The 600 MHz 1H-NMR, COSY, HSQC, HMBC, and 150 MHz 13C-NMR spectra were obtained 

on a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm QNP cryoprobe and an 

Ultrashield 600 Plus magnet. For the S2 2-D HMBC 1H-13C correlation spectra, the pulse sequence 

(hmbcgplpndgf) used 1 ms sine-shaped gradient pulses (ratio 50:30:40.1) for selection and was 

optimized for long-range (2- and 3-bond) couplings. A low pass J-filter was used to suppress one-bond 

correlations. No decoupling was applied during acquisition. A total of 256 increments were acquired 

with 8 scans per increment, 16 dummy scans, and a recycle delay of 1.5 s. The 1/(2J)CH delay was set 
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to 3.45 ms (1J(CH) = 145 Hz), a 62.5 ms delay was used for evolution of long-range couplings (2,3J(CH) 

= 8 Hz), and a 200 μs homospoil/gradient recovery delay was used. 

Most mass spectrometry (MS) measurements were performed using a microOTOF-Q II 

instrument (Bruker, direct electrospray ionization (ESI), time-of-flight (TOF) MS, scan range: 50−

3000 m/z, set capillary at 4500 V, end plate offset at -500 V, 0.3 bar nebulizer, 180 °C dry heater, dry 

gas injected at 4.0 L/min, University of Notre Dame Mass Spectrometry and Proteomics Facility). MS 

data of DBP(HxE,OMe) was obtained on an ultra-high resolution quadrupole instrument (Bruker 

maxis impact, ESI, TOF MS, scan range: 50−1500 m/z, Mass Spectrometry Services, SFU). 

4.7.2. Synthesis of DBP(H,OH) and DBP(H,OHx) 

Preparation of Pd/C. Fresh Pd/C was prepared by dissolving PdCl2 (0.020 g, 0.114 mmol) in 

concentrated HCl which was then stirred into a suspension of activated charcoal (0.100 g, 8.33 mmol) 

in water (75 mL). Formaldehyde (5 mL) was stirred into the mixture before it was neutralized with 

sodium hydroxide (10% v/v). The resulting black powder was collected via vacuum filtration and was 

used in the subsequent reduction reaction of 3,4-diaminophenol. 

3,4-Diaminophenol (3). In a round bottom flask (100 mL) equipped with a magnetic stir bar, 4-

amino-3-nitrophenol (2) (0.500 g, 3.24 mmol) and Pd/C (0.120 g) were stirred in ethanol (50 mL). 

Hydrazine hydrate (0.796 mL, 16.2 mmol) was added dropwise, and the mixture was stirred and 

refluxed for 3 h. The reaction mixture was then filtered hot through silica in a fritted funnel and the 

filtrate was collected and dried in vacuo. The resulting solid product was used in the subsequent 

reaction without further purification. 

2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-ol (DBP(H,OH)). In a round bottom flask 

(100 mL) equipped with a magnetic stir bar, 3 (0.402 g, 3.24 mmol) was dissolved in anhydrous ethanol 

(60 mL). To the mixture, 2,3,6,7-tetrakis(hexyloxy)-9,10-penanthrenedione (1) (0.3999 g, 0.648 mmol) 

and glacial acetic acid (5 drops) were added before the reaction mixture was stirred and refluxed 

overnight. The resulting suspension was cooled to room temperature, poured over 100 g of ice, and 

stirred for 30 min. The solid, yellow-brown product was collected via vacuum filtration and washed 

copiously with anhydrous ethanol and then with acetone (0.3211 g, 66%). 1H NMR (CDCl3/CD3OD, 

400 MHz):  8.66 (s, 1H), 8.65 (s, 1H), 8.11 (d, 1H, J = 9.2 Hz), 7.67 (s, 1H), 7.67 (s, 1H), 7.49 (brs, 

1H), 7.40 (dd, 1H, J = 9.2, 2.5 Hz), 7.28 (d, 1H, J = 2.7 Hz), 4.27 (t, 2H, J = 6.6 Hz), 4.27 (t, 2H, J = 

6.6 Hz), 4.21 (t, 2H, J = 6.4 Hz), 4.20 (t, 2H, J = 6.3 Hz), 1.89 (m, 8H), 1.52 (m, 8H), 1.34 (m, 16H), 

0.87 (m, 12H) ppm; 13C{1H} NMR (CDCl3/CD3OD, 150 MHz):  165.9, 151.2, 149.6, 149.4, 139.6, 
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130.5, 126.9, 125.6, 123.9, 108.60, 108.57, 108.0, 106.5, 106.2, 69.7, 69.6, 69.3, 69.2, 31.692, 31.685, 

31.679, 29.314, 29.265, 29.256, 25.853, 25.847, 25.832, 25.823, 22.689, 22.683, 22.676, 14.062, 14.053, 

14.046 ppm (6 carbon signals missing or overlapping); HRMS (ESI+ of M + H+): m/z for C44H61N2O5: 

calculated: 697.4575; experimental: 697.4568. 

2,3,6,7,11-Pentakis(hexyloxy)dibenzo[a,c]phenazine (DBP(H,OHx)). In a flame dried round 

bottom flask (10 mL) equipped with a magnetic stir bar, DBP(H,OH) (0.075 g, 0.108 mmol), 

tetrabutylammonium bromide (0.0139 g, 0.0108 mmol), 1-bromohexane (0.15 mL, 0.27 mmol), and 

Cs2CO3 (0.28 g, 0.22 mmol) were added in butanone (5 mL). The suspension was stirred and refluxed 

overnight before being poured onto 100 g of ice and subsequently stirred for 30 min. The product was 

extracted with CH2Cl2 (2 * 50 mL) and washed with water (3 * 50 mL) and brine (50 mL). The organic 

layers were combined and dried over MgSO4 before the solvent was removed in vacuo. The resulting 

yellow solid was recrystallized in anhydrous ethanol (0.0631 g, 75%). 1H NMR (CDCl3, 400 MHz):  

8.79 (s, 1H), 8.76 (s, 1H), 8.18 (d, 1H, J = 9.3 Hz), 7.75 (s, 2H), 7.55 (d, 1H, J = 2.6 Hz), 7.47 (dd, 1H, 

J = 9.2, 2.8 Hz), 4.35 (t, 2H, J = 6.6 Hz), 4.35 (t, 2H, J = 6.6 Hz), 4.28 (t, 2H, J = 6.6 Hz), 4.27 (t, 2H, 

J = 6.6 Hz), 4.23 (t, 2H, J = 6.6 Hz), 1.96 (m, 10H), 1.59 (m, 10H), 1.41 (m, 20H), 0.94 (m, 15H) ppm; 

13C{1H} NMR (CDCl3, 150 MHz):  160.1, 151.7, 151.3, 149.6, 149.4, 139.8, 138.1, 130.2, 126.7, 125.8, 

124.3, 123.8, 108.6, 108.21, 108.19, 106.6, 106.4, 106.3, 69.8, 69.7, 69.23, 69.21, 68.7, 81.84, 81.83, 

31.82, 31.75, 29.86, 29.49, 29.46, 29.42, 29.40, 29.25, 26.00, 25.99, 25.974, 25.967, 22.83, 22.82, 22.80, 

14.25, 14.24, 14.23, 14.22 ppm (6 carbon signals missing or overlapping); HRMS (ESI+ of M + H+): 

m/z for C50H73N2O5: calculated: 781.5514; experimental: 781.5495. 

4.7.3. Synthesis of methyl 4,5-diamino-2-hydroxybenzoate (8) 

Methyl 4-amino-2-hydroxybenzoate (5). In a flame-dried round bottom flask (500 mL) equipped 

with a magnetic stir bar under nitrogen, 4-aminosalicylic acid (4) (10.10 g, 65.95 mmol) was dissolved 

in 200 mL of methanol. To the beige solution, 14.7 mL of concentrated sulfuric acid was added slowly 

at 0 °C. The white suspension was refluxed for 16 h. Methanol was removed from the beige solution 

on a rotary evaporator and the resulting dark grey solution was dissolved in distilled water and 

neutralized with saturated NaHCO3 until a pH of 7-8. The culminating white suspension was filtered 

and washed with distilled water to afford a white powder (9.69 g, 88% yield). 1H NMR (CDCl3, 400 

MHz):  10.93 (s, 1H), 7.61 (d, 1H, J = 8.3 Hz), 6.16 (d, 1H, J = 2.2 Hz), 6.15 (dd, 1H, J = 8.2, 2.2 Hz), 

4.09 (brs, 2H), 3.88 (s, 3H) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  170.6, 163.7, 153.5, 131.8, 106.9, 

103.2, 100.9, 51.8 ppm; HRMS (ESI+ of M + H+): m/z for C8H10NO3: calculated: 168.0655; 

experimental: 168.0639. 
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Methyl 4-acetamide-2-hydroxy-5-nitrobenzoate (6). To a flame-dried, two-neck round bottom 

flask (100 mL) equipped with a magnetic stir bar under nitrogen, 5 (2.18 g, 13.0 mmol), Bi(NO3)3・

5H2O (6.38 g, 13.2 mmol), 65 mL of dry CH2Cl2, and acetic anhydride (8.63 mL, 91.3 mmol) were 

added, in sequence. The orange mixture was stirred at ambient temperature for 3 h. The resulting 

yellow reaction mixture was neutralized with saturated NaHCO3 until a pH of 7-8. The orange mixture 

was then filtered to remove the bismuth salts and the orange filtrate was extracted with CH2Cl2 (4 * 75 

mL). The organic extracts were combined, washed with brine (75 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford an orange solid residue. This crude solid was then 

recrystallized from methanol, yielding pale orange crystals (1.265 g, 38%). 1H NMR (CDCl3, 400 MHz): 

 11.36 (s, 1H), 10.74 (s, 1H), 8.86 (s, 1H), 8.46 (s, 1H), 4.00 (s, 3H), 2.31 (s, 3H) ppm; 13C{1H} NMR 

(CDCl3, 150 MHz):  169.3, 168.9, 167.2, 140.9, 130.2, 128.9, 108.6, 107.6, 53.1, 26.0 ppm; HRMS 

(ESI+ of M + H+): m/z for C10H11N2O6: calculated: 255.0612; experimental: 255.0591. 

Methyl 4-amino-2-hydroxy-5-nitrobenzoate (7). In a round bottom flask (50 mL) equipped with a 

magnetic stir bar, 6 (0.82 g, 3.2 mmol) was stirred in 15 mL of methanol. To the orange mixture, 0.72 

mL of concentrated sulfuric acid was added dropwise, and the reaction mixture was refluxed for 16 h. 

The resulting yellow suspension was cooled to room temperature and then added to 100 g of ice and 

stirred for 1 h. The yellow mixture was then filtered and washed with distilled water to afford a yellow 

powder (0.654 g, 96%). 1H NMR (CDCl3, 400 MHz):  11.20 (s, 1H), 8.79 (s, 1H), 6.37 (brs, 2H), 6.22 

(s, 1H), 3.95 (s, 3H) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  169.5, 165.7, 149.8, 131.6, 126.7, 104.3, 

102.5, 52.7 ppm; HRMS (ESI+ of M + Na+): m/z for C8H8N2O5Na: calculated: 235.0331; experimental: 

235.0334. 

Methyl 4,5-diamino-2-hydroxybenzoate (8). In a round bottom flask (50 mL) equipped with a 

magnetic stir bar, 7 (0.95 g, 4.5 mmol) was stirred in 20 mL of methanol. To the yellow suspension, 

iron powder (1.51 g, 27.0 mmol) followed by a slow addition of 4.48 mL of concentrated hydrochloric 

acid. The yellow-green mixture was refluxed for 1 h. The reaction mixture was then cooled to room 

temperature and methanol was evaporated off on a rotary evaporator, leaving a red-purple solid. The 

crude solid was dissolved in distilled water and acidified with 10% v/v HCl. The resulting dark green 

solution was washed with CH2Cl2 (3 * 75 mL), and the orange-brown aqueous extract was collected 

and neutralized with saturated NaHCO3 until a pH of 7-8. The resulting brown mixture was filtered to 

remove the iron salts and the orange-brown filtrate was collected and extracted with CH2Cl2 (3 * 100 

mL). The orange extracts were combined, washed with brine (75 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford the orange solid product (0.74 g, 90%). 1H NMR (CDCl3, 

400 MHz):  10.57 (s, 1H), 7.16 (s, 1H), 6.22 (s, 1H), 4.11 (brs, 2H), 3.86 (s, 3H), 2.90 (brs, 2H) ppm; 
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13C{1H} NMR (CDCl3, 150 MHz): 170.5, 158.7, 145.7, 125.1, 118.6, 102.3, 101.8, 51.8 ppm; HRMS 

(ESI+ of M + H+): m/z for C8H11N2O3: calculated: 183.0764; experimental: 183.0760. 

4.7.4. Synthesis of DBP(X,Y) Derivatives 

Methyl 2,3,6,7-tetrakis(hexyloxy)-12-hydroxydibenzo[a,c]phenazine-11-carboxylate 

(DBP(MeE,OH)). In a round bottom flask (50 mL) equipped with a magnetic stir bar, 1 (0.73 g, 1.4 

mmol) was stirred in a solution of 8 (0.55 g, 3.5 mmol) in 25 mL of anhydrous ethanol. Glacial acetic 

acid (5 drops) was added, and the dark red-purple reaction mixture was refluxed for 16 h. The resulting 

yellow-orange suspension was cooled to room temperature before being poured over 100 g of ice and 

stirred for 30 min. The yellow-orange suspension was then filtered via vacuum filtration, and the yellow 

solid was washed with distilled water, ethanol, and acetone, in sequence, until the quinone starting 

material was completely removed from the solid. The product was collected as a yellow powder (875 

mg, 96%). 1H NMR (CDCl3, 400 MHz):  10.71 (s, 1H), 8.95 (s, 1H), 8.74 (s, 1H), 8.68 (s, 1H), 7.73 

(s, 1H), 7.69 (s, 1H), 7.68 (s, 1H), 4.33 (t, 2H, J = 6.4 Hz), 4.32 (t, 2H, J = 6.4 Hz), 4.28 (t, 2H, J = 6.4 

Hz), 4.27 (t, 2H, J = 6.4 Hz), 4.11 (s, 3H), 1.97 (m, 8H), 1.60 (m, 8H), 1.42 (m, 16H), 0.95 (m, 12H) 

ppm; 13C{1H} NMR (CDCl3, 150 MHz):  170.3, 158.8, 152.5, 151.7, 149.6, 149.4, 145.5, 144.3, 141.4, 

135.7, 133.5, 127.6, 126.2, 123.8, 123.4, 117.0, 112.2, 109.2, 108.4, 106.6, 106.2, 69.7, 69.6, 69.3, 69.2, 

53.1, 31.823, 31.821, 31.819, 31.817, 29.46, 29.42, 29.38, 29.36, 25.994, 25.986, 25.960, 25.955, 22.83, 

22.82, 22.812, 22.808, 14.241, 14.238, 14.222, 14.218 ppm; HRMS (ESI+ of M + H+): m/z for 

C46H63N2O7: calculated: 755.4630; experimental: 755.4624. 

Methyl 2,3,6,7-tetrakis(hexyloxy)-12-methoxydibenzo[a,c]phenazine-11-carboxylate 

(DBP(MeE,OMe)). A round bottom flask (10 mL) equipped with a magnetic stir bar was flushed 

with nitrogen and flame dried. To the flask was added: dry dimethylformamide (5 mL), 

DBP(MeE,OH) (308.4 mg, 0.4085 mmol) and potassium carbonate (118.4 mg, 0.8567 mmol), in 

sequence. The yellow mixture was heated to 50 °C and then iodomethane (65 μL, 1.0 mmol) was added 

and the reaction mixture was stirred at 50 °C for 17 h. The resulting dark red-purple solution was 

cooled to room temperature before being added to 100 g of ice and subsequently stirred for 30 min. 

The now yellow aqueous mixture was extracted with CH2Cl2 (3 * 100 mL). The orange organic extracts 

were combined, washed with distilled water (3 * 50 mL) and brine (50 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford a yellow-brown solid residue. The crude product was 

purified via recrystallization from anhydrous ethanol, yielding a yellow powder (247.6 mg, 79% yield). 

1H NMR (CDCl3, 400 MHz):  8.76 (s, 1H), 8.72 (s, 1H), 8.71 (s, 1H), 7.72 (s, 1H), 7.72 (s, 1H), 7.66 

(s, 1H), 4.35 (t, 2H, J = 6.5 Hz), 4.33 (t, 2H, J = 6.6 Hz), 4.28 (t, 2H, J = 6.5 Hz), 4.27 (t, 2H, J = 6.5 
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Hz), 4.14 (s, 3H), 4.03 (s, 3H), 1.98 (m, 8H), 1.60 (m, 8H), 1.42 (m, 16H), 0.95 (m, 12H) ppm; 13C{1H} 

NMR (CDCl3, 150 MHz):  166.3, 158.2, 152.3, 151.6, 149.6, 149.4, 144.2, 143.3, 141.1, 136.5, 133.4, 

127.3, 126.0, 125.2, 123.9, 123.5, 108.8, 108.3, 107.3, 106.5, 106.2, 69.8, 69.6, 69.23, 69.18, 56.6, 52.7, 

31.823, 31.817, 31.811, 31.807, 29.46, 29.42, 29.39, 29.36, 25.99, 25.98, 25.961, 25.958, 22.83, 22.82, 

22.811, 22.806, 14.238, 14.235, 14.220, 14.217 ppm; HRMS (ESI+ of M + H+): m/z for C47H65N2O7: 

calculated: 769.4786; experimental: 769.4782. 

Methyl 2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(DBP(MeE,OHx)). A two-neck round bottom flask (100 mL) equipped with a magnetic stir bar was 

flushed with nitrogen and flame dried. The flask was charged with 30 mL of butanone previously dried 

over MgSO4. To the solvent was added: DBP(MeE,OH) (743.7 mg, 0.9850 mmol), 

tetrabutylammonium bromide (35.2 mg, 0.109 mmol), 1-bromohexane (0.35 mL, 2.5 mmol), and 

cesium carbonate (642.9 mg, 1.973 mmol), in sequence. The yellow suspension was refluxed for 16 h. 

The resulting orange suspension was cooled to room temperature and subsequently added to 100 g of 

ice and stirred for 30 min. The orange mixture was extracted with CH2Cl2 (2 * 50 mL). The organic 

extracts were combined, washed with distilled water (3 * 50 mL) and brine (50 mL), dried over MgSO4, 

and concentrated on a rotary evaporator to afford an orange solid. The crude product was purified via 

column chromatography on silica gel, using 90% CH2Cl2 in hexanes as the eluent (L = 31.5 cm, Rf = 

0.56). The compound was further purified via recrystallization from anhydrous ethanol, yielding a 

bright yellow powder (351.2 mg, 42%). 1H NMR (CDCl3, 400 MHz):  8.76 (s, 1H), 8.73 (s, 1H), 8.68 

(s, 1H), 7.72 (s, 1H), 7.72 (s, 1H), 7.62 (s, 1H), 4.34 (t, 2H, J = 6.3 Hz), 4.33 (t, 2H, J = 6.5 Hz), 4.28 

(t, 2H, J = 6.5 Hz), 4.28 (t, 2H, J = 6.5 Hz), 4.27 (t, 2H, J = 6.5 Hz), 4.01 (s, 3H), 1.97 (m, 10H), 1.60 

(m, 10H), 1.42 (m, 20H), 0.95 (m, 15H) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  166.5, 157.6, 152.2, 

151.6, 149.6, 149.4, 144.2, 143.2, 141.0, 136.5, 133.1, 127.3, 126.0, 125.8, 124.0, 123.5, 108.8, 108.3, 

107.8, 106.6, 106.3, 69.8, 69.6, 69.4, 69.22, 69.18, 52.6, 31.820, 31.816, 31.809, 31.804, 31.7, 29.5, 29.42, 

29.40, 29.35, 29.1, 25.99, 25.98, 25.959, 25.956, 25.88, 22.83, 22.82, 22.81, 22.80, 22.79, 14.24, 14.235, 

14.226, 14.222, 14.217 ppm; HRMS (ESI+ of M + H+): m/z for C52H75N2O7: calculated: 839.5569; 

experimental: 839.5544. 

Hexyl 2,3,6,7-tetrakis(hexyloxy)-12-hydroxydibenzo[a,c]phenazine-11-carboxylate 

(DBP(HxE,OH)). From a previous synthesis of DBP(MeE,OHx), DBP(HxE,OH) was 

synthesized as a minor side-product: A flame dried three-neck round bottom flask (50 mL) equipped 

with a magnetic stir bar was charged with acetone (30 mL) and stirred for 5 min under nitrogen. To 

the flask was added: DBP(MeE,OH) (0.75 g, 0.99 mmol), tetrabutylammonium bromide (32.3 mg, 

0.100 mmol), and 1-bromohexane (0.210 mL, 1.50 mmol), in sequence. The reaction mixture was 
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stirred, potassium carbonate (0.13 g, 2.24 mmol) was added, and the yellow suspension was stirred at 

reflux for 17 h. The resulting orange suspension was cooled to ambient temperature and then poured 

over 100 g of ice and stirred for 30 min. The crude product was extracted with CH2Cl2 (3 * 50 mL). 

The red-orange organic extracts were combined, washed with distilled water (3 * 50 mL) and brine (50 

mL), dried over MgSO4, and concentrated on a rotary evaporator to afford a yellow-orange solid 

residue. The crude side-product was purified via column chromatography on silica gel, using 90% 

CH2Cl2 in hexanes as the eluent (L = 22.0 cm, Rf = 0.43). The compound was further purified via 

recrystallization from anhydrous ethanol (5.0 mg, 1%). 1H NMR (CDCl3, 400 MHz):  10.84 (s, 1H), 

8.95 (s, 1H), 8.76 (s, 1H), 8.71 (s, 1H), 7.74 (s, 1H), 7.71 (s, 1H), 7.70 (s, 1H), 4.52 (t, 2H, J = 6.7 Hz), 

4.34 (t, 2H, J = 6.6 Hz), 4.34 (t, 2H, J = 6.6 Hz), 4.28 (t, 2H, J = 6.4 Hz), 4.27 (t, 2H, J = 6.4 Hz), 1.97 

(m, 8H), 1.91 (tt, 2H, J = 6.6, 6.4 Hz), 1.59 (m, 10H), 1.42 (m, 20H), 0.95 (m, 15H) ppm; 13C{1H} 

NMR (CDCl3, 150 MHz):  169.9, 159.0, 152.5, 151.8, 149.6, 149.5, 145.5, 144.3, 141.5, 135.7, 133.4, 

127.6, 126.2, 123.9, 123.5, 117.4, 112.2, 109.2, 108.5, 106.6, 106.3, 69.74, 69.65, 69.28, 69.27, 66.6, 

31.82, 31.81, 31.6, 29.5, 29.41, 29.39, 29.35, 28.7, 25.98, 25.97, 25.963, 25.955, 25.8, 22.82, 22.813, 

22.806, 22.7, 14.24, 14.232, 14.225, 14.218 ppm (4 carbon signals missing or overlapping); HRMS (ESI+ 

of M + H+): m/z for C51H73N2O7: calculated: 825.5412; experimental: 825.5439. 

Hexyl 2,3,6,7-tetrakis(hexyloxy)-12-methoxydibenzo[a,c]phenazine-11-carboxylate 

(DBP(HxE,OMe)). A flame-dried, three-necked round bottom flask (50 mL) equipped with a 

magnetic stir bar under a nitrogen atmosphere was charged with dry CH2Cl2 (20 mL). To the flask were 

added: 1-hexanol (0.15 mL, 1.2 mmol), DBP(CA,OMe) (85.0 mg, 0.113 mmol), and DMAP (49.0 mg, 

0.401 mmol), in sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC 

(98.9 mg, 0.516 mmol) was added, and the yellow-orange suspension was stirred at ambient 

temperature for 3 days. The resulting intense orange solution was diluted with CH2Cl2 (25 mL) and 

washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford an orange solid. The crude product was purified by 

column chromatography using a gradient of 90−100% CH2Cl2 in hexanes and then 0−1% ethyl acetate 

in CH2Cl2 as the eluents (L = 16.1 cm, Rf = 0.14−0.26). The compound was further purified via 

recrystallization from ethyl acetate, yielding a yellow-orange powder (22.3 mg, 24%). 1H NMR (CDCl3, 

400 MHz):  8.75 (s, 1H), 8.71 (s, 1H), 8.66 (s, 1H), 7.71 (s, 1H), 7.71 (s, 1H), 7.64 (s, 1H), 4.43 (t, 2H, 

J = 6.7 Hz), 4.34 (t, 2H, J = 6.5 Hz), 4.33 (t, 2H, J = 6.4 Hz), 4.28 (t, 2H, J = 6.6 Hz), 4.27 (t, 2H, J = 

6.5 Hz), 4.13 (s, 3H), 1.98 (m, 8H), 1.85 (tt, 2H, J = 7.2 Hz), 1.60 (m, 8H), 1.52 (m, 2H), 1.41 (m, 20H), 

0.95 (m, 15H) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  165.9, 158.2, 152.2, 151.6, 149.6, 149.4, 144.1, 

143.2, 141.1, 136.6, 133.0, 127.3, 126.0, 125.8, 123.9, 123.5, 108.8, 108.3, 107.3, 106.5, 106.2, 69.8, 69.6, 
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69.22, 69.20, 65.8, 56.5, 31.83, 31.821, 31.816, 31.81, 31.7, 29.47, 29.43, 29.40, 29.38, 28.9, 25.99, 25.97, 

25.96, 25.90, 22.82, 22.812, 22.809, 22.77, 14.234, 14.230, 14.22 ppm (4 carbon signals missing or 

overlapping); HRMS (ESI+ of M + H): m/z for C52H75N2O7: calculated: 839.5569; experimental: 

839.5558. 

Hexyl 2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(DBP(HxE,OHx)). In the same reaction for the synthesis of DBP(MeE,OHx) described above, 

DBP(HxE,OHx) was synthesized as a minor side-product: In the crude mixture for the synthesis of 

DBP(MeE,OHx), DBP(HxE,OHx) was separated from the crude mixture by column 

chromatography on silica gel, using 90% CH2Cl2 in hexanes as the eluent (L = 31.5 cm, Rf = 0.71). The 

compound was further purified via recrystallization from anhydrous ethanol (20.1 mg, 2%). 1H NMR 

(CDCl3, 400 MHz):  8.76 (s, 1H), 8.74 (s, 1H), 8.65 (s, 1H), 7.73 (s, 1H), 7.73 (s, 1H), 7.62 (s, 1H), 

4.42 (t, 2H, J = 6.8 Hz), 4.35 (t, 2H, J = 6.4 Hz), 4.33 (t, 2H, J = 6.4 Hz), 4.28 (t, 2H, J = 6.5 Hz), 4.28 

(t, 2H, J = 6.3 Hz), 4.28 (t, 2H, J = 6.3 Hz), 1.97 (m, 10H), 1.84 (tt, 2H, J = 6.7, 6.5 Hz), 1.59 (m, 10H), 

1.53 (m, 2H), 1.41 (m, 24H), 0.94 (m, 18H) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  166.3, 157.6, 

152.7, 151.6, 149.6, 149.4, 144.1, 143.1, 140.9, 136.6, 132.8, 127.2, 126.4, 126.0, 124.0, 123.6, 108.8, 

108.3, 107.7, 106.6, 106.3, 69.8, 69.6, 69.4, 69.23, 69.21, 65.9, 31.822, 31.817, 31.808, 31.801, 31.74, 

31.72, 29.47, 29.43, 29.40, 29.36, 29.2, 28.9, 25.99, 25.965, 25.959, 25.927, 25.924, 22.821, 22.818, 

22.810, 22.806, 22.800, 22.76, 14.241, 14.237, 14.232, 14.220, 14.217 ppm (2 carbon signals missing or 

overlapping); HRMS (ESI+ of M + H+): m/z for C57H85N2O7: calculated: 909.6351; experimental: 

909.6337. 

2,3,6,7-Tetrakis(hexyloxy)-12-hydroxydibenzo[a,c]phenazine-11-carboxylic acid 

(DBP(CA,OH)). In a round bottom flask (10 mL) equipped with a magnetic stir bar, 

DBP(MeE,OH) (57.8 mg, 0.0766 mmol) was added to 2 mL of warmed 1,4-dioxane. To the yellow 

mixture was added a solution of NaOH (74.4 mg, 1.86 mmol) dissolved in 3 mL of distilled water. The 

orange suspension was refluxed for 18 h. The resulting red-orange mixture was cooled to ambient 

temperature, acidified with 10% v/v HCl, poured over 50 g of ice, and stirred for 30 min. The mixture 

was filtered via vacuum filtration and the dark purple solid was collected. The crude product was 

purified via recrystallization from acetone, yielding an orange solid (36.4 mg, 64%). 1H NMR (1:1 CDCl3 

in d6-DMSO, 400 MHz):  8.15 (s, 1H), 7.91 (s, 1H), 7.87 (s, 1H), 7.00 (s, 1H), 7.00 (s, 1H), 6.86 (s, 

1H), 3.58 (m, 8H), 1.24 (m, 8H), 0.92 (m, 8H), 0.73 (m, 16H), 0.26 (m, 12H) ppm; 13C{1H} NMR (1:1 

CDCl3 in d6-DMSO, 150 MHz):  204.7, 170.4, 157.8, 150.8, 150.0, 147.7, 147.5, 143.5, 141.8, 139.0, 

133.9, 132.0, 125.7, 124.2, 121.7, 121.3, 109.7, 107.3, 106.6, 104.9, 104.6, 67.7, 67.6, 67.4, 67.3, 30.1, 

29.9, 29.4, 27.8, 27.7, 24.28, 24.27, 21.06, 21.02, 12.74, 12.68, 12.67 ppm (8 carbon signals missing or 
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overlapping); HRMS (ESI+ of M + H+): m/z for C45H61N2O7: calculated: 741.4473; experimental: 

741.4496. 

2,3,6,7-Tetrakis(hexyloxy)-12-methoxy-dibenzo[a,c]phenazine-11-carboxylic acid 

(DBP(CA,OMe)). In a round bottom flask (50 mL) equipped with a magnetic stir bar, 

DBP(MeE,OMe) (202.3 mg, 0.2631 mmol) was added to 25 mL of warm anhydrous ethanol. To the 

orange mixture was added a solution of NaOH (446.6 mg, 11.17 mmol) dissolved in 5 mL of distilled 

water. Precipitate formed upon addition of the NaOH solution. The dark orange suspension was 

refluxed for 17 h. The resulting dark orange mixture was cooled to ambient temperature, acidified with 

10% v/v HCl, poured over 100 g of ice, and stirred for 30 min. The mixture was filtered via vacuum 

filtration and the dark red-orange solid was collected. The crude product was purified via 

recrystallization from anhydrous ethanol, yielding a yellow powder (198.0 mg, 99%). 1H NMR (CDCl3, 

400 MHz):  10.69 (brs, 1H), 9.20 (s, 1H), 8.72 (s, 1H), 8.72 (s, 1H), 7.76 (s, 1H), 7.70 (s, 1H), 7.69 (s, 

1H), 4.33 (t, 2H, J = 6.4 Hz), 4.32 (t, 2H, J = 6.4 Hz), 4.31 (s, 3H), 4.29 (t, 2H, J = 6.4 Hz), 4.28 (t, 2H, 

J = 6.4 Hz), 1.98 (m, 8H), 1.61 (m, 8H), 1.42 (m, 16H), 0.95 (m, 12H) ppm; 13C{1H} NMR (CDCl3, 

150 MHz):  164.7, 156.5, 152.7, 151.9, 149.8, 149.4, 144.5, 144.0, 142.1, 137.1, 136.9, 127.8, 126.2, 

123.7, 123.1, 120.9, 108.9, 108.4, 108.1, 106.5, 106.1, 69.8, 69.6, 69.3, 69.2, 57.3, 31.82, 31.81, 29.5, 

29.395, 29.393, 29.34, 26.00, 25.963, 25.958, 22.83, 22.82, 22.81, 22.80, 14.24, 14.22 ppm (5 carbon 

signals missing or overlapping); HRMS (ESI+ of M + H+): m/z for C46H63N2O7: calculated: 755.4630; 

experimental: 755.4646. 

2,3,6,7,12-Pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylic acid (DBP(CA,OHx)). In a 

round bottom flask (50 mL) equipped with a magnetic stir bar, DBP(MeE,OHx) (258.5 mg, 0.3081 

mmol) was added to 30 mL of warm anhydrous ethanol. To the orange solution was added a solution 

of NaOH (543.6 mg, 13.59 mmol) dissolved in 5 mL of distilled water. Precipitate formed upon 

addition of the NaOH solution. The orange suspension was refluxed for 17 h. The resulting orange 

mixture was cooled to ambient temperature, acidified with 10% v/v HCl, poured over 100 g of ice, 

and stirred for 30 min. The mixture was filtered via vacuum filtration and the orange solid was collected. 

The crude product was purified by putting the solid and silica gel and washing the product-on-silica on 

a frit funnel numerous times with CH2Cl2 to remove any starting material. The product was then 

collected with 2% methanol in CH2Cl2. The product was further purified via recrystallization from 

anhydrous ethanol, yielding an orange solid (229.4 mg, 90%). 1H NMR (CDCl3, 400 MHz):  11.06 

(brs, 1H), 9.16 (s, 1H), 8.67 (s, 1H), 8.66 (s, 1H), 7.69 (s, 1H), 7.66 (s, 1H), 7.66 (s, 1H), 4.47 (t, 2H, J 

= 6.6 Hz), 4.31 (t, 2H, J = 6.5 Hz), 4.30 (t, 2H, J = 6.5 Hz), 4.28 (t, 2H, J = 6.3 Hz), 4.27 (t, 2H, J = 

6.5 Hz), 2.06 (tt, 2H, J = 6.7, 6.7 Hz), 1.98 (m, 8H), 1.60 (m, 10H), 1.42 (m, 20H), 0.95 (m, 15H) ppm; 
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13C{1H} NMR (CDCl3, 150 MHz):  164.8, 155.9, 152.6, 151.9, 149.7, 149.3, 144.4, 143.9, 142.0, 137.0, 

136.8, 127.7, 126.1, 123.6, 123.0, 120.9, 108.9, 108.7, 108.3, 106.4, 106.0, 70.9, 69.8, 69.5, 69.2, 69.1, 

31.84, 31.83, 29.47, 29.421, 29.416, 29.35, 29.0, 26.01, 25.974, 25.968, 25.82, 22.834, 22.827, 22.814, 

22.810, 22.7, 14.244, 14.239, 14.224, 14.221, 14.15 ppm (4 carbon signals missing or overlapping); 

HRMS (ESI+ of M + H+): m/z for C51H73N2O7: calculated: 825.5412; experimental: 825.5426. 

4.7.5. DSC 

Phase transition temperatures and enthalpies were investigated using differential scanning 

calorimetry (DSC) on a DSC Q2000 instrument (TA Instruments) equipped with a refrigerated cooling 

system (TA Instruments, Refrigerated Cooling System 90). Heating and cooling measurements were 

performed at a rate of 10 °C/min. The second DSC run is shown for each compound, except for 

DBP(CA,OHx), which shows the first and second run. 

 

Figure 4.8. DSC thermograms of (a) DBP(H,OH) and (b) DBP(H,OHx). 

 

Figure 4.9. DSC thermograms of (a) DBP(MeE,OH) and (b) DBP(MeE,OMe). 
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Figure 4.10. DSC thermograms of (a) DBP(MeE,OHx) and (b) DBP(HxE,OH). 

 

Figure 4.11. DSC thermograms of (a) DBP(HxE,OMe) and (b) DBP(HxE,OHx). 

 

Figure 4.12. DSC thermograms of (a) DBP(CA,OH) and (b) DBP(CA,OMe). 
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Figure 4.13. DSC thermograms of DBP(CA,OHx) for the (a) first and (b) second heating/cooling 
cycles. 

4.7.6. POM 

Texture and phase behaviour analyses were carried out using polarized optical microscopy 

(POM) on an Olympus BX50 microscope equipped with cross polarizers and a Linkam LTS350 

heating stage. All images shown are ca. 920 x 1400 μm in size, unless otherwise specified. 

 

Figure 4.14. Polarized optical micrographs of DBP(H,OH) showing needle-like textures at a) 199 
°C and b) room temperature. 
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Figure 4.15. Polarized optical micrographs of DBP(H,OHx) showing a) dendritic textures with 
sixfold symmetry at 96 °C and b) paramorphotropic needle-like textures at room 
temperature. 

 

Figure 4.16. Polarized optical micrographs of DBP(MeE,OH) showing a) dendritic textures with 
sixfold symmetry at 190 °C and b) needle-like textures at room temperature. Image a) 
was taken with a 530 nm quarter wavelength retardation plate. 

 

Figure 4.17. Polarized optical micrographs of DBP(MeE,OMe) showing a) dendritic textures with 
sixfold symmetry at room temperature. Crystallization is shown in b) at room 
temperature after being left at ambient conditions for 12 months. 



137 

 

Figure 4.18. Polarized optical micrographs of DBP(MeE,OHx) showing a) large domains with 
wave-like textures that become birefringent upon shearing at 215 °C and b) needle-like 
textures at room temperature. 

 

Figure 4.19. Polarized optical micrographs of DBP(HxE,OH) showing a) dendritic textures with 
sixfold symmetry at 183 °C and b) grain-like textures at room temperature. 

 

Figure 4.20. Polarized optical micrographs of DBP(HxE,OMe) showing a) dendritic textures with 
sixfold symmetry at 192 °C and b) partially birefringent domains at room temperature. 



138 

 

Figure 4.21. Polarized optical micrographs of DBP(HxE,OHx) showing a) large domains with fan-
shaped textures that become birefringent upon shearing at 203 °C and b) grain-like 
textures at room temperature after 2 weeks. 

 

Figure 4.22. Polarized optical micrographs of DBP(CA,OH) showing needle-like textures at a) 205 
°C and b) room temperature. 
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Figure 4.23. Polarized optical micrographs of DBP(CA,OMe) showing dendritic textures with 
sixfold symmetry at a-b) 194 °C, c) 93 °C, and d) room temperature after 11 months. 
Image a) was taken with a 530 nm quarter wavelength retardation plate. Images a) and 
b) were taken in the same plane of view. 

4.7.7. XRD 

X-ray scattering experiments were conducted on an X-ray diffractometer (Rigaku R-Axis 

Rapid) equipped with an in-house built temperature controller.186 The room temperature wide-angle 

X-ray scattering (WAXS) experiment for DBP(CA,OHx) was obtained on a SAXSLAB Ganesha 

300XL Small Angle X-ray Scattering (SAXS) system on samples in glass capillaries loaded onto an 

ambient sample stage. Variable temperature XRD data of DBP(HxE,OMe) was obtained on the 

SAXS instrument using a Linkam T95-PE heating stage. The sample was loaded into thin-walled quartz 

capillary tubes with a 1.5 mm outer diameter (Charles Supper Company). 
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Figure 4.24. XRD spectrum of DBP(H,OH) at room temperature. 

 

Figure 4.25. XRD spectra of DBP(H,OHx) at (a) 66 °C and (b) room temperature. 

 

Figure 4.26. XRD spectra of DBP(MeE,OH) at (a) 172 °C and (b) room temperature. 
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Figure 4.27. XRD spectra of DBP(MeE,OMe) at (a) 131 °C and (b) room temperature. 

 

Figure 4.28. XRD spectra of DBP(MeE,OHx) at (a) 199 °C and (b) room temperature. 

 

Figure 4.29. XRD spectra of DBP(HxE,OH) at (a) 147 °C and (b) room temperature. 
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Figure 4.30. XRD spectra of DBP(HxE,OMe) at (a) 150 °C and (b) room temperature. 

 

Figure 4.31. XRD spectra of DBP(HxE,OHx) at (a) 163 °C and (b) room temperature. 

 

Figure 4.32. XRD spectrum of DBP(CA,OH) at room temperature. 
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Figure 4.33. XRD spectra of DBP(CA,OMe) at (a) 180 °C and (b) room temperature. 

 

Figure 4.34. XRD spectra of DBP(CA,OHx) at (a) 189 °C and (b) room temperature. 

 

4.7.8. Modelling 

The compounds discussed below were modelled by DFT145 calculations using the B3LYP-D3 

functional158,159,165,167 at the 6-31G(d) level.161,162 All calculations were performed on isolated molecules 

in the gas phase using Gaussian 09.189 The peripheral groups were truncated to methoxy groups. For 

each compound, multiple configurations were optimized. In the parent systems DBP(CA,H) and 

DBP(MeE,H), the configuration of the acid or ester was varied (trans versus cis) and the dihedral 

angle between the acid or ester to the DBP core was varied (0°, 45°, 90°, 135°, and 180°). For 

DBP(CA,OMe) and DBP(MeE,OH), in addition to the two parameters listed above, the dihedral 

angle between the methoxy or hydroxy group to the DBP core was varied (0°, 45°, 90°, 135°, and 180°). 

These conformations are summarized in Table 4.3−Table 4.6; schematics of all conformers are shown 

in Figure 4.39−Figure 4.42. 
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Calculations of DBP(CA,H) revealed lowest energy conformers put the carboxylic acid in the 

trans configuration and planar to the DBP ring (see Figure 4.35). In DBP(CA,OMe), the lowest energy 

structure also has the carboxylic acid group planar to the DBP core, but the cis configuration is lowest 

in energy (1.8 kcal/mol lower than the trans configuration; see Figure 4.36). Stabilization of the cis 

configuration occurs because an intramolecular hydrogen bond is formed between the hydrogen on 

the acid and the oxygen on the methoxy group. 

 

Figure 4.35. Two lowest energy conformers of DBP(CA,H) (conformers are within 0.3 kcal/mol of 
each other). 

 

Figure 4.36. Lowest energy conformers of DBP(CA,OMe) with the carboxylic acid group in the (a) 
trans or (b) cis configuration. 

Calculations on the isolated ester (DBP(MeE,H)) show the ester is in the trans configuration 

and planar to the DBP core (see Figure 4.37), akin to the acid in DBP(CA,H). In DBP(MeE,OH), 

the ester remains in this configuration in the lowest energy structure. The hydroxy group forms an 

intramolecular hydrogen bond between its hydrogen and the oxygen of the carbonyl on the ester. This 

structure is 10.7 kcal/mol lower in energy than the conformation without an intramolecular hydrogen 

bond (hydroxy group points in the opposite direction; see Figure 4.38). 
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Figure 4.37. Two lowest energy conformers of DBP(MeE,H) (conformers are within 0.3 kcal/mol 
of each other). 

 

Figure 4.38. Lowest energy conformers of DBP(MeE,OH) with the hydroxy group pointing (a) 
away and (b) towards the ester group. 

Table 4.3. Conformations calculated for DBP(CA,H). The energy difference (ΔE) is relative to the 
lowest energy conformer. 

 
 



146 

 

Figure 4.39. Schematics for all degenerate optimized conformers of DBP(CA,H). The number in 
the figure corresponds to the number in Table 4.3. 
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Table 4.4. Conformations calculated for DBP(CA,OMe). The energy difference (ΔE) is relative to 
the lowest energy conformer. Note conformers with the methoxy group 180° to the DBP 
core could not be optimized because of the steric hinderance between this group and the 
acid. 
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Figure 4.40. Schematics for all degenerate optimized conformers of DBP(CA,OMe). The number 
in the figure corresponds to the number in Table 4.4. 

Table 4.5. Conformations calculated for DBP(MeE,H). The energy difference (ΔE) is relative to 
the lowest energy conformer. 
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Figure 4.41. Schematics for all degenerate optimized conformers of DBP(MeE,H). The number in 
the figure corresponds to the number in Table 4.5. 
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Table 4.6. Conformations calculated for DBP(MeE,OH). The energy difference (ΔE) is relative to 
the lowest energy conformer. 

 
 

 

Figure 4.42. Schematics for all degenerate optimized conformers of DBP(MeE,OH). The number 
in the figure corresponds to the number in Table 4.6. 
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Chapter 5.  
 
Effects of Adjacent Ethers on Discotic Dimer Self-assembly 

5.1. Overview 

In the last chapter, we looked at monomers and the effect adjacent functional groups have on 

the self-assembly of DBP esters and acids. We saw that the phase behaviour was largely governed by 

the withdrawing ester or acid, but the adjacent group had a marked impact on the phase stabilities. The 

addition of an ortho methoxy or hexyloxy group caused an elevation in the clearing temperature. For 

hexyloxy derivatives, this was accompanied by a depression of the melting temperature, causing an 

appreciably broadened columnar LC phase range. 

In this chapter, we look at the effect adjacent ether groups have on the phase behaviour of 

discotic dimers. The dimers discussed in Chapters 2 and 3 and others of their type116,133 are structurally 

distinguished from many discotic dimers in the literature – they do not contain an ether group ortho to 

the linker. Our DBP dimers have shown a unique propensity to fold in solution, a property not 

reported for other flexible discotic dimers. In addition, our dimers have comparatively higher clearing 

temperatures and prolonged glass stabilities. I wanted to determine whether the adjacent ether group 

was responsible for the differences in the solution and LC properties. The lessons learned from 

Chapters 2−4 will be important in understanding the effects adjacent ether groups have on the self-

assembly of flexible discotic dimers. 

5.2. Abstract 

In this study, we probed the influence of ortho alkoxy chains on the liquid crystalline self-

assembly of 1,3-propylene dibenzo[a,c]phenazine diesters. Because these dimers are flexible, we first 

probed their conformational dynamics via 1H NMR spectroscopy. Using the degree of upfield shifts, 

we determined the ortho ether group deterred folding in solution. Based on our previous analysis in 

Chapters 2−4, we predicted the ether functionalized derivatives should have higher clearing 

temperatures; however, the opposite was observed. In particular, the hexyloxy derivative, which we 

hypothesized to have the highest clearing temperature, had the lowest of the series. To elucidate the 

unexpected phase behaviour, we synthesized the hexyloxy functionalized hydroquinone diester, a 

dimer that can only adopt extended conformers. Its clearing temperature was 16 °C lower than the 
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unfunctionalized analogue, suggesting adjacent ether groups destabilize the columnar phase for 

unfolded structures. 

5.3. Introduction 

The majority of discotic dimers contain an ether group ortho to the linker.122–124 This motif is 

often an artifact of the synthetic route used to obtain discotic dimers, including the extensively studied 

triphenylene systems.77 An example of a commonly used approach for triphenylene dimers is shown 

in Scheme 5.1.120 The monomer is often synthesized first, with ether chains all around. One chain is 

subsequently cleaved and coupled to form the dimer. Because this type of synthetic approach is often 

employed, many discotic dimers contain ether bridges.122 

Scheme 5.1. A common synthetic route for triphenylene dimers. This scheme was adapted from 
the one reported by Wang et al.120 

 

 

Discotic dimers of the type in Scheme 5.1 tend to exhibit columnar liquid crystallinity only if 

the linker is longer than the peripheral chain length,77,125–127 as outlined in Chapter 1. A recent exception 

to this rule was Ong’s report in 2011.115 Their DBP dimers formed columnar LC phases even though 

the bridge was the same length or shorter than the peripheral chains (Figure 5.1(a)). Self-assembly via 

folded structures was proposed to accommodate the shorter linking group. The dimers studied in our 

group (including Chapters 2 and 3) do not contain an ether group ortho to the linking group and employ 
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an ester linkage (Figure 5.1(b)). These DBP diesters represent another rare example of columnar self-

assembly with short linkers.116,187 

 

Figure 5.1. (a) DBP dimers reported by Ong in 2011 and (b) DBP dimers studied in our group. 

Unlike dimers of the type in Scheme 5.1 and Figure 5.1(a), our dimers (Figure 5.1(b)) show 

folding behaviour in solution, which provided a tool to probe the conformational equilibrium.116,133,187 

In addition to their solution behaviour, these DBP diesters exhibited higher clearing temperatures and 

a prolonged LC glass stability compared to Ong’s DBP diethers.115 Our flexible dimer derivatives 

remain in the LC glassy state at room temperature for years, with still no signs of crystallization.133,187 

In contrast, Ong’s dimers crystallize on the order of months,115 and many other dimers of this type 

crystallize on similar timescales.114,117,118,127 

  There are two main differences between the two dimers in Figure 5.1 – the adjacent ether 

group and the type of bridge (ether versus ester). This study focuses on the adjacent ether group. Having 

an additional electron donating group will influence the electron density of the DBP core, which in 

turn will impact the π-π stacking. Literature reports show electron donating groups have a weaker 

stabilizing effect on π-π stacking than electron withdrawing groups.208,211–214 The ortho alkoxy chain may 

also add steric hinderance when folded, depending on the length and geometry of the chain. Therefore, 

the conformational dynamics will likely be impacted by the adjacent ether chain, which could explain 

the lack of folding in solution for Ong’s dimers. As we saw in Chapters 2 and 3, the conformational 

dynamics will affect the self-assembly, which could account for the differences in the LC properties. 

Three propyl linked DBP diesters with an adjacent ether chain of different lengths were 

prepared. These three propyl diesters will be compared to the previously reported non-functionalized 

propyl dimer, dDBP(3,H),116 to evaluate the influence the ether group has on the solution 

conformational dynamics, LC glass stability, and the thermal stability of the columnar phase. In 

addition, having ether chains of different lengths will allow us to evaluate the effect the size of the 

group has on these properties. 
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*Dimer dDBP(3,H) has been reported previously.116 

5.4. Results and Discussion 

5.4.1. Synthesis 

Scheme 5.2 outlines the reaction scheme used to synthesize dimers dDBP(3,OMe), 

dDBP(3,OHx), and dDBP(3,ODod). As with the previous diesters discussed, Steglich esterification 

was employed. All dimers were synthesized in a two-step manner because, as outlined in Chapter 2, it 

is difficult to accurately measure small stoichiometric amounts of the highly viscous diol precursor for 

the one-pot reaction. In the first step, the acids DBP(CA,OMe), DBP(CA,OHx), and 

DBP(CA,ODod) were coupled with 1,3-propanediol to synthesize the monoesters mDBP(3,OMe), 

mDBP(3,OHx), and mDBP(3,ODod), respectively, in good yield (65−90%). Each monoester was 

subsequently coupled to the appropriate acid to form the symmetrical dimers dDBP(3,OMe), 

dDBP(3,OHx), and dDBP(3,ODod) in moderate yield (37−90%). In addition to the dimers, the 

monoesters were isolated and purified, and their phase behaviour will be discussed. 
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Scheme 5.2. Reaction scheme for the three newly reported propyl diesters. 

 

Reagents and conditions: (a) 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC), dry dichloromethane, 0 °C−rt, 1-3 days. 

We also wished to compare the phase behaviour of the propyl esters to the monomeric esters 

reported in Chapter 4. Because dodecyloxy derivatives were not examined in that earlier study, in the 

current work I prepared four dodecyloxy derivatives: DBP(MeE,ODod), DBP(CA,ODod), 

DBP(DodE,ODod), and DBP(DodE,H) (Scheme 5.3). The first three compounds were synthesized 

in a similar way to the methoxy and hexyloxy derivatives discussed in Chapter 4. The precursor 

DBP(MeE,OH) was alkylated with 1-bromododecane in basic conditions to afford 

DBP(MeE,ODod). Like in Chapter 4, a small amount of the trans-esterification side product 

DBP(DodE,ODod) was produced, probably due to small amounts of water being present in the 

reaction media. Both products were purified and isolated, but in low yield because it was difficult to 

separate the two compounds due to their similar Rf values by column chromatography. The remaining 

mixture of DBP(MeE,ODod) and DBP(DodxE,ODod) can be hydrolyzed in basic conditions to 

afford the sole acid product DBP(CA,ODod) in excellent yield. To provide a comparison to 

DBP(DodE,ODod), the dodecyl ester DBP(DodE,H) was synthesized from DBP(CA,H) via 

Steglich esterification with 1-dodecanol in the presence of DMAP and EDC. 
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Scheme 5.3. Reaction scheme for the dodecyloxy derivatives reported in this chapter. 

 

Reagents and conditions: (a) 1-bromododecane, tetrabutylammonium bromide (Bu4NBr) (cat.), cesium carbonate 

(Cs2CO3), butanone, reflux, 19 h, 2−3%; (b) NaOH(aq), isopropanol, reflux, 18 h, 91%; (c) DMAP, EDC, dry 

dichloromethane, 0 °C−rt, 2 days, 82%. 

5.4.2. Self-assembly 

The phase behaviour of the novel monomers and dimers were characterized by DSC, POM, 

and vt-XRD. All compounds form enantiotropic LC phases, with the exception of DBP(CA,ODod) 

and dDBP(3,ODod), which melt directly from their crystalline state. By DSC, all mesogenic 

compounds possess two peaks on the first heating scan: a large enthalpy peak followed by a small 

enthalpy peak, ascribed to the Cr-to-LC and LC-to-Iso transitions, respectively. Slow cooling samples 

from the isotropic state under microscopy reveals dendritic textures with sixfold symmetry, indicative 

of the columnar hexagonal (Colh) LC phase. All samples shear readily at temperatures close to the 

clearing temperature (Tc), confirming fluidity and hence liquid crystallinity of the samples. DSC and 

POM data are shown in sections 5.6.4 and 5.6.5, respectively. 

In the thermal range of the LC phase identified by DSC, samples in XRD experiments show 

diffraction patterns consistent with Colh ordering, confirming all mesogenic compounds form Colh LC 

phases. The lattice constant, a, of the Colh phase does not change appreciably upon going from X=H 

to X = OMe. The lattice constant increases marginally when the ether chain is lengthened, which is 
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expected. We observed a similar trend in Chapter 4. The phase behaviour of all compounds is shown 

in Table 5.1−Table 5.3. The vt-XRD spectra and tabulated data are summarized in section 5.6.6. 

Table 5.1. Phase behaviour of the DBP(X,ODod) derivatives and DBP(DodE,H). 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the 

second heating/cooling cycle. 

Table 5.2. Phase behaviour of the propyl monoesters studied in Chapter 5. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the first 

heating/cooling cycle. cCompound has been reported elsewhere;116 data was obtained from Kevin Bozek’s 

thesis.133 
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Table 5.3. Phase behaviour of the propyl diesters studied in Chapter 5. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the first 

heating/cooling cycle. cCompound has been reported elsewhere;116 data was obtained from Kevin Bozek’s 

thesis.133 

Before discussing the phase behaviour of the propyl esters, the phase behaviour of the four 

monomeric dodecyloxy derivatives in Table 5.1 will be discussed to evaluate the impact the longer 

dodecyloxy chain has on columnar self-assembly. The methyl ester DBP(MeE,ODod) has a 

significantly lower melting temperature (Tm) than its methyl ester analogues DBP(MeE,H), 

DBP(MeE,OMe), and DBP(MeE,OHx) (Figure 5.2). This follows the trend seen in Chapter 4, that 

longer chains supress the Tm; however, the clearing temperature (Tc) is also depressed, something we 

did not see previously. The longer dodecyloxy chain appears to destabilize the Colh LC phase. This 

result is not unprecedented, as Ong showed similar DBPs bearing one long dodecyloxy “bulge” chain 

causes a depression of the Tc to temperatures below 150 °C.215 
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Figure 5.2. Graphical representation of the phase ranges of the DBP(MeE,Y) series: Cr (dark grey), 
Colh (blue), and Iso (light grey). 

A similar effect is seen for the carboxylic acid series in Figure 5.3. The dodecyloxy derivative 

DBP(CA,ODod) has a lower Tm than both DBP(CA,H) and DBP(CA,OMe), although its melting 

temperature is significantly higher than DBP(CA,OHx). As with the methyl ester series, the 

dodecyloxy chain likely destabilizes the columnar phase. Indeed, DBP(CA,ODod) does not exhibit 

liquid crystallinity, melting directly from its crystalline state at 120 °C. 
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Figure 5.3. Graphical representation of the phase ranges of the DBP(CA,Y) series: Cr (dark grey), 
Colr (green), Colh (blue), and Iso (light grey). 

Figure 5.4 compares DBP(DodE,H) to other ester derivatives (DBP(MeE,H) and 

DBP(HxE,H)). The dodecyl ester has a much narrower LC phase range because of its drastically 

lower Tc. Again, it appears having one long “bulge” chain (in this case an ester chain) disrupts columnar 

packing. One might expect the addition of a second dodecyl chain in the form of an ether 

(DBP(DodE,ODod)) would further suppress the Tc; however, Ong’s report showed that additional 

long chains do not substantially perturb the columnar phase.215 In fact, DBP(DodE,ODod) has a 

broader LC phase range, with a reduced Tm and slightly elevated Tc compared with DBP(DodE,H). 

The additional dodecyloxy group appears to stabilize the columnar phase. This is similar to what we 

saw for the hexyloxy series in Chapter 4. The extra dodecyloxy group likely helps fill space in the 

columnar phase. This only applies when there is already a dodecyloxy chain on the DBP core, however, 

as DBP(MeE,H) has a much higher Tc than DBP(MeE,ODod) and DBP(DodE,H). 
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Figure 5.4. Graphical representation of the phase ranges of DBP(MeE,H), DBP(HxE,H), 
DBP(DodE,H), and DBP(DodE,ODod): Cr (dark grey), Colh (blue), and Iso (light 
grey). 

Understanding the influence of the dodecyloxy group allows us to properly evaluate the phase 

behaviour of the dodecyloxy derivatives in Table 5.2 and Table 5.3. Figure 5.5 shows the melting and 

clearing temperature trends of the four propyl monoesters. The melting temperatures follow a similar 

trend to that seen in Chapter 4, decreasing upon functionalization with a methoxy group 

(mDBP(3,OMe)) and further with a hexyloxy group (mDBP(3,OHx)). The Tm then increases for 

mDBP(3,ODod), which melts at higher temperatures than mDBP(3,OMe) and mDBP(3,OHx). 

While this contrasts the methyl ester series, where DBP(MeE,ODod) had the lowest Tm of the series 

(Figure 5.2), it is consistent with the carboxylic acid (Figure 5.3) and ester (Figure 5.4) series’. Both 

DBP(CA,ODod) and DBP(DodE,H) had higher melting temperatures than DBP(CA,OHx) and 

DBP(HxE,H), respectively. 



162 

 

Figure 5.5. Plot of melting (Tm, dark grey) and clearing (Tc, blue) temperatures as a function of the 
X group for the mDBP(3,X) series. 

The clearing temperature trends are less pronounced going from X = H to X = OHx. The Tc 

increases slightly going from X = H to X = OMe but then decreases going from X = OMe to X = 

OHx. Based on the results seen in Chapter 4, we expect an increasing trend going from X = H to X = 

OHx. The terminal OH group on the propyl chain may account for the disparity. This group is free to 

form intermolecular hydrogen bonds in mDBP(3,H) and mDBP(3,OMe), but may be inhibited with 

the longer hexyloxy chain in mDBP(3,OHx). The inability of mDBP(3,OHx) to hydrogen bond may 

offset the stabilizing space-filling ability of the hexyloxy group. Finally, upon going from X = OHx to 

X = ODod, the clearing temperature drops significantly. A similar effect was observed for the other 

monomeric dodecyloxy derivatives in Table 5.1. 

Figure 5.6 shows the melting and clearing temperature trends of the propyl diesters. The 

melting temperatures do not follow the same trend seen for the monomeric systems in Figure 5.5 and 

in Chapter 4. For instance, mDBP(3,OHx) has a 56 °C lower Tm than mDBP(3,H), while 

dDBP(3,OHx) has only a 2 °C lower Tm than dDBP(3,H). The ether group appears to have a 

different effect on the crystalline phase of the diesters compared to the monoesters. Multiple factors 

can contribute to the Tm, as the melting temperature is an interplay between the stabilities of the 

crystalline and the liquid crystal phases.19 We will focus our analysis on the Tc, which in this case is 

predominantly effected by the stability of the columnar phase. 
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Figure 5.6. Plot of melting (Tm, dark grey) and clearing (Tc, blue) temperatures as a function of the 
X group for the dDBP(3,X) series. 

The clearing temperatures of the diesters follow a similar trend to that seen for the monoesters 

in Figure 5.5. The Tc increases upon going from X = H to X = OMe but then decreases going to X = 

OHx. Again, analysis from Chapter 4 predicts an increasing trend going from X = H to X = OHx. 

Unlike the monoester series in Figure 5.6, however, we cannot attribute the lower Tc of dDBP(3,OHx) 

to hydrogen bonding. Furthermore, dDBP(3,OHx) has a lower Tc than dDBP(3,H) (by 14 °C), 

whereas the clearing temperatures of mDBP(3,OHx) and mDBP(3,H) are roughly equal. For 

dDBP(3,ODod), no liquid crystallinity is observed. Like the monomeric X = ODod derivatives, the 

long chain likely disrupts columnar packing. 

The effects of adjacent ether groups on columnar self-assembly are less predictable for the 

diesters compared with the monoesters. This likely has to do with the shape of the mesogens, as we 

learned in Chapters 2 and 3. The shape will strongly influence their self-assembly. A discotic monomer 

is fairly rigid and therefore will have similar shapes across a series. For flexible dimers, the shape is 

dynamic; hence, we need to consider the impact the ether groups have on the conformational 

dynamics, which will influence their self-assembly. 

Figure 5.7 shows the 1H NMR spectra of the four propyl diesters and the two monoesters 

DBP(MeE,H) and mDBP(3,OHx) used to evaluate the degree of folding. As in Chapters 2 and 3, 
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differentiation of proton pairs d/e and f/g was made on the basis of NMR calculations of the folded 

structures. The methyl ester DBP(MeE,H) was used instead of the previously reported mDBP(3,H) 

because I did not have access to the raw data of the latter compound. As noted in Chapters 2 and 3, 

the aromatic peaks in the 1H NMR do not change appreciably between monoesters; hence, 

DBP(MeE,H) works well as a substitute to model an unfolded dimer with X = H in Figure 5.7. 

 

Figure 5.7. 1H NMR of the aromatic region for (I) DBP(MeE,H), (II) dDBP(3,H), (III) 
mDBP(3,OHx), (IV) dDBP(3,OMe), (V) dDBP(3,OHx), and (VI) dDBP(3,ODod). 

Comparing the dimers to their monoester analogue, a significant upfield shift is observed in 

each case. As shown in Chapter 2, we can quantify this upfield shift using equation 5-1: 

 ∆𝛿 =  𝛿𝑚 −  𝛿𝑑 (5-1) 

where Δ is the observed upfield shift, m is the monomeric proton of DBP(MeE,H) or 

mDBP(3,OHx) depending on the X group, and d is the chemical shift of the dimer. In keeping with 

previous analysis, the phenanthrene protons will be used (protons d−f in Figure 5.7) since these 

protons will only be affected by conformational changes. This consideration is especially important 

when comparing these propyl diesters because the X group will significantly impact the chemical shift 

of the phenazine protons but will have little influence on the phenanthrene protons. 
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Applying equation (5-1) yields upfield shifts of 0.42−0.98 ppm for dDBP(3,H), 0.34−0.79 

ppm for dDBP(3,OMe), 0.35−0.82 ppm for dDBP(3,OHx), and 0.34−0.81 ppm for 

dDBP(3,ODod). The unfunctionalized dDBP(3,H) has a slightly larger upfield shift than the 

functionalized dimers, suggesting it has a stronger propensity to fold. To model the folded 

conformations, DFT145 calculations were performed (B3LYP-D3 functional158,159,165,167 at the 6-31G(d) 

level161,162). Note that only dDBP(3,H) and dDBP(3,OMe) were modelled. We do not anticipate the 

extended chain in dDBP(3,OHx) and dDBP(3,ODod) will significantly alter the folded geometry. 

The similar upfield shift patterns in Figure 5.7 validate this assumption. Indeed, excellent fits (R2  

0.98) are obtained when the observed Δ values are plotted against each other for dDBP(3,OMe), 

dDBP(3,OHx), and dDBP(3,ODodx) (Figure 5.42 in section 5.6.7). Appendix A provides detailed 

procedures and data for the calculations performed. 

The folded conformers that best fit the 1H NMR data are shown below in Figure 5.8. The 

folded conformers of dDBP(3,H) and dDBP(3,OMe) are very similar. This is in accordance with 

their upfield shift trends, which compare very well when the observed Δ values for protons d−g are 

plotted against each other (R2 = 1.00; Figure 5.43 in section 5.6.7). The ortho methoxy group does not 

seem to impact the folded geometry, but it does appear to affect the degree of folding, which sees a 

larger upfield shift for dDBP(3,H). 

 

Figure 5.8. Folded conformers that best fit the 1H NMR data for (a) dDBP(3,H), (b) 
dDBP(3,OMe), and (c) dDBP(cat). 

To quantify the conformational equilibrium, we performed a similar analysis to that in Chapter 

2, using the catechol dimer dDBP(cat). Because the folded geometries of dDBP(3,H) and 

dDBP(3,OMe) are very similar to the folded conformation of dDBP(cat) (Figure 5.8), the upfield 

shift pattern of dDBP(cat) can be used to represent the 1H NMR of the folded conformer of the 

propyl dimers. We can therefore use equation (5-2) to describe the degree of folding, 

 ∆𝛿 =  𝜒𝑓(Δ𝛿𝑐𝑎𝑡) (5-2) 
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where Δcat is the observed upfield shift pattern of dDBP(cat) and f is the mole fraction of the folded 

conformation. The f values as well as the Keq and ΔG for the conformational equilibrium between 

unfolded and folded structures for all four propyl dimers are summarized in Table 5.4. 

Table 5.4. Conformational dynamics data of the propyl diesters based on the observed Δ values. 

 

 

From Table 5.4, we see that dDBP(3,H) favours folded conformers in solution, which agrees 

with the analysis reported previously by Kevin Bozek.133 The ether functionalized derivatives have 

almost no preference between folded and extended conformers, with Keqs close to unity. While 

dDBP(3,OHx) and dDBP(3,ODod) have a slightly stronger propensity to fold than dDBP(3,OMe), 

the differences are minor. 

The solution data in Table 5.4 suggest the ortho ether group deters folding to some extent. 

What implications does this have on the liquid crystal properties? Our analysis from Chapter 2 

suggested the greater the degree of folding, the lower the clearing temperature. We would therefore 

predict dDBP(3,H) to have the lowest clearing temperature; yet its Tc (205 °C) is higher than 

dDBP(3,OHx) (191 °C). Furthermore, while dDBP(3,OMe) (213 °C) does have a higher Tc than 

dDBP(3,H), it is only an 8 °C difference. We expect a more dramatic drop in Tc based on our 

observations from Chapter 2, where the two butyl diastereomers had a 31 °C difference in Tc with 

much closer equilibrium constants (0.27−0.39) than dDBP(3,OMe) and dDBP(3,H) (0.51−0.81). 

The conformational equilibrium also does not account for the difference in clearing 

temperatures between dDBP(3,OMe) and dDBP(3,OHx). These two dimers should have roughly 

the same Tc given their nearly identical Keqs, yet dDBP(3,OMe) has a 22 °C higher clearing 

temperature. This result also contradicts our analysis from the monomeric esters in Chapter 4, which 

predicts an elevation of the Tc upon going from X = OMe to X = OHx. For the dodecyloxy derivative, 

dDBP(3,ODod), we also expect a similar Tc to dDBP(3,OMe) and dDBP(3,OHx) based on their 

conformation equilibria; however, we have seen for the monomers that the long C12 chain significantly 

disrupts the columnar phase, which likely accounts for its lack of liquid crystallinity. 
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Clearly, the effect of the adjacent ether group on self-assembly cannot be accounted for by 

solution conformational dynamics and by adjacent functional group effects of monomeric DBP esters. 

To assess these effects in a system not undergoing exchange between open and closed forms, I 

synthesized compound dDBP(hyd,OHx) (see below). This compound is the hexyloxy functionalized 

derivative of dDBP(hyd) from Chapter 2. Because dDBP(hyd,OHx) only exists in the extended 

conformation, we do not need to consider the degree of folding. The folded isomer, dDBP(cat,OHx), 

was also synthesized but unfortunately, I have not been able to purify this compound. 

 

The phase behaviour of dDBP(hyd,OHx) and dDBP(hyd) is shown in Table 5.5. The DSC, 

POM, and vt-XRD data of dDBP(hyd,OHx) can be found in the Experimental section. Both 

compounds form Colh LC phases, with clearing temperatures above 300 °C. Interestingly, 

dDBP(hyd,OHx) does not exhibit a Cr-to-LC transition by DSC, even on the first heating scan. 

Although the phase appears columnar-like out of solution by XRD, we could not confirm its identity 

(see section 5.6.6). The apparent lack of crystallinity may indicate dDBP(hyd,OHx) is 

thermodynamically stable in the Colh LC phase at room temperature, or the material forms a LC glass 

out of solution. Regardless, the hexyloxy group clearly has a dramatic impact on crystallization. 

Table 5.5. Phase behaviour of the hydroquinone DBP diesters. 

 
aPhases identified by POM and vt-XRD experiments, Cr = crystalline, Colh = columnar hexagonal, Iso = 

isotropic. bTransition temperatures and enthalpies were determined by DSC (scan rate = 10 °C/min) on the 

second heating/cooling cycle. 

Notably, dDBP(hyd,OHx) has a 16 °C lower clearing temperature than dDBP(hyd), 

suggesting the ortho hexyloxy group destabilizes the columnar phase for DBP diesters, at least for 

extended conformations. This contrasts what we saw for monomeric systems in Chapter 4, where the 
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hexyloxy group stabilized the columnar phase. In the open form, the additional hexyloxy groups could 

hinder the dimer’s ability to planarize and/or span two columns in the hexagonal array. While gas phase 

calculations show dDBP(hyd,OHx) is planar (see section 5.6.8), this may not be the case in the liquid 

crystal, where the dimer is surrounded by alkoxy chains from neighboring dimers. The 2.3 Å larger 

column-to-column spacing of dDBP(hyd,OHx) compared with dDBP(hyd) may support the 

argument that the adjacent hexyloxy groups partially impede straddling between two columns. 

The results discussed above seem to explain the lower clearing temperature of dDBP(3,OHx) 

versus dDBP(3,H), especially considering the former favours extended conformers relative to the latter. 

In addition, we can use the results in Table 5.5 to hypothesize the phase behaviour of dDBP(3,OMe). 

This compound has a 22 °C higher Tc than dDBP(3,OHx), which contradicted monomeric trends. 

The shorter methoxy group likely has less of an impact on columnar self-assembly from extended 

shapes. Indeed, if we compare dDBP(3,OMe) to dDBP(3,H), the former has a higher clearing 

temperature, which is expected based on its stronger propensity to extend. The difference is smaller 

than expected (8 °C), which suggests the methoxy group destabilizes the columnar phase for extended 

dimers, but likely to a lesser extent than dimers with hexyloxy groups. More data are needed on discotic 

diesters with adjacent methoxy groups to confidently assess their self-assembly. 

5.4.3. LC Glass Stability 

Finally, we will briefly discuss the LC glass stability of the compounds. All monomers appear 

to crystallize from their LC phase when cooled, as compounds show an LC-to-Cr transition by DSC. 

Crystallization is confirmed by XRD experiments, which see multiple peaks emerge at room 

temperature that could not be indexed to columnar ordering. In contrast to the monomers, the three 

mesogenic propyl diesters do not crystallize. By DSC, none of the dimers exhibit a LC-to-Cr transition 

on cooling, and subsequent heating/cooling cycles only show the reversible LC-to-Iso transition. By 

microscopy, all samples retain Colh LC ordering, even when samples are left at ambient conditions for 

over two years. Their remarkable LC glass stability is confirmed by room temperature XRD 

experiments, as samples show retention of hexagonal order, even after nearly two years. It is 

noteworthy that, while dDBP(3,OHx) retains liquid crystallinity, columnar rectangular (Colr) ordering 

is observed by XRD. The (100) diffraction peak of the Colh phase splits into the (200) and (110) 

diffraction peaks of the Colr phase. Additional small peaks appear, indexed to the (020), (220), (420), 

and (800) planes of the rectangular lattice. The DSC, POM, and XRD data are shown in sections 5.6.4-

5.6.6. The LC glass stabilities are summarized in the last column of the XRD analysis tables in section 

5.6.6. 
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It appears that the ortho ether group does not negatively impact the lifespan of the metastable 

LC glassy state at room temperature. In contrast to our diesters, Ong’s dimers and many similar ether 

bridged systems with an ortho ether group (Figure 5.1(a)) report crystallization after days or months at 

room temperature.114,115,118,127 The nature of the linking group may be responsible for the differences 

in LC glass stability; however, rigid diesters dDBP(hyd) and dDBP(cat) from Chapter 2, which can 

only extend and fold, respectively, appear to crystallize in less than 30 minutes at room temperature. 

Thus far, the extended dimer dDBP(hyd,OHx) has retained columnar ordering at room temperature, 

but it has only been monitored for 1 month by XRD. Perhaps the ester linker itself is not responsible 

for the prolonged LC glass stability. Instead, the enhanced the conformational freedom of the dimer 

is important, as we discussed in Chapter 2 comparing the contrasting glass stabilities of dDBP(2R,3R) 

and dDBP(meso) to dDBP(cat) and dDBP(hyd). Indeed, the propyl diesters reported here, and the 

flexible dimers discussed in Chapters 2 and 3 can adopt multiple folded and extended conformations. 

These diesters have shown remarkable LC glass stability, as these compounds have shown no signs of 

crystallization after years at room temperature by POM and XRD. 

5.5. Conclusions 

The effect an ortho ether group has on the columnar self-assembly of discotic dimers was 

evaluated. Four propyl diesters were compared, three with an adjacent ether group (dDBP(3,OMe), 

dDBP(3,OHx), and dDBP(3,ODodx)) and one without (dDBP(3,H)). Three of the four derivatives 

formed Colh LC phases. The exception was dDBP(3,ODodx), which melted directly from its 

crystalline state at 123 °C. We speculated the non-mesogenic nature of dDBP(3,ODodx) is likely 

because the long dodecyloxy chain significantly supresses the Tc. This speculation was based on our 

analysis of dodecyloxy monomers, which showed the extra dodecyloxy chain disrupts columnar 

packing substantially, in accord with previous investigations. 

In order to rationalize the LC properties of dDBP(3,OMe), dDBP(3,OHx), and 

dDBP(3,H), we probed their conformational dynamics in solution. Analysis showed dDBP(3,H) had 

a stronger propensity to fold than dDBP(3,OMe) and dDBP(3,OHx). Based on our analysis in 

Chapter 2, we predicted dDBP(3,H) should have the lowest Tc of the three. In addition, while 

dDBP(3,OMe) and dDBP(3,OHx) had nearly identical conformational dynamics, the latter should 

have a higher Tc based on our results from Chapter 4. Our observations showed the opposite, as 

dDBP(3,OHx) had a lower clearing temperature (191 °C) than both dDBP(3,OMe) (213 °C) and 

dDBP(3,H) (205 °C). To help elucidate the unexpected clearing temperature trends, the rigid, 

extended dimer dDBP(hyd,OHx) was synthesized. Results showed dDBP(hyd,OHx) had a 16 °C 
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lower Tc than the non-functionalized analogue dDBP(hyd), suggesting the ortho hexyloxy group 

depresses the Tc for extended discotic dimers. This result helped explain why the more extended 

dDBP(3,OHx) has a lower Tc than dDBP(3,H). The higher clearing temperature of dDBP(3,OMe) 

than dDBP(3,OHx) may speak to the shorter methoxy group having less influence on columnar self-

assembly than the longer hexyloxy group. 

The results shown here reveal some limitations with the equilibrium model, which predicts 

higher clearing temperatures with extended structures. We need to consider the geometries of the 

folded and unfolded conformations as well, which can be altered by additional functional groups. We 

saw in Chapter 3 how the unfolded geometry can significantly impact self-assembly. It is possible that 

the adjacent ether group somewhat deters the ability of the open form to span two columns in the Colh 

LC phase, especially if we consider the added space two additional hexyloxy groups will occupy. In the 

case of flexible dimers, we also need to consider the impact ether groups have on self-assembly with 

folded structures. More work is needed to better understand the effects of adjacent ether groups. 

5.6. Experimental Section 

5.6.1. Materials and Instrumentation 

Materials. Dry dichloromethane (CH2Cl2; anhydrous, 99.8%, contains 40-150 ppm amylene 

as a stabilizer, Sigma Aldrich, Oakville, ON, Canada) was used as the solvent for reactions employing 

CH2Cl2. Methyl ethyl ketone (butanone) (99.9%, Fisher Chemical, USA) was dried over MgSO4 before 

use. All other solvents used for syntheses and workups were reagent grade and were used without 

further purification. The following reagents employed for syntheses were used as received: 1-

bromododecane (97%, Sigma Aldrich, France), tetrabutylammonium bromide (99%, Sigma Aldrich, 

Milwaukee, WI, USA), cesium carbonate (Alfa, Danvers, MA, USA), sodium hydroxide (97.0%, VWR 

Analytical, Randor, PA, USA), dodecan-1-ol (99%, Oakwood Chemical, Estill, SC, USA), 4-

dimethylaminopyridine (DMAP; >99.0%, Tokyo Chemical Industry Co., Portland, OR, USA), and 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; Oakwood Chemical, Estill, SC, USA). Column 

chromatography was performed using Silicycle Ultrapure silica gels 2500 (Parc-Technologique, 40-63 

μm (230-400 mesh), Quebec City, QC, Canada). Drying of the organic extracts was performed using 

magnesium sulfate (MgSO4; BDH, reagent grade, Radnor, Pa, USA). The nuclear magnetic resonance 

(NMR) solvent CDCl3 (D 99.8%, Cambridge Isotope Laboratories, Andover, MA) was used as 

received. 
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Instruments. All instrumentation measurements were performed at Simon Fraser University 

(SFU), Burnaby, BC, Canada, unless stated otherwise. The 400 MHz 1H-NMR spectra were obtained 

on a Bruker AVANCE III 400 MHz NMR spectrometer with a 5 mm BBOF probe. The 500 MHz 

1H-NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer with a 5 mm TXI 

probe. The 600 MHz 1H-NMR, COSY, HSQC, HMBC, and 150 MHz 13C-NMR spectra were obtained 

on a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm QNP cryoprobe and an 

Ultrashield 600 Plus magnet. For the S2 2-D HMBC 1H-13C correlation spectra, the pulse sequence 

(hmbcgplpndgf) used 1 ms sine-shaped gradient pulses (ratio 50:30:40.1) for selection and was 

optimized for long-range (2- and 3-bond) couplings. A low pass J-filter was used to suppress one-bond 

correlations. No decoupling was applied during acquisition. A total of 256 increments were acquired 

with 8 scans per increment, 16 dummy scans, and a recycle delay of 1.5 s. The 1/(2J)CH delay was set 

to 3.45 ms (1J(CH) = 145 Hz), a 62.5 ms delay was used for evolution of long-range couplings (2,3J(CH) 

= 8 Hz), and a 200 μs homospoil/gradient recovery delay was used. 

Most mass spectrometry (MS) measurements were performed using a microOTOF-Q II 

instrument (Bruker, direct electrospray ionization (ESI), scan range: 50−3000 m/z, set capillary at 4500 

V, end plate offset at -500 V, 0.3 bar nebulizer, 180 °C dry heater, dry gas injected at 4.0 L/min, 

University of Notre Dame Mass Spectrometry and Proteomics Facility). MS data of dDBP(3,OHx) 

was obtained on an ultra-high resolution quadrupole instrument (Bruker maxis impact, ESI, TOF MS, 

scan range: 50−2000 m/z, Mass Spectrometry Services, SFU). 

5.6.2. Synthesis of DBP(X,Y) Derivatives 

Methyl 12-(dodecyloxy)-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(DBP(MeE,ODod)). A three-neck round bottom flask (50 mL) equipped with a magnetic stir bar 

was flushed with nitrogen and flame dried. The flask was charged with butanone (25 mL), which was 

previously dried over MgSO4. To the solvent was added: DBP(MeE,OH) (402.2 mg, 0.5327 mmol), 

1-bromododecane (0.32 mL, 1.3 mmol), tetrabutylammonium bromide (20.0 mg, 0.0620 mmol), and 

cesium carbonate (368.7 mg, 1.132 mmol), in sequence. The yellow suspension was refluxed for 18 h. 

The resulting orange suspension was cooled to room temperature and subsequently poured over water 

(100 mL). The orange mixture was extracted with CH2Cl2 (2 * 100 mL). The organic extracts were 

combined, washed with distilled water (3 * 50 mL) and brine (50 mL), dried over MgSO4, and 

concentrated on a rotary evaporator to afford a red-orange solid. The crude product was purified by 

column chromatography on silica gel, using 9% ethyl acetate in hexanes as the eluent (L = 20.5 cm, Rf 

= 0.36). The fraction was then put on silica and washed extensively with hexanes on a frit funnel to 
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remove excess 1-bromododecane, and then washed with 80% ethyl acetate in hexanes to collect the 

product. The product was further purified via recrystallization from acetone, yielding an orange powder 

(9.4 mg, 2%). 1H NMR (CDCl3, 400 MHz):  8.76 (s, 1H), 8.73 (s, 1H), 8.69 (s, 1H), 7.72 (s, 2H), 7.62 

(s, 1H), 4.35 (t, 2H, J = 6.2 Hz), 4.33 (t, 2H, J = 6.3 Hz), 4.284 (t, 2H, J = 6.5 Hz), 4.279 (t, 2H, J = 6.3 

Hz), 4.275 (t, 2H, J = 6.6 Hz), 4.01 (s, 3H), 1.97 (m, 10H), 1.60 (m, 10H), 1.42 (m, 20H), 1.29 (m, 12H), 

0.95 (m, 12H), 0.88 (t, 3H, J = 6.9 Hz) ppm; 13C{1H} NMR (CDCl3, 150 MHz):  166.5, 157.6, 152.2, 

151.6, 149.6, 149.4, 144.2, 143.2, 141.0, 136.5, 133.1, 127.3, 126.0, 125.8, 124.0, 123.5, 108.8, 108.3, 

107.8, 106.6, 106.3, 69.8, 69.6, 69.4, 69.23, 69.19, 52.59, 32.1, 31.824, 31.818, 31.81, 29.85, 29.81, 29.79, 

29.78, 29.52, 29.47, 29.43, 29.40, 29.36, 29.16, 26.2, 25.99, 25.98, 25.96, 22.85, 22.83, 22.82, 22.81, 

14.30, 14.24, 14.22 ppm (6 carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for 

C58H87N2O7: calculated: 923.6513; experimental: 923.6496. 

Dodecyl 12-(dodecyloxy)-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(DBP(DodE,ODod)). In the same reaction for the synthesis of DBP(MeE,ODod) described above, 

DBP(DodE,ODod) was synthesized as a minor side-product. In the crude mixture for the synthesis 

of DBP(MeE,ODod), DBP(DodE,ODod) was separated from the crude mixture by column 

chromatography on silica gel, using 9% ethyl acetate in hexanes as the eluent (L = 20.5 cm, Rf = 0.48). 

The fraction was then put on silica and washed extensively with hexanes on a frit funnel to remove 

excess 1-bromododecane, and then washed with 80% ethyl acetate in hexanes to collect the product. 

The product was further purified via recrystallization from acetone, yielding a bright yellow powder 

(14.5 mg, 3%). 1H NMR (CDCl3,400 MHz): d 8.76 (s, 1H), 8.74 (s, 1H), 8.65 (s, 1H), 7.729 (s, 1H), 

7.728 (s, 1H), 7.62 (s, 1H), 4.42 (t, 2H, J = 6.7 Hz), 4.35 (t, 2H, J = 6.4 Hz), 4.34 (t, 2H, J = 6.4 Hz), 

4.28 (t, 2H, J = 6.3 Hz), 4.27 (t, 4H, J = 6.4 Hz), 1.97 (m, 10H), 1.84 (tt, 2H, J = 7.1 Hz), 1.60 (m, 

10H), 1.50 (m, 2H), 1.41 (m, 24H), 1.28 (m, 24H), 0.95 (m, 12H), 0.88 (t, 3H, J = 6.7 Hz), 0.87 (t, 3H, 

J = 6.8 Hz) ppm. 13C{1H} NMR (CDCl3,150 MHz):  166.3, 157.6, 152.2, 151.6, 149.6, 149.4, 144.1, 

143.1, 140.9, 136.6, 132.8, 127.2, 126.4, 126.0, 124.0, 123.6, 108.8, 108.3, 107.7, 106.6, 106.3, 69.8, 69.6, 

69.4, 69.2, 65.9, 32.09, 32.08, 31.825, 31.819, 31.81, 31.80, 29.87, 29.85, 29.83, 29.82, 29.81, 29.77, 

29.59, 29.56, 29.54, 29.53, 29.47, 29.43, 29.40, 29.37, 29.2, 29.0, 26.26, 26.25, 25.99, 25.97, 25.96, 22.86, 

22.85, 22.82, 22.81, 14.30, 14.28, 14.24, 14.22 ppm (8 carbon signals missing or overlapping). HRMS 

(ESI+ of M + H+): m/z for C69H109N2O7: calculated: 1077.8235; experimental: 1077.8221. 

12-(dodecyloxy)-2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylic acid 

(DBP(CA,ODod)). In a round bottom flask (50 mL) equipped with a magnetic stir bar, an 

approximately 9:1 mixture of DBP(MeE,ODod) and DBP(DodE,ODod) (285.3 mg, ~0.3090 

mmol) was dissolved in warm anhydrous isopropyl alcohol (20 mL). A solution of sodium hydroxide 
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(554.3 mg, 13.86 mmol) in deionized water (5 mL) was added and the yellow-orange mixture was stirred 

and refluxed for 16 h. The orange solution with orange precipitate was cooled to room temperature 

and acidified with 10% v/v HCl. The resulting dark orange mixture was stirred with ice (25 g) and the 

solid product was collected by vacuum filtration. The crude product was purified via recrystallization 

from isopropyl alcohol (255.9 mg, ~91%). 1H NMR (CDCl3, 400 MHz):  9.21 (s, 1H), 8.73 (s, 1H), 

8.72 (s, 1H), 7.75 (s, 1H), 7.70 (s, 2H), 4.49 (t, 2H, J = 6.5 Hz), 4.329 (t, 2H, J = 6.7 Hz), 4.327 (t, 2H, 

J = 6.6 Hz), 4.29 (t, 2H, J = 6.8 Hz), 4.28 (t, 2H, J = 6.5 Hz), 2.07 (tt, 2H, J = 7.6 Hz), 1.98 (m, 8H), 

1.60 (m, 10H), 1.42 (m, 20H), 1.28 (m, 12H), 0.95 (m, 12H), 0.88 (t, 3H, J = 6.9 Hz) ppm. 13C{1H} 

NMR (CDCl3,150 MHz):  164.8, 155.9, 152.7, 151.9, 149.8, 149.4, 146.9, 144.7, 142.1, 137.1, 136.9, 

132.4, 126.2, 123.7, 121.0, 109.0, 108.7, 108.4, 106.5, 70.9, 69.8, 69.6, 69.3, 69.2, 32.1, 31.82, 31.81, 

29.79, 29.77, 29.71, 29.63, 29.51, 29.45, 29.405, 29.397, 29.34, 29.0, 26.2, 26.00, 25.965, 25.958, 22.85, 

22.83, 22.82, 22.81, 14.30, 14.24, 14.22 ppm (9 carbon signals missing or overlapping). HRMS (ESI+ 

of M + H+): m/z for C57H85N2O7: calculated: 909.6357; experimental: 909.6346. 

Dodecyl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate (DBP(DodE,H)). A 

flame-dried, three-necked round bottom flask (50 mL) under a nitrogen atmosphere equipped with a 

magnetic stir bar was charged with dry CH2Cl2 (20 mL). To the flask were added: DBP(CA,H) (69.7 

mg, 0.0961 mmol), 1-dodecanol (0.035 mL, 0.16 mmol), and DMAP (39.3 mg, 0.322 mmol), in 

sequence. The yellow suspension was stirred at 0 °C for 20 min. At this time, EDC (107.9 mg, 56.3 

mmol) was added, and the yellow-orange mixture was stirred at ambient temperature for 2 days. The 

resulting intense red solution was diluted with CH2Cl2 (50 mL) and subsequently washed with H2O (3 

* 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4, and concentrated on a rotary 

evaporator to afford a red-orange solid. The crude product was purified by column chromatography 

using a gradient of 50−70% CH2Cl2 in hexanes (L = 9.1 cm, Rf = 0.22−0.60). The compound was 

further purified via recrystallization from acetone, yielding yellow-orange crystals (70.8 mg, 82%). 1H 

NMR (CDCl3, 500 MHz):  9.01 (d, 1H, J = 1.5 Hz), 8.76 (s, 1H), 8.75 (s, 1H), 8.37 (dd, 1H, J = 8.8, 

1.8 Hz), 8.31 (d, 1H, J = 8.8 Hz), 7.682 (s, 1H), 7.678 (s, 1H), 4.45 (t, 2H, J = 6.7 Hz), 4.35 (t, 2H, J = 

6.9 Hz), 4.34 (t, 2H, J = 6.9 Hz), 4.27 (t, 4H, J = 6.6 Hz), 1.98 (m, 8H), 1.88 (tt, 2H, J = 7.2, 7.2 Hz), 

1.61 (m, 8H), 1.53 (tt, 2H, J = 7.5, 7.5 Hz), 1.42 (m, 20H), 1.28 (m, 12H), 0.95 (m, 12H), 0.87 (t, 3H, J 

= 6.9 Hz) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  166.5, 152.4, 152.1, 149.6, 149.5, 143.5, 143.3, 

142.8, 140.7, 132.1, 130.5, 129.4, 128.4, 127.2, 126.7, 123.6, 123.5, 108.9, 108.7, 106.3, 106.2, 69.7, 69.6, 

69.2, 65.8, 32.1, 31.824, 31.822, 29.83, 29.80, 29.79, 29.73, 29.51, 29.45, 29.43, 29.38, 29.0, 26.3, 25.99, 

25.96, 22.84, 22.83, 22.81, 14.28, 14.24, 14.22 ppm (11 carbon signals missing or overlapping). HRMS 

(ESI+ of M + H+): m/z for C57H85N2O6: calculated: 893.6407; experimental: 893.6425. 



174 

5.6.3. Synthesis of 1,3-propyl Esters and Hydroquinone Diester 

3-Hydroxypropyl 2,3,6,7-tetrakis(hexyloxy)-12-methoxydibenzo[a,c]phenazine-11-carboxylate 

(mDBP(3,OMe)). A flame-dried, two-necked round bottom flask (100 mL) under a nitrogen 

atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (35 mL). To the flask were 

added: 1,3-propanediol (0.18 mL, 2.5 mmol), DBP(CA,OMe) (89.6 mg, 0.119 mmol), and DMAP 

(45.3 mg, 0.371 mmol), in sequence. The yellow solution was stirred at 0 °C for 20 min. At this time, 

EDC (94.2 mg, 0.491 mmol) was added, and the yellow-orange suspension was stirred at ambient 

temperature for 2 days. The resulting orange mixture was diluted with CH2Cl2 (50 mL) and 

subsequently washed with H2O (3 * 50 mL), 10% v/v HCl (50 mL), and brine (50 mL), dried over 

MgSO4, and concentrated on a rotary evaporator to afford a yellow-orange solid. The crude product 

was purified by column chromatography using 20% ethyl acetate in CH2Cl2 as the eluent (L = 11.5 cm, 

Rf = 0.42). The compound was further purified via recrystallization from anhydrous ethanol, yielding a 

yellow-orange powder (87.3 mg, 90%). 1H NMR (CDCl3, 500 MHz):  8.75 (s, 2H), 8.72 (s, 1H), 7.71 

(s, 2H), 7.66 (s, 1H), 4.61 (t, 2H, J = 5.9 Hz), 4.342 (t, 2H, J = 6.4 Hz), 4.339 (t, 2H, J = 6.6 Hz), 4.28 

(t, 2H, J = 6.4 Hz), 4.27 (t, 2H, J = 6.4 Hz), 4.14 (s, 3H), 3.90 (q, 2H, J = 5.7 Hz), 2.37 (t, 1H, J = 5.9 

Hz), 2.11 (tt, 2H, J = 5.7, 5.7 Hz), 1.97 (m, 8H), 1.60 (m, 8H), 1.42 (m, 16H), 0.95 (m, 12H) ppm. 

13C{1H} NMR (CDCl3, 150 MHz):  166.2, 157.9, 152.3, 151.6, 149.6, 149.4, 144.2, 143.3, 141.2, 136.5, 

133.9, 127.3, 126.0, 124.8, 123.8, 123.4, 108.7, 108.3, 107.5, 106.4, 106.1, 69.7, 69.6, 69.19, 69.18, 63.8, 

60.4, 56.5, 31.83, 31.75, 29.47, 29.42, 29.41, 29.39, 26.00, 25.96, 22.82, 22.81, 14.24, 14.22 ppm (9 

carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for C49H69N2O8: calculated: 

813.5054; experimental: 813.5063. 

3-Hydroxypropyl 2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(mDBP(3,OHx)). A flame-dried, two-necked round bottom flask (100 mL) under a nitrogen 

atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (40 mL). To the flask were 

added: DBP(CA,OHx) (193.4 mg, 0.234 mmol), 1,3-propanediol (0.34 mL, 4.7 mmol), and DMAP 

(86.5 mg, 0.708 mmol), in sequence. The yellow solution was stirred at 0 °C for 20 min. At this time, 

EDC (161.0 mg, 0.840 mmol) was added, and the yellow-orange solution was stirred at ambient 

temperature for 18 h. The resulting orange solution was poured over ice (100 g) and stirred for 1 h. 

The mixture was separated, and the organic layer was washed with H2O (3 * 50 mL), 10% v/v HCl (50 

mL), and brine (50 mL), dried over MgSO4, and concentrated on a rotary evaporator to afford an 

orange solid. The crude product was purified by column chromatography using 40% ethyl acetate in 

hexanes as the eluent (L = 16.0 cm, Rf = 0.58). The compound was further purified via recrystallization 

from anhydrous ethanol, yielding a bright orange powder (167.5 mg, 81%). 1H NMR (CDCl3, 400 
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MHz):  8.74 (s, 1H), 8.71 (s, 1H), 8.66 (s, 1H), 7.70 (s, 2H), 7.61 (s, 1H), 4.60 (t, 2H, J = 6.0 Hz), 4.34 

(t, 2H, J = 6.6 Hz), 4.33 (t, 2H, J = 6.6 Hz), 4.283 (t, 2H, J = 6.4 Hz), 4.276 (t, 2H, J = 6.5 Hz), 4.27 (t, 

2H, J = 6.4 Hz), 3.87 (q, 2H, J = 5.8 Hz), 2.12 (t, 1H, J = 6.1 Hz), 2.08 (tt, 2H, J = 6.0, 6.0 Hz), 1.97 

(m, 10H), 1.60 (m, 10H), 1.41 (m, 20H), 0.95 (m, 15H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  

166.6, 157.4, 152.2, 151.6, 149.6, 149.4, 144.2, 143.2, 141.0, 136.4, 133.2, 127.3, 126.0, 125.7, 123.9, 

123.5, 108.8, 108.3, 107.9, 106.5, 106.2, 69.8, 69.6, 69.5, 69.21, 69.20, 62.92, 59.76, 32.0, 31.83, 31.82, 

31.7, 29.5, 29.42, 29.41, 29.38, 29.1, 25.99, 25.96, 25.89, 22.82, 22.81, 22.80, 14.24, 14.22 ppm (9 carbon 

signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for C54H79N2O8: calculated: 883.5836; 

experimental: 883.5828. 

3-Hydroxypropyl 12-(dodecyloxy)-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylate (mDBP(3,ODod)). A flame-dried, three-necked round bottom flask (50 mL) under a 

nitrogen atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (20 mL). To the 

flask were added: DBP(CA,ODod) (91.6 mg, 0.101 mmol), 1,3-propanediol (0.15 mL, 2.1 mmol), and 

DMAP (41.2 mg, 0.337 mmol), in sequence. The yellow solution was stirred at 0 °C for 20 min. At this 

time, EDC was added (110.0 mg, 0.5738 mmol) was added, and the yellow mixture was stirred at 

ambient conditions for 2 days. The resulting yellow-orange solution was diluted with CH2Cl2 (25 mL) 

and subsequently washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over 

MgSO4, and concentrated on a rotary evaporator to afford a yellow-orange solid. The crude product 

was purified by column chromatography using 5% ethyl acetate in CH2Cl2 as the eluent (L = 16.2 cm, 

Rf = 0.40). The compound was further purified via recrystallization from anhydrous isopropyl alcohol, 

yielding a yellow-orange powder (63.6 mg, 65%). 1H NMR (CDCl3, 400 MHz):  8.76 (s, 1H), 8.72 (s, 

1H), 8.68 (s, 1H), 7.72 (s, 2H), 7.64 (s, 1H), 4.60 (t, 2H, J = 6.0 Hz), 4.35 (t, 2H, J = 6.5 Hz), 4.34 (t, 

2H, J = 6.6 Hz), 4.29 (t, 2H, J = 6.5 Hz), 4.28 (t, 2H, J = 6.4 Hz), 4.27 (t, 2H, J = 6.5 Hz), 3.87 (q, 2H, 

J = 5.6 Hz), 2.093 (t, 1H, J = 6.3 Hz), 2.086 (tt, 2H, J = 5.9 Hz), 1.97 (m, 10H), 1.58 (m, 12H), 1.42 

(m, 18H), 1.29 (m, 12H), 0.95 (m, 12H), 0.88 (t, 3H, J = 6.9 Hz) ppm. 13C{1H} NMR (CDCl3, 150 

MHz):  166.6, 157.5, 152.3, 151.6, 149.7, 149.4, 141.1, 136.5, 133.2, 127.4, 126.0, 125.7, 123.9, 123.4, 

108.8, 108.3, 107.9, 106.5, 106.2, 69.8, 69.6, 69.5, 69.3, 69.2, 62.9, 59.8, 32.1, 32.0, 31.82, 31.81, 29.85, 

29.81, 29.80, 29.55, 29.52, 29.47, 29.42, 29.40, 29.38, 29.1, 26.2, 25.99, 25.96, 22.85, 22.82, 22.81, 14.29, 

14.24, 14.22 ppm (11 carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for 

C60H91N2O8: calculated: 967.6775; experimental: 967.6759. 

Propane-1,3-diyl bis(2,3,6,7-tetrakis(hexyloxy)-12-methoxydibenzo[a,c]phenazine-11-

carboxylate) (dDBP(3,OMe)). A flame-dried, three-necked round bottom flask (50 mL) under a 

nitrogen atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (20 mL). To the 
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flask were added: mDBP(3,OMe) (60.4 mg, 0.0743 mmol), DBP(CA,OMe) (107.1 mg, 0.1419 

mmol), and DMAP (51.7 mg, 0.423 mmol), in sequence. The yellow-orange mixture was stirred at 0 

°C for 20 min. At this time, EDC (96.5 mg, 0.503 mmol) was added, and the intense orange mixture 

was stirred at ambient conditions for 3 days. The resulting orange mixture was diluted with CH2Cl2 (50 

mL) and subsequently washed with H2O (3 * 50 mL), 10% v/v HCl (50 mL), and brine (50 mL), dried 

over MgSO4, and concentrated on a rotary evaporator to afford a dark orange solid. The crude product 

was purified by column chromatography using 5% ethyl acetate in CH2Cl2 as the eluent (L = 19.7 cm, 

Rf = 0.46). The compound was further purified via recrystallization from ethyl acetate, yielding a bright 

yellow powder (49.0 mg, 43%). 1H NMR (CDCl3, 400 MHz):  8.39 (s, 2H), 8.26 (s, 2H), 7.97 (s, 2H), 

7.43 (s, 2H), 7.38 (s, 2H), 7.27 (s, 2H), 4.74 (t, 4H, J = 5.5 Hz), 4.25 (t, 4H, J = 6.6 Hz), 4.22 (t, 4H, J 

= 6.6 Hz), 4.21 (t, 4H, J = 6.7 Hz), 4.14 (t, 4H, J = 6.6 Hz), 4.12 (s, 6H), 2.42 (quint, 2H, J = 5.3 Hz), 

1.98 (m, 16H), 1.62 (m, 16H), 1.44 (m, 32H), 0.97 (m, 24H) ppm. 13C{1H} NMR (CDCl3, 150 MHz): 

 165.9, 157.9, 151.7, 151.2, 148.98, 148.96, 143.8, 142.5, 140.4, 136.1, 133.3, 126.7, 125.6, 124.8, 123.1, 

123.0, 108.3, 107.8, 107.1, 105.7, 105.3, 69.5, 69.2, 69.0, 68.8, 64.3, 56.5, 31.980, 31.976, 31.94, 29.65, 

29.62, 29.56, 29.55, 28.6, 26.2, 26.13, 26.10, 26.0, 22.88, 22.86, 22.85, 14.29, 14.27, 14.25, 14.24 ppm (2 

carbon signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for C95H129N4O14: calculated: 

1549.9505; experimental: 1549.9474. 

Propane-1,3-diyl bis(2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate 

(dDBP(3,OHx)). A flame-dried, three-necked round bottom flask (50 mL) under a nitrogen 

atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (25 mL). To the flask were 

added: mDBP(3,OHx) (59.3 mg, 0.0671 mmol), DBP(CA,OHx) (114.7 mg, 0.1390 mmol), and 

DMAP (54.3 mg, 0.444 mmol), in sequence. The yellow solution was stirred at 0 °C for 20 min. At this 

time, EDC (110.1 mg, 0.574 mmol) was added, and the intense yellow-orange solution was stirred at 

ambient conditions for 19 h. The resulting intense yellow-orange solution was poured over 100 mL of 

H2O. The organic layer was separated and subsequently washed with H2O (3 * 50 mL), 10% v/v HCl 

(50 mL), and brine (50 mL), dried over MgSO4, and concentrated on a rotary evaporator to afford an 

orange solid. The crude product was purified by column chromatography using 20% ethyl acetate in 

hexanes as the eluent (L = 13.0 cm, Rf = 0.60). The compound was further purified via recrystallization 

from acetone, yielding a yellow-orange powder (41.5 mg, 37%). 1H NMR (CDCl3, 500 MHz):  8.33 

(s, 2H), 8.26 (s, 2H), 7.94 (s, 2H), 7.40 (s, 2H), 7.37 (s, 2H), 7.21 (s, 2H), 4.72 (t, 4H, J = 5.4 Hz), 4.25 

(t, 4H, J = 6.7 Hz), 4.23 (t, 4H, J = 6.3 Hz), 4.22 (t, 4H, J = 6.4 Hz), 4.21 (t, 4H, J = 6.7 Hz), 4.10 (t, 

4H, J = 6.7 Hz), 2.40 (quint, 2H, J = 5.3 Hz), 1.98 (m, 20H), 1.62 (m, 20H), 1.44 (m, 40H), 0.96 (m, 

30H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  166.0, 157.4, 151.6, 151.1, 148.94, 148.90, 143.7, 

142.5, 140.3, 136.1, 133.0, 126.7, 125.5, 125.4, 123.2, 123.0, 108.2, 107.6, 107.5, 105.7, 105.1, 69.5, 69.3, 
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69.2, 68.9, 68.8, 64.3, 32.02, 31.98, 31.96, 31.94, 31.8, 29.9, 29.7, 29.6, 29.5, 29.2, 28.7, 26.2, 26.12, 

26.10, 26.00, 25.99, 22.90, 22.88, 22.860, 22.856, 22.84, 14.30, 14.27, 14.25, 14.24 ppm (1 carbon signal 

missing or overlapping). HRMS (ESI+ of M + 2H+): m/z for C105H150N4O14: calculated: 845.5574; 

experimental: 845.5571. 

Propane-1,3-diyl bis(12-(dodecyloxy)-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-

carboxylate) (dDBP(3,ODod)). A flame-dried, three-necked round bottom flask (50 mL) under a 

nitrogen atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (20 mL). To the 

flask were added: mDBP(3,ODod) (47.0 mg, 0.0486 mmol), DBP(CA,ODod) (116.7 mg, 0.1283 

mmol), and DMAP (47.9 mg, 0.392 mmol), in sequence. The yellow solution was stirred at 0 °C for 20 

min. At this time, EDC (103.1 mg, 0.5378 mmol) was added, and the yellow-orange solution was stirred 

at ambient temperature for 18 h. The resulting intense orange solution was diluted with CH2Cl2 (50 

mL) and subsequently washed with H2O (3 * 20 mL), 10% v/v HCl (20 mL), and brine (20 mL), dried 

over MgSO4, and concentrated on a rotary evaporator to afford an orange solid. The crude product 

was purified by column chromatography, using a gradient of 90−100% CH2Cl2 in hexanes and then 0

−2% ethyl acetate in CH2Cl2 as the eluents (L = 21.7 cm, Rf = 0.14−0.54). The compound was further 

purified via recrystallization from ethyl acetate, yielding a bright yellow powder (80.9 mg, 90%). 1H 

NMR (CDCl3, 400 MHz):  8.34 (s, 2H), 8.27 (s, 2H), 7.95 (s, 2H), 7.41 (s, 2H), 7.38 (s, 2H), 7.22 (s, 

2H), 4.72 (t, 4H, J = 5.5 Hz), 4.25 (t, 4H, J = 6.7 Hz), 4.23 (t, 4H, J = 6.6 Hz), 4.22 (t, 4H, J = 6.5 Hz), 

4.21 (t, 4H, J = 6.8 Hz), 4.11 (t, 4H, J = 6.7 Hz), 2.40 (quint, 2H, J = 5.0 Hz), 1.98 (m, 20H), 1.98 (m, 

20H), 1.61 (m, 20H), 1.43 (m, 40H), 1.28 (m, 24H), 0.97 (m, 24H), 0.87 (t, 6H, J = 6.8 Hz) ppm. 

13C{1H} NMR (CDCl3, 150 MHz):  165.9, 157.4, 151.6, 151.1, 149.0, 148.9, 143.7, 140.3, 136.1, 133.0, 

126.7, 125.4, 125.3, 123.1, 123.0, 108.2, 107.6, 107.4, 105.7, 105.1, 69.5, 69.4, 69.2, 68.9, 68.8, 64.3, 

32.1, 32.03, 31.99, 31.96, 31.94, 29.89, 29.85, 29.84, 29.7, 29.58, 29.55, 29.54, 29.3, 28.7, 26.3, 26.2, 

26.12, 26.11, 26.0, 22.90, 22.88, 22.862, 22.856, 14.31, 14.29, 14.27, 14.254, 14.248 ppm (5 carbon 

signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for C117H173N4O14: calculated: 

1858.2948; experimental: 1858.2966. 

1,4-Phenylene bis(2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate) 

(dDBP(hyd,OHx)). A flame-dried, three-necked round bottom flask (50 mL) under a nitrogen 

atmosphere equipped with a magnetic stir bar was charged with dry CH2Cl2 (20 mL). The solvent was 

purged with nitrogen. To the flask were added: hydroquinone (7.9 mg, 0.072 mmol), DBP(CA,OHx) 

(117.0 mg, 0.1418 mmol), and DMAP (56.4 mg, 0.462 mmol), in sequence. The yellow solution was 

stirred at 0 °C for 20 min. At this time, EDC (103.6 mg, 0.540 mmol) was added, and the yellow 

mixture was stirred at ambient temperature for 3 days. The resulting yellow mixture was diluted with 
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CH2Cl2 (50 mL) and subsequently washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine 

(25 mL), dried over MgSO4, and concentrated on a rotary evaporator, affording an orange solid. The 

crude product was purified by column chromatography, using a gradient of 0−1% ethyl acetate in 

CH2Cl2 as the eluent (L = 13.8 cm, Rf = 0.25−0.41). The compound was further purified via 

recrystallization from ethyl acetate, yielding an orange powder (73.1 mg, 60%). 1H NMR (CDCl3, 400 

MHz):  8.86 (s, 2H), 8.65 (s, 2H), 8.60 (s, 2H), 7.62 (s, 2H), 7.61 (s, 4H), 7.44 (s, 4H), 4.325 (t, 8H, J 

= 6.4 Hz), 4.318 (t, 4H, J = 6.2 Hz), 4.26 (t, 4H, J = 6.4 Hz), 4.25 (t, 4H, J = 6.5 Hz), 1.99 (m, 20H), 

1.62 (m, 20H), 1.43 (m, 40H), 0.96 (m, 30H) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.2, 157.8, 

152.1, 151.5, 149.5, 149.2, 148.7, 144.4, 143.3, 141.0, 136.2, 134.1, 127.2, 125.8, 124.4, 123.7, 123.3, 

123.0, 108.6, 108.1, 107.9, 106.2, 105.9, 69.7, 69.50, 69.46, 69.11, 69.09, 31.9, 31.8, 29.52, 29.48, 29.46, 

29.3, 26.05, 26.00, 25.99, 22.85, 22.84, 22.83, 22.80, 14.26, 14.24 ppm (10 carbon signals missing or 

overlapping). HRMS (ESI+ of M + H+): m/z for C108H147N4O14: calculated: 1724.0914; experimental: 

1724.0876. 

5.6.4. DSC 

Phase transition temperatures and enthalpies were investigated using differential scanning 

calorimetry (DSC) on a DSC Q2000 instrument (TA Instruments) equipped with a refrigerated cooling 

system (TA Instruments, Refrigerated Cooling System 90). Heating and cooling measurements were 

performed at a rate of 10 °C/min. 

 

Figure 5.9. DSC thermograms of DBP(CA,ODod) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 5.10. DSC thermograms of DBP(MeE,ODod) for the (a) first and (b) second 
heating/cooling cycles. 

 

Figure 5.11. DSC thermograms of DBP(DodE,ODod) for the (a) first and (b) second 
heating/cooling cycles. 

 

Figure 5.12. DSC thermograms of DBP(DodE,H) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 5.13. DSC thermograms of mDBP(3,OMe) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 5.14. DSC thermograms of mDBP(3,OHx) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 5.15. DSC thermograms of mDBP(3,ODod) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 5.16. DSC thermograms of dDBP(3,OMe) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 5.17. DSC thermograms of dDBP(3,OHx) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 5.18. DSC thermograms of dDBP(3,ODod) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 5.19. DSC thermograms of dDBP(hyd,OHx) for the (a) first and (b) second heating/cooling 
cycles. 

5.6.5. POM 

Texture and phase behaviour analyses were carried out using polarized optical microscopy 

(POM) on an Olympus BX50 microscope equipped with cross polarizers and a Linkam LTS350 

heating stage. All images shown are ca. 920 x 1400 μm in size, unless otherwise specified. 

 

Figure 5.20. Polarized optical micrographs of DBP(CA,ODod) showing grain-like textures of the 
crystalline phase at (a) 104 °C and (b) room temperature. 
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Figure 5.21. Polarized optical micrographs of DBP(MeE,ODod) showing (a) fan-shaped textures 
of the Colh phase at 139 °C. Image (b) shows the sample after being cooled to room 
temperature. 

 

Figure 5.22. Polarized optical micrographs of DBP(DodE,ODod) showing (a) fan-shaped textures 
of the Colh phase at 109 °C and (b) the crystalline phase at room temperature. 

 

Figure 5.23. Polarized optical micrographs of DBP(DodE,H) showing (a) dendritic textures with 
sixfold symmetry of the Colh phase at 106 °C and (b) grain-like textures of the crystalline 
phase at room temperature. Both images were taken with a 530 nm quarter wavelength 
retardation plate. 
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Figure 5.24. Polarized optical micrographs of mDBP(3,OMe) showing (a) dendritic textures with 
sixfold symmetry of the Colh phase at 207 °C. Image (b) shows the sample after being 
cooled to room temperature. Image (a) was taken with a 530 nm quarter wavelength 
retardation plate. 

 

Figure 5.25. Polarized optical micrographs of mDBP(3,OHx) showing (a) fan-shaped textures of 
the Colh phase at 199 °C and (b) grain-like textures of the crystalline phase at room 
temperature. 

 

Figure 5.26. Polarized optical micrographs of mDBP(3,ODod) showing (a) dendritic textures with 
sixfold symmetry of the Colh phase at 123 °C and (b) the emergence of needle-like 
textures of the crystalline phase at 52 °C. Both images were taken with a 530 nm quarter 
wavelength retardation plate. 
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Figure 5.27. Polarized optical micrographs of dDBP(3,OMe) showing (a-b) dendritic textures with 
sixfold symmetry of the Colh phase at 211 °C in the same plane of view. Image (a) was 
taken with a 530 nm quarter wavelength retardation plate. Images (c) and (d) show 
retention of Colh ordering at room temperature after 30 min and 2 years, respectively. 
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Figure 5.28. Polarized optical micrographs of dDBP(3,OHx) showing (a-b) dendritic textures of the 
Colh phase at 186 °C in the same plane of view. Image (a) was taken with a 530 nm 
quarter wavelength retardation plate. Images (c) and (d) show retention of Colh ordering 
at room temperature after 30 min and 2 years, respectively. 

 

Figure 5.29. Polarized optical micrographs of dDBP(3,ODod) showing spherulite textures of the 
crystalline phase at (a) 77 °C and (b) room temperature. 
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Figure 5.30. Polarized optical micrographs of dDBP(hyd,OHx) showing (a-b) dendritic textures of 
the Colh phase at 306 °C in the same plane of view. Image (a) was taken with a 530 nm 
quarter wavelength retardation plate. Images (c) and (d) show retention of Colh ordering 
at room temperature after 30 min and 10 months, respectively. 

5.6.6. XRD 

X-ray scattering experiments were conducted on an X-ray diffractometer (Rigaku R-Axis 

Rapid) equipped with an in-house built temperature controller,186 except for compounds 

DBP(DodE,H) and dDBP(hyd,OHx), which were measured on a SAXSLAB Ganesha 300 XL small 

Angle X-ray Scattering (SAXS) system. These latter two samples were loaded into thin-walled Quartz 

capillary tubes  with a 1.5 mm outer diameter (Charles Supper Company) and were mounted in a 

Linkam T95-PE heating stage. Some room temperature XRD measurements were performed on the 

SAXS system. In these cases, the glass capillaries were mounted on an ambient sample stage. 
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Figure 5.31. X-ray diffractograms of DBP(CA,ODod) at room temperature on (a) the Rigaku and 
(b) the SAXS instrument. 

 

Figure 5.32. X-ray diffractograms of DBP(MeE,ODod) at (a) 104 °C on the Rigaku and (b) room 
temperature on the SAXS instrument. 

 

Figure 5.33. X-ray diffractograms of DBP(DodE,ODod) at (a) 95 °C and (b) room temperature. 
Both measurements were performed on the Rigaku instrument. 
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Figure 5.34. X-ray diffractograms of DBP(DodE,H) at (a) 90 °C and (b) room temperature. Both 
measurements were performed on the SAXS instrument. 

 

Figure 5.35. X-ray diffractograms of mDBP(3,OMe) at (a) 178 °C and (b) room temperature. Both 
measurements were performed on the Rigaku instrument. 

 

Figure 5.36. X-ray diffractograms of mDBP(3,OHx) at (a) 188 °C on the Rigaku and (b) room 
temperature on the SAXS instrument. 
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Figure 5.37. X-ray diffractograms of mDBP(3,ODod) at (a) 106 °C and (b) room temperature. Both 
measurements were performed on the Rigaku instrument. 

 

Figure 5.38. X-ray diffractograms of dDBP(3,OMe) at (a) 193 °C on the Rigaku and (b) room 
temperature after 2 years on the SAXS instrument. 
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Figure 5.39. X-ray diffractograms of dDBP(3,OHx) at (a) room temperature prior to heating, (b) 
165 °C on cooling, (c) room temperature on cooling, and (d) room temperature after 2 
years. All measurements were performed on the SAXS instrument. 

 

Figure 5.40. X-ray diffractograms of dDBP(3,ODod) at room temperature on (a) the Rigaku and (b) 
the SAXS instrument. 
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Figure 5.41. X-ray diffractograms of dDBP(hyd,OHx) at (a) room temperature prior to heating, (b) 
270 °C on cooling, (c) room temperature on cooling, and (d) room temperature after 1 
month. All measurements were performed on the SAXS instrument. 
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Table 5.6. X-ray diffraction data of the four dodecyloxy DBP derivatives. 

 
 

Table 5.7. X-ray diffraction data of the three novel DBP 1,3-propyl monoesters. 
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Table 5.8. X-ray diffraction data of the three novel DBP 1,3-propyl diesters and the novel DBP 
hydroquinone diester. 
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5.6.7. Conformational Dynamics Data 

 

Figure 5.42. Observed Δ values plotted against each other for (a) dDBP(3,OHx)/dDBP(3,OMe), 
(b) dDBP(3,ODod)/dDBP(3,OMe), and (c) dDBP(3,ODod)/dDBP(3,OHx). 

 

Figure 5.43. Plot of the observed Δ values of dDBP(3,OMe) against dDBP(3,H). 

 

Figure 5.44. Plots of observed Δ values of (a) dDBP(3,H), (b) dDBP(3,OMe), (c) dDBP(3,OHx), 

and (d) dDBP(3,ODod) against Δcat. 
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5.6.8. Modelling 

See Appendix A for more detail on the modelling of dDBP(3,H), dDBP(3,OMe), and 

dDBP(hyd,OMe) (truncated version of dDBP(hyd,OHx)). Shown below are the extended 

conformations of these three compounds. 

 

Figure 5.45. Unfolded structures of (a) dDBP(3,H) and (b) dDBP(3,OMe). 

 

Figure 5.46. Unfolded structures of (a) dDBP(hyd) and (b) dDBP(hyd,OHx). 
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Chapter 6.  
 
Strategies for Promoting Discotic Nematic Phases 

6.1. Overview 

This chapter is the “capstone chapter” that builds upon the lessons learned from the previous 

chapters. This chapter investigates strategies to promote the rarely observed discotic nematic phase in 

discotic dimers. 

6.2. Abstract 

A series of discotic dimers were devised and systematically altered to obtain nematic discotic 

phases. Structural changes designed to destabilize the solid failed to afford liquid crystalline materials. 

However, longer side chains of mixed length, in combination with adjacent ether groups, were found 

to promote the formation of an enantiotropic nematic phase below 150 °C. 

6.3. Introduction 

Discotic mesogens typically self-assemble into columnar liquid crystal phases,32,76 which have 

been extensively studied in the context of organic semiconductors.53,58 The comparatively disordered 

discotic nematic (ND) phase has received much less attention, despite its application in phase 

compensation films used to enhance viewing angles in liquid crystal displays.35,63,64 Moreover, because 

their high fluidity lends itself to the fabrication of uniform films, ND phases have recently garnered 

attention as semiconductors216 and anisotropic thermal conductors.146 In contrast, film fabrication is 

much more difficult for the more viscous columnar phases, as they generally do not form uniform 

films large enough for devices.147,216 Unfortunately, reports of nematic discotic phases remain relatively 

uncommon, and there are few molecular frameworks that are known to reliably form ND 

phases;35,94,131,217 those that do tend to exhibit nematic phase ranges well above room temperature.35,94 

This study aims to develop new methods to promote nematic behaviour from simple discotic 

architectures. In the course of examining the liquid crystalline properties of dibenzo[a,c]phenazine 

(DBP) discotic mesogens,103,104,136 we found that select derivatives, such as the carboxylic acid/pyridine 

complex A(10)-Pyr(10), form both columnar rectangular (Colr) and nematic phases at elevated 

temperatures.207 In this previous report, it was speculated that these phases were promoted by the 

elliptical shape of the supramolecular complexes, in contrast to the columnar hexagonal (Colh) 
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mesophases typically favoured by circular discotic mesogens. Such elliptical dimers therefore suggest a 

new strategy for promoting the formation of ND phases. 

 

In addition to shape, we propose that the abbreviated bridge in the A(10)-Pyr(10) complex, 

relative to the peripheral chain length, helps dissuade columnar hexagonal self-assembly and promote 

nematic phase formation. The hydrogen bond bridge is 3 atoms shorter than the butyl and cyclohexyl 

dimers in Chapters 2 and 3. The short bridge likely inhibits the dimer from spanning two columns in 

the hexagonal array. To test this hypothesis, we designed dimers dDBP(m,n), which contain a direct 

ester bridge. These dimers are the covalent analogs of the supramolecular acid-pyridine complexes 

A(m)-Pyr(n). In addition to length, the molecular geometry is an important aspect for self-assembly. 

DFT145 calculations show the covalent dimer (dDBP(m,n)) is non-planar (see section 6.6.6). We saw 

in Chapter 3 and in other reports that a lack of planarity can disrupt columnar organization.128,129 This 

aspect likely explains why most ND materials possess rotational freedom between aromatic cores.35,94 

The short ester bridge and non-planar geometry make dimers dDBP(m,n) good candidates to exhibit 

nematic behaviour. 

6.4. Results and Discussion 

Similar to previously discussed dimers, dDBP(6,6), dDBP(10,10), dDBP(10,6), and 

dDBP(6,10) were prepared via Steglich esterification (Scheme 6.1), coupling known DBP acids DBP-

A(6) (DBP(acid) in Chapters 2 and 3) and DBP-A(10)110 with the corresponding alcohols DBP-

OH(6) (DBP(H,OH) in Chapter 4) and DBP-OH(10). DBP-OH(10) was synthesized in 85% yield 

using the conditions reported for DBP-OH(6) in Chapter 4,193 condensing the phenanthrene quinone 

(Q10) with 3,4-dimainophenol. The limited solubility of the intermediate DBP-OH(10) prevented its 

characterization by NMR, but we were able to confirm its identity by mass spectrometry. Coupling of 
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DBP-OH and DBP-A derivatives in the presence of DMAP and EDC in dry CH2Cl2 produced the 

corresponding dimers in moderate (32−56%) yields. 

Scheme 6.1. Reaction scheme for the four dDBP(m,n) derivatives. 

 

Reagents and conditions: (i) 3,4-diaminobenzoic acid, glacial acetic acid, anhydrous ethanol, reflux, overnight; (ii) 

3,4-diaminophenol, glacial acetic acid, anhydrous ethanol, reflux, overnight; (iii) 4-dimethylaminopyridine 

(DMAP), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), dry dichloromethane, 0 °C−rt, overnight. 

The phase sequences of the dimers were investigated by DSC, POM, and vt-XRD. The first 

thermogram of each compound exhibits two prominent phase transitions on heating and one transition 

on cooling (see section 6.6.3). In subsequent cycles, one prominent transition is seen on heating and 

cooling. POM studies indicate that all four dimers cool into non-fluid birefringent phases from the 

melt (see section 6.6.4). XRD traces of the birefringent phases exhibit multiple sharp peaks in the low-

angle region, consistent with crystalline solid phases (see section 6.6.5). 

Table 6.1 summarizes the phase behaviour of the four dimers. The shortest chain derivative, 

dDBP(6,6), has a melting temperature (Tm) of 251 °C. Consistent with the typical behaviour of discotic 

mesogens,94 the longer chain analogue dDBP(10,10) has a significantly lower Tm (196 °C). Even lower 

melting points were observed for dDBP(10,6) and dDBP(6,10) (188 and 186 °C, respectively), 

consistent with previous observations, which show a depression in the melting of mixed tailed 

systems.105,218 The lower Tm of mixed tail systems is ascribed to their less symmetrical shape, which is 

highlighted in Figure 6.1.206 
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Table 6.1. Phase behaviour of the four dDBP(m,n) derivatives. 

 
a 
Phases identified by POM and vt-XRD experiments: Cr = crystalline, Iso = isotropic. 

b 
Transition temperatures 

and enthalpies were determined by DSC at a scan rate of 10 °C/min on the first heating/cooling cycle. 

 

Figure 6.1. Optimized DFT models of (a) dDBP(6,6) and (b) dDBP(10,6), highlighting changes in 
their shape. 

The lack of liquid crystallinity for members of the dDBP(m,n) series is a marked contrast to 

the behaviour of their noncovalent analogs A(m)-Pyr(n), all of which form columnar and/or nematic 

phases (Figure 6.2). Most notably, the melting temperature of each dDBP(m,n) derivative is 

substantially higher than that of the corresponding A(m)-Pyr(n) complex. This difference ranges from 

51 °C, in the case of A(10)-Pyr(6) versus dDBP(10,6), to 143 °C between A(6)-Pyr(6) and dDBP(6,6). 
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Figure 6.2. Phase behaviour of the A(m)-Pyr(n) series. The black and red dashed lines indicate the 
melting and hypothetical clearing temperatures, respectively, of the corresponding 
dDBP(m,n) derivative. 

The melting temperatures of dDBP(m,n) are also notably higher (between 14−42 °C) than 

the clearing temperatures (Tc) of the corresponding acid-pyridine dimers (Figure 6.2). Assuming that 

dDBP(m,n) would exhibit similar (hypothetical) mesophase stabilities, it is likely that the latent 

mesophases of dDBP(m,n) are effectively masked by the high melting points of these compounds. 

This is indicated by the dashed lines in Figure 6.2, where the black line represents the Tm, and the red 

line represents the hypothetical Tc of the dDBP(m,n) derivative. In each case, the Tm is above the 

hypothetical Tc. 

In a bid to “unmask” mesophases with stabilities below the melting point, DSC experiments 

were carried out by cooling samples at 50 °C/min from the isotropic state. Since melting points 

experience substantially more hysteresis than clearing transitions,19 we postulated that rapid cooling 

could allow for the observation of a monotropic liquid crystal phase. The faster cooling rates did lead 

to a depression of the freezing temperatures by 6−13 °C relative to those observed at 10 °C/min (see 

section 6.6.3); however, no liquid crystal transitions were observed for any of the derivatives. This 

experiment does allow us to place an upper limit on the LC phase stabilities at 207 °C for dDBP(6,6), 

178 °C for dDBP(10,10), 161 °C for dDBP(10,6), and 154 °C for dDBP(6,10). 
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The non-mesogenic nature of the four direct ester derivatives highlight the limitations in 

attempting to promote liquid crystallinity by altering the peripheral chain lengths. While this commonly 

used approach tends to supress the Tm, it is a double-edged sword. The LC phase is often destabilized 

as well.32,94,206 This is evident in Figure 6.2, as for the acid-pyridine series, A(6)-Pyr(6) has the highest 

clearing temperature. Elongating (A(10)-Pyr(10)) and mixing (A(10)-Pyr(6) and A(6)-Pyr(10)) the 

peripheral chains supresses the Tm but also the Tc. A similar effect likely occurs for the dDBP(m,n) 

series, but their higher melting temperatures prevent the observation of liquid crystallinity. 

The conjecture that high melting temperatures prevent the observation of nematic phases 

prompted us to pursue strategies for destabilizing the solid phase without inhibiting liquid crystallinity. 

In Chapter 4, we saw monomeric DBP esters with an adjacent ether group have a significantly 

supressed Tm coupled with a slightly elevated Tc, thereby broadening their LC phase range. The bulky 

adjacent ether group appeared to disrupt packing in the rigid crystalline phase but help fill-space in the 

more fluid LC phase.193 While Chapter 5 showed a slight destabilization of the Colh LC phase for 

extended dimers, the LC phase was still significantly broadened. The hexyloxy derivative 

dDBP(hyd,OHx) did not exhibit a melting temperature by DSC, apparently forming a Colh phase at 

room temperature. We therefore decided to target derivatives dDBP-OHx(6,6) and dDBP-

OHx(6,10), which possess a hexyloxy chain adjacent to the carbonyl end of the ester. DFT calculations 

indicate both compounds adopt a non-planar geometry (see section 6.6.6), similar to the other 4 dimers. 

 

Compounds dDBP-OHx(6,6) and dDBP-OHx(6,10) were prepared in 38% and 59% yields, 

respectively, via the route shown in Scheme 6.2, in which the previously reported acid DBP(CA,OHx) 

from Chapter 4 was coupled with DBP-OH(6) and DBP-OH(10), respectively. Both compounds 

were examined by DSC, POM, and vt-XRD. Their phase behaviour is summarized in Table 6.2. 
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Scheme 6.2. Reaction scheme for dDBP-OHx(6,6) and dDBP-OHx(6,10). 

 

Reagents and conditions: (i) DMAP, EDC, dry dichloromethane, 0 °C−rt, overnight. 

Table 6.2. Phase behaviour of dDBP-OHx(6,6) and dDBP-OHx(6,10). 

 
aPhases identified by POM and vt-XRD experiments: Cr = crystalline, Colr = columnar rectangular, ND = discotic 

nematic, Iso = isotropic. bTransition temperatures and enthalpies were determined by DSC at a scan rate of 10 

°C/min on the first heating/cooling cycle. 

DSC and POM experiments indicate dDBP-OHx(6,6) forms a monotropic LC phase. Two 

high enthalpy transitions are observed on the first heating, at 101 and 200 °C (see section 6.6.3). On 

cooling, two transitions are observed, but at higher temperatures (198 and 192 °C). Cooling from the 

isotropic phase under the microscope reveals fluid schlieren textures, indicative of a ND phase (Figure 

6.3(a)).219 The narrow ND phase quickly transitions to a second phase with dendritic textures (Figure 

6.3(b)). While this phase lacked noticeable fluidity under mechanical stress, the phase indexes to 

columnar rectangular (Colr) ordering by XRD experiments (see section 6.6.5). Note that we could not 

obtain XRD data on the ND phase because of its instability on the timescale of these experiments. We 

conclude that dDBP-OHx(6,6) forms a monotropic ND phase that cools into an enantiotropic soft 

crystalline or plastic Colr phase. The material remains in the Colr phase down to room temperature, 

and in subsequent heating cycles by DSC, only one transition is observed, indicating glass formation. 

POM and XRD experiments show the material retains Colr ordering at room temperature for at least 

8 months. 
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Figure 6.3. Polarized optical micrographs of dDBP-OHx(6,6) displaying (a) schlieren textures at 
197 °C and (b) dendritic textures at 183 °C; images of dDBP-OHx(6,10) showing (c) 
schlieren textures at 152 °C and (d) spherulitic textures at 132 °C. 

Compound dDBP-OHx(6,10) forms an enantiotropic LC phase. By DSC, three transitions 

are observed on heating and two on cooling (see section 6.6.3). In subsequent cycles, two transitions 

are seen on heating and cooling. POM samples display fluid schlieren textures upon cooling from the 

isotropic phase (Figure 6.3(c)). The ND phase is confirmed by XRD, which shows two diffuse peaks 

at 27.5 Å and 4.5 Å, corresponding to the lateral and planar disc-to-disc distances, respectively (see 

section 6.6.5). Further cooling results in spherulitic textures that lack fluidity (Figure 6.3(d)). In XRD, 

this phase exhibits multiple peaks in the low angle region which could not be indexed to columnar 

ordering; hence, the phase is characterized as a crystalline solid. We conclude dDBP-OHx(6,10) forms 

an enantiotropic ND phase that cools into a crystalline phase. 

Of the six newly prepared DBP dimers, only the two containing an ether next to the ester 

form nematic phases. To understand their structure-property relationships, Figure 6.4 compares the 

phase behaviour of dDBP(6,6), dDBP-OHx(6,6), dDBP(6,10), and dDBP-OHx(6,10). As we saw 

in our previous study of columnar liquid crystals in Chapter 4, the addition of a hexyloxy group ortho 

to the ester depresses the melting temperature significantly. In the case of dDBP-OHx(6,6), the Tm 

drops by a substantial 150 °C compared to dDBP(6,6), forming an enantiotropic soft crystalline or 



205 

plastic Colr phase and a monotropic ND phase. In fact, the material nearly exhibits an enantiotropic 

ND phase. The ND phase appears at 198 °C on cooling. Nematic phases display very little thermal 

hysteresis in DSC;19 thus, we can estimate the theoretical upper limit of this phase to be 199−200 °C 

on heating, which is just below the Colr-to-Iso transition of 200 °C. For dDBP-OHx(6,10), the drop 

in Tm is less substantial, as its melting point is lowered by 35 °C relative to dDBP(6,10). In both cases, 

the melting point depression caused by the adjacent hexyloxy group appears to effectively unmask the 

hypothetical clearing temperatures of the dDBP(m,n) series, which were outlined in Figure 6.2, 

resulting in nematic behaviour. 

 

Figure 6.4. Phase behaviour of dDBP(6,6), dDBP-OHx(6,6), dDBP(6,10), and dDBP-
OHx(6,10). The dashed violet line indicates the theoretical upper limit of the ND phase. 

Unfortunately, because the non-functionalized derivatives dDBP(m,n) in Table 6.1 are non-

mesogenic, we cannot quantify the impact the adjacent hexyloxy group has on the stability of the ND 

phase; however, we can infer its effect based on the observed melting temperatures. For instance, 

dDBP-OHx(6,6), dDBP(10,10), dDBP(10,6), and dDBP(6,10) all employ small structural changes 

from dDBP(6,6). In the former case, a hexyloxy group is added ortho to the ester linkage. In the latter 

three cases, the peripheral chains have been altered. As discussed above, the ND phase of dDBP-

OHx(6,6) has an upper thermal limit of ~200 °C. The melting temperatures of dDBP(10,10), 

dDBP(10,6), and dDBP(6,10) are all below 200 °C; hence, their hypothetical clearing temperatures 
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are likely below that of dDBP-OHx(6,6), as demonstrated by the rapid cooling experiment discussed 

previously. This comparison suggests the hexyloxy group may stabilize the ND phase. 

Lastly, comparing dDBP-OHx(6,6) and dDBP-OHx(6,10) in Figure 6.4 demonstrates how 

combining peripheral chain alterations with an ortho hexyloxy group can tune the phase behaviour. 

While dDBP-OHx(6,10) has a lower Tc, the ND phase is broadened, resulting in enantiotropic phase 

behaviour compared to the monotropic ND phase of dDBP-OHx(6,6). In addition to the phase 

breadth, a reduction in the nematic clearing temperature is desirable for devices because it reduces the 

temperature needed to thermally align materials. Many ND phases exist above 150 °C;35,94 dDBP-

OHx(6,10) retains the nematic phase down to 133 °C. 

6.5. Conclusions 

In summary, a series of discotic dibenzo[a,c]phenazine dimers were rationally designed to 

favour nematic behaviour. Key design parameters were the elliptical shape, short bridge, and non-

planar geometry, which likely favours nematic over columnar hexagonal organization. While the 

preliminary compounds were non-mesogenic with high melting temperatures, two derivatives with an 

adjacent hexyloxy group (dDBP-OHx(6,6) and dDBP-OHx(6,10)) displayed nematic behaviour. 

This study shows to effectively promote and broaden ND phases in discotic dimers, adjacent ether 

groups provide a more effective strategy than peripheral chain alterations. Interestingly, dDBP-

OHx(6,6) cooled into a soft crystalline or plastic columnar rectangular phase from its nematic phase. 

This type of phase behaviour could be beneficial for discotic liquid crystalline semiconductors, which 

have been hampered by poor film qualities.216 Ideally, a material could be processed in the high 

temperature ND phase and then cooled into the low temperature columnar phase for electronic 

transport. This type of phase sequencing has been applied in calamitic liquid crystals and has shown to 

significantly enhance device performance.220,221 

6.6. Experimental Section 

6.6.1. Materials and Instrumentation 

Materials. Dry dichloromethane (CH2Cl2; anhydrous, 99.8%, contains 40−150 ppm 

amylene as a stabilizer, Sigma Aldrich, Oakville, ON, Canada) was used as the solvent for reactions 

employing CH2Cl2. All other solvents used for syntheses and workups were reagent grade and were 

used as received without further purification. The following reagents employed for all syntheses were 

used as received: glacial acetic acid (99.7%, ACP, Montréal, QC), 4-dimethylaminopyridine (DMAP; 
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>99.0%, Tokyo Chemical Industry Co., Portland, OR, USA), and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC; Oakwood Chemical, Estill, SC, USA). Column 

chromatography was performed using Silicycle Ultrapure silica gels 2500 (Parc-Technologique, 40-63 

um (230−400 mesh), Quebec City, QC, Canada). Drying of the organic extracts was performed using 

magnesium sulfate (MgSO4) (BDH, reagent grade, Radnor, PA). The nuclear magnetic resonance 

(NMR) solvent CDCl3 (D 99.8%, Cambridge Isotope Laboratories, Andover, MA) was used as 

received. 

Instrumentation. All instrumentation measurements were performed at Simon Fraser 

University (SFU), Burnaby, BC, Canada, unless stated otherwise. The 400 MHz 1H-NMR spectra were 

obtained on a Bruker AVANCE III 400 MHz NMR spectrometer with a 5 mm BBOF probe. The 500 

MHz 1H-NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer with a 5 mm 

TXI probe. The 600 MHz 1H-NMR, COSY, HSQC, HMBC, and 150 MHz 13C-NMR spectra were 

obtained on a Bruker AVANCE II 600 MHz spectrometer equipped with a 5 mm QNP cryoprobe 

and an Ultrashield 600 Plus magnet. For the S2 2-D HMBC 1H-13C correlation spectra, the pulse 

sequence (hmbcgplpndgf) used 1 ms sine-shaped gradient pulses (ratio 50:30:40.1) for selection and 

was optimized for long-range (2- and 3-bond) couplings. A low pass J-filter was used to suppress one-

bond correlations. No decoupling was applied during acquisition. A total of 256 increments were 

acquired with 8 scans per increment, 16 dummy scans, and a recycle delay of 1.5 s. The 1/(2J)CH delay 

was set to 3.45 ms (1J(CH) = 145 Hz), a 62.5 ms delay was used for evolution of long-range couplings 

(2,3J(CH) = 8 Hz), and a 200 μs homospoil/gradient recovery delay was used. 

Mass spectrometry (MS) measurements were performed using a microOTOF-Q II instrument 

(Bruker, direct electrospray ionization (ESI), scan range: 50−3000 m/z, set capillary at 4500 V, end 

plate offset at -500 V, 0.3 bar nebulizer, 180 °C dry heater, dry gas injected at 4.0 L/min, University of 

Notre Dame Mass Spectrometry and Proteomics Facility). Some compounds could not be obtained by 

direct ESI. In these cases, matrix-assisted laser desorption/ionization (MALDI) equipped with a time-

of-flight (TOF) mass spectrometer (MALDI-TOF) was used (Bruker UltrafleXtreme MALDI-TOF-

TOF, scan range: 50 m/z to 3500 m/z, University of Notre Dame Mass Spectrometry and Proteomics 

Facility). MS data of DBP-OH(10) was obtained on an ultra-high resolution quadrupole instrument 

(Bruker maxis impact, ESI, TOF MS, scan range: 50−2000 m/z, Mass Spectrometry Services, SFU). 
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6.6.2. Synthesis of Direct Ester Derivatives and Precursors 

The following precursors were synthesized according to previously reported methods: the 

phenanthrene quinone Q(10): 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione;222 3,4-

diaminophenol, DBP(CA,OHx): 2,3,6,7,12-pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylic 

acid, and DBP-OH(6): 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-ol;193 DBP-A(6): 2,3,6,7-

tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylic acid and DBP-A(10): 2,3,6,7-

tetrakis(decyloxy)dibenzo[a,c]phenazine-11-carboxylic acid.110 

2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine-11-ol (DBP-OH(10)). In a round bottom flask 

(100 mL) equipped with a magnetic stir bar, Q(10) (440 mg, 0.53 mmol) and freshly made 3,4-

diaminophenol (~410 mg) were stirred in anhydrous ethanol (80 mL). Glacial acetic acid (10 drops) 

was added, and the dark red-purple mixture was refluxed over 3 days. The resulting red-brown mixture 

was cooled to room temperature, poured over ice (200 g), and stirred for 30 min. The solid product 

was then collected by vacuum filtration, washed copiously with distilled water, ethanol, and acetone, 

in sequence, air dried and put under vacuum for 3 hours, yielding a dark yellow powder (418.8 mg, 

85%). Compound was too insoluble to obtain NMR data. HRMS (ESI+ of M + H+): m/z for 

C60H92N2O5: calculated: 921.7084; experimental: 921.7079. 

2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7-

tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP(6,6)). A flame dried, three-neck 

round bottom flask (50 mL) equipped with a magnetic stir bar under a nitrogen atmosphere was 

charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP-OH(6) (67.1 mg, 

0.0963 mmol) was added, and the mixture was stirred at room temperature for 5 min. To the dark 

yellow-brown mixture was added: DBP-A(6) (140.6 mg, 0.1939 mmol), and 4-dimethylaminopyridine 

(DMAP) (71.8 mg, 0.588 mmol), in sequence. The yellow-brown suspension was stirred at 0 °C for 20 

min. At this time, 1-ethyl-3-(3-dimethylaminopropyl carbodiimide (EDC) (138.0 mg, 0.7199 mmol) 

was added and the yellow-brown mixture was stirred at ambient temperature for 15 hours. The 

resulting dark orange-brown mixture was diluted with CH2Cl2 (50 mL) and subsequently washed with 

H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4 and concentrated on 

a rotary evaporator to afford a yellow-brown solid. The crude product was purified by column 

chromatography using a gradient of 90−100% CH2Cl2 in hexanes as the eluent (L = 15.0 cm, Rf = 0.19

−0.54). The compound was further purified via recrystallization from EtOH in CH2Cl2, yielding a 

bright orange powder (51.5 mg, 38%). 1H NMR (CDCl3, 400 MHz):  9.23 (d, 1H, J = 1.6 Hz), 8.70 

(s, 1H), 8.692 (s, 1H), 8.690 (s, 1H), 8.66 (s, 1H), 8.54 (dd, 1H, J = 8.9, 1.9 Hz), 8.37 (d, 1H, J = 9.0 
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Hz), 8.35 (d, 1H, J = 9.4 Hz), 8.27 (d, 1H, J = 2.5 Hz), 7.78 (dd, 1H, J = 9.1, 2.6 Hz), 7.641 (s, 1H), 

7.639 (s, 1H), 7.637 (s, 1H), 7.63 (s, 1H), 4.35 (t, 2H, J = 6.5 Hz), 4.338 (m, 2H), 4.336 (t, 2H, J = 6.3 

Hz), 4.33 (t, 2H, J = 6.5 Hz), 4.28 (t, 2H, J = 6.7 Hz), 4.27 (t, 2H, J = 6.4 Hz), 4.264 (t, 2H, J = 6.8 

Hz), 4.257 (t, 2H, J = 6.6 Hz), 1.99 (m, 16H), 1.62 (m, 16H), 1.43 (m, 32H), 0.970 (t, 3H, J = 6.9 Hz), 

0.967 (t, 3H, J = 6.8 Hz), 0.962 (t, 3H, J = 7.3 Hz), 0.959 (t, 3H, J = 7.0 Hz), 0.956 (t, 3H, J = 6.9 Hz), 

0.95 (m, 6H), 0.94 (t, 3H, J = 7.0 Hz) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.9, 152.4, 152.1, 

151.9, 151.7, 149.5, 149.40, 149.39, 149.34, 143.8, 143.5, 142.9, 142.2, 141.8, 141.7, 140.5, 139.8, 133.3, 

130.4, 129.8, 129.0, 128.3, 127.3, 126.7, 126.6, 126.5, 124.6, 123.7, 123.5, 123.33, 123.28, 120.1, 108.9, 

108.6, 108.5, 106.2, 106.13, 106.08, 106.07, 106.05, 69.63, 69.62, 69.59, 69.58, 69.18, 69.15, 69.12, 31.89, 

31.88, 31.87, 31.86, 29.53, 29.49, 29.47, 29.44, 29.43, 26.044, 26.041, 26.03, 26.02, 26.01, 26.000, 25.997, 

22.862, 22.859, 22.840, 22.836, 22.83, 14.269, 14.267, 14.26, 14.244, 14.241, 14.239 ppm (15 carbon 

signals missing or overlapping). HRMS (ESI+ of M + H+): m/z for C89H118N4O10: calculated: 

1403.8921; experimental: 1403.8908. 

2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7-

tetrakis(decyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP(10,10)). A flame dried, three-

neck round bottom flask (50 mL) equipped with a magnetic stir bar under a nitrogen atmosphere was 

charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP-OH(10) (69.1 mg, 

0.0750 mmol), DBP-A(10) (73.3 mg, 0.0772 mmol), and DMAP (33.0 mg, 0.270 mmol) were added, 

in sequence. The dark yellow suspension was stirred at 0 °C for 20 min. At this time, EDC (69.5 mg, 

0.363 mmol) was added, and the dark yellow mixture was gently refluxed for 1 hour to improve 

solubility, and then cooled and stirred at ambient temperature for 3 days. The resulting dark yellow-

brown mixture was diluted with CH2Cl2 (25 mL) was subsequently washed with H2O (3 * 25 mL), 10% 

v/v HCl (25 mL), and brine (25 mL), dried over MgSO4 and concentrated on a rotary evaporator to 

afford a yellow-brown solid. The crude product was purified by column chromatography using a 

gradient of 70−100% CH2Cl2 in hexanes as the eluent (L = 13.5 cm, Rf = 0.21−0.78). The compound 

was further purified via recrystallization from ethyl acetate, yielding an orange powder (57.9 mg, 42%). 

1H NMR (CDCl3, 400 MHz):  9.18 (d, 1H, J = 1.8 Hz), 8.628 (s, 1H), 8.627 (s, 1H), 8.61 (s, 1H), 8.57 

(s, 1H), 8.52 (dd, 1H, J = 8.8, 2.0 Hz), 8.33 (d, 1H, J = 8.8 Hz), 8.31 (d, 1H, J = 9.2 Hz), 8.23 (d, 1H, J 

= 2.6 Hz), 7.76 (dd, 1H, J = 9.1, 2.6 Hz), 7.59 (s, 1H), 7.580 (s, 1H), 7.579 (s, 1H), 7.56 (s, 1H), 4.34 

(t, 2H, J = 7.0 Hz), 4.32 (t, 2H, J = 6.6 Hz), 4.31 (t, 2H, J = 6.6 Hz), 4.30 (t, 2H, J = 6.8 Hz), 4.27 (t, 

2H, J = 6.7 Hz), 4.25 (t, 2H, J = 6.8 Hz), 4.24 (t, 2H, J = 6.8 Hz), 4.23 (t, 2H, J = 6.5 Hz), 1.99 (m, 

16H), 1.61 (m, 16H), 1.45 (m, 16H), 1.31 (m, 80H), 0.90 (t, 3H, J = 6.8 Hz), 0.894 (m, 9H), 0.891 (t, 

3H, J = 6.8 Hz), 0.88 (t, 3H, J = 6.6 Hz), 0.85 (t, 3H, J = 6.9 Hz), 0.84 (t, 3H, J = 6.9 Hz) ppm. 13C{1H} 

NMR (CDCl3, 150 MHz):  164.9, 152.4, 152.1, 151.8, 151.7, 151.0, 149.53, 149.52, 149.39, 149.37, 
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149.32, 143.7, 143.5, 142.9, 142.2, 141.8, 141.7, 140.5, 139.8, 133.3, 130.4, 129.8, 127.3, 126.7, 126.6, 

126.4, 124.6, 123.7, 123.5, 123.3, 120.1, 108.9, 108.6, 108.5, 106.2, 106.07, 106.05, 69.643, 69.637, 69.62, 

69.59, 69.16, 69.15, 69.13, 69.11, 32.12, 32.11, 32.08, 32.07, 29.92, 29.90, 29.88, 29.87, 29.84, 29.83, 

29.80, 29.77, 29.74, 29.59, 29.58, 29.555, 29.547, 29.52, 26.40, 26.39, 26.38, 26.37, 22.884, 22.876, 

22.841, 22.836, 14.31, 14.30, 14.27, 14.26 ppm (45 carbon signals missing or overlapping). HRMS (ESI+ 

of M + H+): m/z for C121H182N4O10: calculated: 1852.3934; experimental: 1852.3918. 

2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7-

tetrakis(decyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP(10,6)). A flame dried, three-

neck round bottom flask (50 mL) equipped with a magnetic stir bar under nitrogen atmosphere was 

charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP-OH(6) (36.8 mg, 

0.0528 mmol), DBP-A(10) (51.0 mg, 0.0537 mmol), and DMAP (23.3 mg, 0.191 mmol) were added, 

in sequence. The dark yellow-brown suspension was stirred at 0 °C for 20 min. At this time, EDC (41.2 

mg, 0.215 mmol) was added, and the yellow-brown mixture was gently refluxed for 1 hour to improve 

solubility, and then cooled and stirred at ambient temperature for 3 days. The resulting dark yellow-

brown mixture was diluted with CH2Cl2 (25 mL) and subsequently washed with H2O (3 * 25 mL), 10% 

v/v HCl (25 mL), and brine (25 mL), dried over MgSO4 and concentrated on a rotary evaporator to 

afford a yellow-brown solid. The crude product was purified by column chromatography using a 

gradient of 90−100% CH2Cl2 in hexanes as the eluent (L = 13.7 cm, Rf = 0.20−0.29). The compound 

was further purified via recrystallization from ethyl acetate, yielding an orange powder (48.0 mg, 56%). 

1H NMR (CDCl3, 400 MHz):  9.19 (d, 1H, J = 1.7 Hz), 8.640 (s, 1H), 8.637 (s, 1H), 8.62 (s, 1H), 8.59 

(s, 1H), 8.52 (dd, 1H, J = 8.8, 1.8 Hz), 8.33 (d, 1H, J = 8.9 Hz), 8.32 (d, 1H, J = 9.1 Hz), 8.24 (d, 1H, J 

= 2.6 Hz), 7.77 (dd, 1H, J = 9.1, 2.5 Hz), 7.594 (s, 1H), 7.591 (s, 1H), 7.587 (s, 1H), 7.57 (s, 1H), 4.34 

(t, 2H, J = 6.4 Hz), 4.322 (t, 2H, J = 6.5 Hz), 4.321 (m, 2H), 4.318 (t, 2H, J = 6.6 Hz), 4.27 (t, 2H, J = 

7.0 Hz), 4.26 (t, 2H, J = 6.4 Hz), 4.25 (t, 2H, J = 6.6 Hz), 4.24 (t, 2H, J = 6.6 Hz), 1.99 (m, 16H), 1.62 

(m, 16H), 1.43 (m, 32H), 1.31 (m, 32H), 0.97 (t, 3H, J = 6.9 Hz), 0.962 (t, 3H, J = 6.9 Hz), 0.958 (t, 

3H, J = 6.9 Hz), 0.94 (t, 3H, J = 7.3 Hz), 0.90 (t, 3H, J = 6.7 Hz), 0.89 (t, 3H, J = 6.9 Hz), 0.88 (t, 3H, 

J = 7.3 Hz), 0.84 (t, 3H, J = 7.0 Hz) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.9, 152.4, 152.1, 

151.8, 151.6, 151.0, 149.5, 149.34, 149.32, 149.27, 143.7, 143.4, 142.8, 142.1, 141.7, 141.6, 140.4, 139.7, 

133.3, 130.4, 129.7, 128.9, 128.2, 127.3, 126.6, 126.5, 126.4, 124.5, 123.7, 123.4, 123.3, 123.2, 120.1, 

108.8, 108.52, 108.50, 108.4, 106.1, 106.04, 105.99, 105.95, 69.59, 69.58, 69.56, 69.53, 69.13, 69.12, 

69.09, 69.08, 32.13, 32.12, 32.11, 32.07, 31.91, 31.901, 31.896, 31.88, 29.93, 29.91, 29.88, 29.85, 29.83, 

29.81, 29.78, 29.76, 29.60, 29.59, 29.58, 29.55, 29.54, 29.51, 29.49, 29.47, 26.42, 26.41, 26.39, 26.38, 

26.06, 26.05, 26.04, 26.01, 22.89, 22.881, 22.878, 22.87, 22.853, 22.848, 22.83, 14.31, 14.303, 14.296, 

14.27, 14.26, 14.250, 14.245 ppm (10 carbon signals missing or overlapping). Could not identify the 
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M+ peak in HRMS via ESI. MALDI-TOF ((M+1) + H+ in DHBA): m/z for C105H150N4O10: calculated: 

1629.146; experimental: 1629.076. 

2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7-

tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP(6,10)). A flame dried, three-

neck round bottom flask (50 mL) equipped with a magnetic stir bar under a nitrogen atmosphere was 

charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP-OH(10) (69.3 mg, 

0.0752 mmol), DBP-A(6) (55.9 mg, 0.0771 mmol), and DMAP (29.6 mg, 0.242 mmol) were added, in 

sequence. The dark yellow suspension was stirred at 0 °C for 20 min. At this time, EDC (54.0 mg, 

0.282 mmol) was added, and the dark yellow mixture was stirred at ambient temperature for 20 hours. 

The resulting yellow-brown mixture was diluted with CH2Cl2 (25 mL) and subsequently washed with 

H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4 and concentrated on 

a rotary evaporator to afford an orange-brown solid. The crude product was purified by column 

chromatography using a gradient of 80−100% CH2Cl2 in hexanes as the eluent (L = 11.8 cm, Rf = 0.21

−0.57). The compound was further purified via recrystallization from ethyl acetate, yielding an orange 

powder (66.0 mg, 54%). 1H NMR (CDCl3, 400 MHz):  9.21 (d, 1H, J = 1.9 Hz), 8.67 (s, 1H), 8.66 (s, 

1H), 8.65 (s, 1H), 8.62 (s, 1H), 8.53 (dd, 1H, J = 8.9, 1.9 Hz), 8.35 (d, 1H, J = 8.6 Hz), 8.33 (d, 1H, J = 

8.9 Hz), 8.25 (d, 1H, J = 2.5 Hz), 7.77 (dd, 1H, J = 9.1, 2.6 Hz), 7.62 (s, 1H), 7.61 (s, 2H), 7.59 (s, 1H), 

4.35 (t, 2H, J = 6.6 Hz), 4.33 (t, 4H, J = 6.7 Hz), 4.32 (t, 2H, J = 6.7 Hz), 4.28 (t, 2H, J = 6.5 Hz), 4.27 

(t, 2H, J = 6.3 Hz), 4.25 (t, 2H, J = 6.4 Hz), 4.24 (t, 2H, J = 6.7 Hz), 1.99 (m, 16H), 1.62 (m, 16H), 1.44 

(m, 32H), 1.30 (m, 32H), 0.97 (t, 3H, J = 7.0 Hz), 0.964 (t, 3H, J = 7.1 Hz), 0.957 (t, 3H, J = 7.1 Hz), 

0.94 (t, 3H, J = 7.2 Hz), 0.90 (t, 6H, J = 6.8 Hz), 0.89 (t, 3H, J = 6.9 Hz), 0.85 (t, 3H, J = 6.8 Hz) ppm. 

13C{1H} NMR (CDCl3, 150 MHz):  164.9, 152.4, 152.1, 151.8, 151.7, 151.0, 149.5, 149.36, 149.33, 

149.28, 143.7, 143.4, 142.9, 142.1, 141.74, 141.65, 140.4, 139.7, 133.3, 130.4, 129.7, 128.9, 128.3, 127.3, 

126.62, 126.56, 126.4, 124.5, 123.7, 123.4, 123.3, 123.2, 120.1, 108.8, 108.52, 108.46, 106.2, 106.04, 

105.99, 69.62, 69.58, 69.56, 69.55, 69.13, 69.12, 69.11, 69.09, 32.12, 32.11, 32.08, 31.90, 31.88, 31.87, 

29.91, 29.90, 29.88, 29.85, 29.833, 29.827, 29.81, 29.78, 29.74, 29.61, 29.59, 29.58, 29.55, 29.52, 29.51, 

29.46, 29.44, 26.40, 26.39, 26.37, 26.05, 26.02, 26.01, 22.88, 22.87, 22.86, 22.840, 22.838, 22.836, 14.31, 

14.30, 14.27, 14.244, 14.240, 14.237 ppm (17 carbon signals missing or overlapping). HRMS (ESI+ of 

M + H+): m/z for C105H150N4O10: calculated: 1628.1430; experimental: 1628.1425. 

2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7,12-

pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP-OHx(6,6). A flame dried, 

three-neck round bottom flask (50 mL) equipped with a magnetic stir bar under a nitrogen atmosphere 

was charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP(CA,OHx) 
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(54.9 mg, 0.0665 mmol), DBP-OH(6) (70.3 mg, 0.101 mmol), and DMAP (26.2 mg, 0.214 mmol) 

were added, in sequence. The dark orange suspension was stirred at 0 °C for 20 min. At this time, EDC 

(54.0 mg, 0.282 mmol) was added, and the yellow-brown mixture was stirred at ambient temperature 

for 22 hours. The resulting dark orange-brown mixture was diluted with CH2Cl2 (25 mL) and 

subsequently washed with H2O (3 * 25 mL), 10% v/v HCl (25 mL), and brine (25 mL), dried over 

MgSO4 and concentrated on a rotary evaporator to afford a yellow-orange solid. The crude product 

was purified by column chromatography using a gradient of 80−100% CH2Cl2 in hexanes as the eluent 

(L = 15.6 cm, Rf = 0.22−0.26). The compound was further purified via recrystallization from EtOH in 

CH2Cl2, yielding an orange powder (37.9 mg, 38%). 1H NMR (CDCl3, 400 MHz):  8.97 (s, 1H), 8.74 

(s, 1H), 8.73 (s, 1H), 8.71 (s, 1H), 8.67 (s, 1H), 8.36 (d, 1H, J = 9.1 Hz), 8.28 (d, 1H, J = 2.6 Hz), 7.79 

(dd, 1H, J = 9.1, 2.6 Hz), 7.68 (s, 2H), 7.67 (s, 3H), 4.35 (m, 10H), 4.28 (t, 4H, J = 6.2 Hz), 4.27 (t, 4H, 

J = 6.3 Hz), 1.99 (m, 18H), 1.62 (m, 18H), 1.42 (m, 36H), 0.964 (t, 3H, J = 7.1 Hz), 0.955 (t, 6H, J = 

7.0 Hz), 0.953 (t, 6H, J = 6.8 Hz), 0.949 (t, 6H, J = 7.5 Hz), 0.94 (t, 3H, J = 7.0 Hz), 0.89 (t, 3H, J = 

7.1 Hz) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  164.0, 157.9, 152.3, 151.9, 151.8, 151.6, 151.1, 149.6, 

149.44, 149.40, 149.35, 144.5, 143.4, 142.2, 141.9, 141.7, 141.1, 139.8, 136.3, 134.3, 130.4, 127.4, 126.7, 

126.5, 126.0, 124.7, 124.2, 123.82, 123.80, 123.6, 123.4, 120.0, 108.8, 108.7, 108.6, 108.2, 108.1, 106.4, 

106.3, 106.09, 106.08, 69.72, 69.67, 69.66, 69.65, 69.57, 69.56, 69.54, 69.19, 69.16, 69.14, 31.87, 31.86, 

31.85, 31.73, 29.500, 29.498, 29.48, 29.47, 29.45, 29.43, 29.42, 29.28, 26.04, 26.03, 26.01, 25.992, 25.986, 

22.85, 22.83, 22.82, 22.77, 14.26, 14.24, 14.23, 14.21 ppm (19 carbon signals missing or overlapping). 

HRMS (ESI+ of M + H+): m/z for C95H130N4O11: calculated: 1503.9814; experimental: 1503.9823. 

2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine-11-yl 2,3,6,7,12-

pentakis(hexyloxy)dibenzo[a,c]phenazine-11-carboxylate (dDBP-OHx(6,10). A flame dried, 

three-neck round bottom flask (50 mL) equipped with a magnetic stir bar under a nitrogen atmosphere 

was charged with dry CH2Cl2 (20 mL). The solvent was purged with nitrogen and DBP-OH(10) (62.9 

mg, 0.0683 mmol), DBP(CA,OHx) (57.1 mg, 0.0692 mmol), and DMAP (29.5 mg, 0.241 mmol) were 

added, in sequence. The orange-brown suspension was stirred at 0 °C for 20 min. At this time, EDC 

(80.9 mg, 0.422 mmol) was added, and the yellow-brown mixture was gently refluxed for 2 hours to 

improve solubility, and then cooled and stirred at ambient temperature for 3 days. The resulting dark 

yellow-brown mixture was diluted with CH2Cl2 (25 mL) and subsequently washed with H2O (3 * 25 

mL, 10% v/v HCl (25 mL), and brine (25 mL), dried over MgSO4 and concentrated on a rotary 

evaporator to afford a yellow-brown solid. The crude product was purified by column chromatography 

using a gradient of 90−100% CH2Cl2 in hexanes as the eluent (L = 13.2 cm, Rf = 0.22−0.23). The 

compound was further purified via recrystallization from ethyl acetate, yielding an orange powder (69.2 

mg, 59%). 1H NMR (CDCl3, 400 MHz):  8.93 (s, 1H), 8.68 (s, 1H), 8.660 (s, 1H), 8.658 (s, 1H), 8.61 
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(s, 1H), 8.34 (d, 1H, J = 9.1 Hz), 8.26 (d, 1H, J = 2.5 Hz), 7.78 (dd, 1H, J = 9.1, 2.5 Hz), 7.633 (s, 1H), 

7.626 (s, 1H), 7.625 (s, 1H), 7.624 (s, 1H), 7.61 (s, 1H), 4.35 (t, 2H, J = 6.4 Hz), 4.338 (m, 4H), 4.336 

(t, 2H, J = 6.4 Hz), 4.33 (t, 2H, J = 6.7 Hz), 4.27 (t, 2H, J = 6.7 Hz), 4.26 (m, 2H), 4.254 (t, 2H, J = 6.7 

Hz), 4.249 (t, 2H, J = 6.5 Hz), 1.99 (m, 18H), 1.61 (m, 18H), 1.43 (m, 36H), 1.30 (m, 32H), 0.97 (t, 3H, 

J = 7.1 Hz), 0.964 (t, 3H, J = 7.2 Hz), 0.958 (t, 3H, J = 7.0 Hz), 0.93 (t, 3H, J = 7.2 Hz), 0.898 (t, 3H, 

J = 7.1 Hz), 0.895 (t, 3H, J = 6.9 Hz), 0.891 (t, 3H, J = 7.2 Hz), 0.887 (t, 3H, J = 7.1 Hz), 0.85 (t, 3H, 

J = 7.0 Hz) ppm. 13C{1H} NMR (CDCl3, 150 MHz):  163.9, 157.9, 152.2, 151.8, 151.7, 151.5, 151.1, 

149.5, 149.4, 149.34, 149.28, 144.5, 143.4, 142.1, 141.9, 141.7, 141.1, 139.8, 136.2, 134.4, 130.4, 127.3, 

126.6, 126.4, 125.9, 124.7, 124.1, 123.7, 123.5, 123.3, 120.1, 108.7, 108.6, 108.5, 108.1, 108.0, 106.3, 

106.2, 106.1, 106.0, 69.66, 69.63, 69.61, 69.54, 69.52, 69.15, 69.14, 69.12, 69.10, 32.12, 32.11, 32.08, 

31.89, 31.88, 31.873, 31.867, 31.75, 29.91, 29.90, 29.88, 29.83, 29.82, 29.81, 29.76, 29.74, 29.59, 29.58, 

29.55, 29.54, 29.53, 29.49, 29.45, 29.3, 26.39, 26.38, 26.37, 26.07, 26.05, 26.01, 26.00, 22.874, 22.868, 

22.86, 22.84, 22.83, 22.77, 14.31, 14.30, 14.27, 14.23, 14.22 ppm (30 carbon signals missing or 

overlapping). Could not identify the M+ peak in HRMS via ESI. MALDI-TOF ((M+1) + H+ in 

DHBA): m/z for C111H162N4O11: calculated: 1729.235; experimental: 1729.249. 

6.6.3. DSC 

Phase transition temperatures and enthalpies were investigated using differential scanning 

calorimetry (DSC) on a DSC Q2000 instrument (TA Instruments) equipped with a refrigerated cooling 

system (TA Instruments, Refrigerated Cooling System 90). Heating and cooling measurements were 

performed at a rate of 10 °C/min. 

 

Figure 6.5. DSC thermograms of dDBP(6,6) for the (a) first and (b) second heating/cooling cycles. 
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Figure 6.6. DSC thermograms of dDBP(10,6) for the (a) first and (b) second heating/cooling cycles. 

 

Figure 6.7. DSC thermograms of dDBP(6,10) for the (a) first and (b) second heating/cooling cycles. 

 

Figure 6.8. DSC thermograms of dDBP(10,10) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 6.9. DSC thermograms of dDBP-OHx(6,6) for the (a) first and (b) second heating/cooling 
cycles. 

 

Figure 6.10. DSC thermograms of dDBP-OHx(6,10) for the (a) first and (b) second heating/cooling 
cycles. 
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Figure 6.11. DSC thermograms of (a) dDBP(6,6), (b) dDBP(10,10), (c) dDBP(10,6), and (d) 
dDBP(6,10) at a heating/cooling rate of 50 °C/min. 

6.6.4. POM 

Texture and phase behaviour analyses were carried out using polarized optical microscopy 

(POM) on an Olympus BX50 microscope equipped with cross polarizers and a Linkam LTS350 

heating stage. All images shown are ca. 920 x 1400 μm in size, unless otherwise specified. 
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Figure 6.12. Polarized optical micrographs of dDBP(6,6) displaying birefringent textures of the 
crystalline phase at (a) 218 °C and (b) room temperature. Both images were taken in the 
same plane of view. 

 

Figure 6.13. Polarized optical micrographs of dDBP(10,6) displaying spherulitic textures of the 
crystalline phase at (a) 161 °C and (b) room temperature. 

 

Figure 6.14. Polarized optical micrographs of dDBP(6,10) displaying birefringent textures of the 
crystalline phase at (a) 166 °C and (b) room temperature. Image (a) was taken with a 530 
nm quarter wavelength retardation plate. 
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Figure 6.15. Polarized optical micrographs of dDBP(10,10) displaying the spherulitic textures of the 
crystalline phase at (a) 179 °C and (b) room temperature. Image (b) was taken with a 530 
nm quarter wavelength retardation plate. 

6.6.5. XRD 

Wide-angle X-ray scattering (WAXS) experiments were obtained on a SAXSLAB Ganesha 

300XL Small Angle X-ray Scattering (SAXS) system. All samples were loaded into thin-walled quartz 

capillary tubes (Charles Supper Company) with a 1.5 mm outer diameter. All measurements were 

performed using on a Linkam T95-PE heating stage. Figure 6.16 shows the WAXS spectra of a blank 

sample and dDBP(6,6) in the isotropic liquid phase, for reference. 

 

Figure 6.16. X-ray diffractograms of (a) a blank capillary tube and (b) dDBP(6,6) at 325 °C (isotropic 
phase). 
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Figure 6.17. X-ray diffractograms of dDBP(6,6) at (a) 190 °C and (b) room temperature on cooling. 

 

Figure 6.18. X-ray diffractograms of dDBP(10,6) at (a) 137 °C and (b) room temperature on cooling. 

 

Figure 6.19. X-ray diffractograms of dDBP(6,10) at (a) 131 °C and (b) room temperature on cooling. 
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Figure 6.20. X-ray diffractograms of dDBP(10,10) at (a) 154 °C and (b) room temperature on 
cooling. 

 

 

Figure 6.21. X-ray diffractograms of dDBP-OHx(6,6) at (a) 190 °C and (b) room temperature on 
cooling. 

 

Figure 6.22. X-ray diffractograms of dDBP-OHx(6,10) at (a) 150 °C and (b) room temperature on 
cooling. 
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Table 6.3. X-ray diffraction data of the low temperature Colr phase of dDBP-OHx(6,6). 

 
Note: Colr = columnar rectangular soft crystalline or plastic phase. 

Table 6.4. X-ray diffraction data of the ND phase of dDBP-OHx(6,10). 

 

 

6.6.6. Modelling 

Density functional theory (DFT)145 calculations were performed on truncated models of the 

compounds discussed in the manuscript (i.e., the peripheral chains were shortened to methoxy groups). 

The calculations were performed using the B3LYP functional158,159 at the 6-31G(d) level161,162 with a 

Grimme D3165,167 dispersion correction (B3LYP-D3). All calculations were performed using Gaussian 

09.189 

Two models were constructed to represent the direct ester series: one without (dDBP(1,1)) 

and one with (dDBP-OMe(1,1)) an adjacent methoxy group. For both models, different 

conformations were constructed depending on the dihedral angles between the ester linker and the 

DBP core. On the carbonyl end of the dimer, the carbonyl tends to orient planar to the DBP core; 

hence, only two dihedral angles were investigated on this end (0 and 180 degrees). This is consistent 

with our previous investigations of DBP diesters in Chapters 2 and 3. On the end bound to the oxygen 

of the ester, five dihedral angles were tested: 0, 45, 90, 135, and 180 degrees. Overall, this gives ten 

conformations for both models (for dDBP-OMe(1,1), the ortho methoxy group tends to orient planar 

to the DBP core, pointing away from the ester, as observed in models of DBP(MeE,OMe) (see 
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Appendix A)). Each conformation and their relative energy are listed in Table 6.5 and 6.6. The lowest 

energy conformers for both models are shown in Figure 6.23. 

 

Figure 6.23. Lowest energy conformations for models (a) dDBP(1,1) and (b) dDBP(1,OMe,1). 

Table 6.5. Optimized conformations investigated for model compound dDBP(1,1). The relative 
energy is proportionate to the lowest energy conformer. 
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Table 6.6. Optimized conformations investigated for model compound dDBP(1,OMe,1). The 
relative energy is proportionate to the lowest energy conformer. 
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Chapter 7.  
 
Conclusions and Future Work 

7.1. Conclusions 

In Chapter 1, we explored the current knowledge on discotic dimer self-assembly. While there 

has been numerous studies and analyses, there still lacked an understanding on how the multiple 

conformations of these flexible molecules impact their LC properties. This thesis focused on 

understanding these critical structure-property relationships by probing the conformational dynamics 

of discotic dimers in solution. 

In Chapters 2 and 3, we studied how the nature of the liking group affects columnar self-

assembly. From these studies, we saw the phase behaviour was very sensitive to linker stereochemistry. 

In Chapter 2, a 31 °C difference in clearing temperature was observed for a pair of 2,3-butyl 

diastereomers. We hypothesized the difference stemmed from their different conformational 

equilibria, which showed dDBP(meso) had a stronger propensity to unfold relative to dDBP(2R,3R). 

This hypothesis was validated from a comparison of two conformationally locked dimers – the 

extended dimer dDBP(hyd) had a nearly 100 °C higher clearing temperature than the folded dimer 

dDBP(cat). In addition to thermal stability, extended dimers appeared to form more ordered 

columnar phases, which suggested columnar self-assembly via extended shapes may provide higher 

charge carrier mobilities. 

In Chapter 3, we saw the sterics of the linking group can also strongly influence the phase 

behaviour. For two stereochemically equivalent dimers, the more rigid dDBP(trans) had a 40 °C lower 

Tc than the more flexible dDBP(2R,3R). While the monomeric analogs had similar clearing 

temperatures, we needed to again consider the dynamic shape of the dimers, particularly the folded 

and extended geometries. We deduced the bulkier cyclohexyl group of dDBP(trans) points 

orthogonal to the planes of the DBP cores in the extended form, which likely perturbs π−π stacking 

to some extent. We proposed this may shift the equilibrium of dDBP(trans) to favour folded 

structures relative to dDBP(2R,3R), a hypothesis supported by the former’s smaller enthalpy at the 

Tc transition. The stronger propensity of dDBP(trans) to fold would account for its lower Tc. 

The studies in Chapter 2 and 3 show how the thermal stability and order of the columnar 

phase in discotic dimers can be tuned by manipulating the conformational equilibrium between folded 

and extended structures (Figure 7.1). Doping experiments between dDBP(cat) and dDBP(hyd) 
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demonstrated this effect, as the phase stability increased with an increasing amount unfolded 

conformers. For pure materials, the degree of folding can be adjusted through judicious selection of 

the linking group. 

 

Figure 7.1. Graphic displaying how the phase stability and degree of order of the columnar phase 
can be adjusted by controlling the degree of folding for a discotic dimer. 

Chapter 3 also showed that, in addition to the conformational dynamics, the individual 

geometries can significantly influence self-assembly. For a pair of 1,2-cyclohexyl diastereomers, a 

change in linker stereochemistry resulted in a more dramatic change in phase behaviour: dDBP(trans) 

displayed Colh behaviour while dDBP(cis) was amorphous. The two compounds formed similar 

folded structures, but their unfolded geometries were quite disparate. The trans dimer adopted a planar 

unfolded structure, akin to dDBP(hyd). This geometry is compatible with the folded structure for 

columnar organization, as demonstrated by doping experiments between dDBP(cat) and dDBP(hyd) 

in Chapter 2. Conversely, the cis dimer adopted a nonplanar unfolded structure, which appeared to 

disrupt columnar organization. Indeed, previous investigations of triphenylene dimers have ascribed a 

lack of liquid crystallinity with short linkers to a lack of planarity and the inability to span two 

columns.128,129 This study shows linker length may be less important to the phase behaviour, as both 

cyclohexyl dimers have short linkers. Rather, the geometry imposed by the linker drives self-assembly, 

with planar structures favouring columnar hexagonal organization. 
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The second part of this thesis investigated the role adjacent ether groups have on the LC 

properties of discotic dimers. This study intrigued us because the majority of discotic dimers in the 

literature contain an ether group ortho to the linker,122 whereas our dimers do not. Our dimers are 

distinguished from other dimers in the literature for their folding behaviour in solution, which allowed 

us to probe the conformational dynamics. They also display markedly different LC properties, with 

higher clearing temperatures and prolonged LC glass stabilities compared with DBP and triphenylene 

dimers with adjacent ether groups. 

Chapter 4 focused on monomeric systems, as adjacent functional group effects on discotic 

esters had not been investigated previously. In most cases, functionalization with an ether group lead 

to a depression of the Tm and slight elevation of the Tc. This effect was particularly pronounced with 

the longer hexyl ether group. Notably, DBP(HxE,OHx) displayed Colh behaviour over a 160 °C 

range, exhibiting liquid crystallinity below 50 °C. Adjacent functional groups may provide a new 

strategy to create room temperature columnar materials. 

In Chapter 5, we learned that, while the conformational equilibrium model can be used to 

predict the phase behaviour, it is limited to dimers with similar structural features. Other factors must 

be considered when additional functional groups are introduced, such as the conformational 

geometries. A series of 1,3-propyl DBP diesters with and without an ether group were studied. We 

predicted dDBP(3,OHx) should have a higher Tc than dDBP(3,H) because of its greater preference 

for extended structures, and because Chapter 4 showed higher clearing temperatures with hexyloxy 

derivatives; however, the opposite was observed. To elucidate the disparity, we decided to look at a 

system without conformational freedom, the extended dimer dDBP(hyd,OHx). Its clearing 

temperature was lower than dDBP(hyd), indicating the hexyloxy group destabilizes the columnar 

phase for extended dimers. This result explained why dDBP(3,OHx) had a lower Tc than 

dDBP(3,H). We postulated the adjacent hexyloxy group partially impedes the dimer’s ability to span 

two columns relative to dimers without an adjacent group. This study also demonstrates the limitations 

in using monomeric trends to predict dimer self-assembly. 

We concluded with Chapter 6, what was referred to as a capstone chapter, taking everything 

learned from Chapters 2−5 to design ND materials. We hypothesized that Colh assembly can be 

dissuaded to favour nematic behaviour by synthesizing dimers with a very short bridge that favours 

non-planar geometries. We saw in Chapter 3 how non-planar structures can deter columnar hexagonal 

organization. The bridge employed was a direct ester linkage. While Colh organization was not 

observed, neither was the ND phase, seemingly due to a very large Tm. The melting temperature was 

reduced by varying the peripheral chains, but it did not result in liquid crystallinity, likely because this 
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commonly used approach often destabilizes the liquid crystal phase in conjunction with crystalline 

phase destabilization. 

We decided to exploit what we learned in Chapter 4 and employ adjacent functional groups, 

as they were shown to significantly reduce the Tm and enhance the Tc, effectively broadening the liquid 

crystal phase. Although the Tc was reduced in Colh organization with extended dimers in Chapter 5, 

the crystalline phase of dDBP(hyd,OHx) was apparently destabilized, as the material does not 

crystallize out of solution. This resulted in a broadened LC phase relative to dDBP(hyd); hence, 

adjacent ether groups may provide a better strategy to promote nematic behaviour than alterations to 

the peripheral chains. Our hypothesis was confirmed when ND behaviour was promoted for both 

derivatives with a hexyloxy group. Combining functional group effects and peripheral chain alterations 

extended the ND phase range and allowed nematic behaviour to persist below 150 °C for dDBP-

OHx(6,10). This approach could provide a new avenue towards lower temperature ND materials. 

In addition to ND phase behaviour, dDBP-OHx(6,6) formed a lower temperature Colr plastic 

or soft crystalline phase, which is particularly intriguing from a materials standpoint. Studies of 

calamitic materials have shown improved electronic performance for materials with a high temperature 

disordered LC phase for film processing and a low temperature ordered LC phase for charge 

transport.220,221 Poor film quality has really hampered the development of columnar materials in organic 

semiconductors.216 Designing discotic materials with a high temperature ND phase and a low 

temperature columnar phase could help solve this problem and may provide the next generation of 

organic semiconductors from discotic liquid crystals. 

7.2. Future Work 

The work presented throughout this thesis shows the importance in understanding the 

conformational dynamics and geometries of flexible molecules if one wants to predict their 

supramolecular self-assembly. There are of course still ample directions to explore. Based on what we 

learned in Chapters 1−6, the next best avenues for research are outlined below. 

7.2.1. Discotic Tetramers 

One aspect that is often introduced in discotic dimer research is potentially using these dimers 

as model systems for discotic oligomers and polymers for organic semiconductors.122,124 These types 

of systems are attractive for organic semiconductors because they combine the self-healing capability 

of discotic LCs with the flexibility and film processability of polymers.223 As we have seen in this thesis, 
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it is more difficult to understand the self-assembly of discotic dimers compared to monomers. Adding 

more discs to form oligomers or many more to form polymers would complicate matters further. 

Based on what we learned from the dimers, the conformational equilibrium and geometries will be 

important factors to consider. 

Back in my undergraduate research in 2015, I synthesized a pair of diastereomeric tetramers 

based on D-threitol (tetDBP(2R,3R)) and meso-erythritol (tetDBP(meso)) (see below). Remarkably, 

these two tetramers did not crystallize out of solution (like we saw for dDBP(hyd,OHx)), forming 

Colh LC phases above 200 °C. Similar to Chapter 2, the thermal stability of the columnar phase was 

strongly affected by linker stereochemistry, as the meso derivative clears at 24 °C higher than the chiral 

derivative. Given the added complexity of these systems and our lack of understanding on the 

conformational dynamics of flexible discotics at the time, we focused our attention on dimeric systems. 

With the knowledge I have now attained from probing dimer self-assembly, I decided to go back to 

the tetramers and provide some direction for future work. 

 

We can view the tetramers as existing in five different conformational modes (Figure 7.2). 

Either all four discs are unfolded (A), two are folded and two are not (B), two pairs of dimers are folded 

(C), three are folded and one is not (D), or all four are folded (E). In solution, the 1H NMR can help 

elucidate these conformational forms (Figure 7.3). Note there are two sets of peaks in the aromatic 

region because there are two inequivalent pairs of DBPs. We observe a significant upfield shift in the 

aromatic region, suggesting folding between the DBP cores. This rules out conformer A. If we compare 

to the catechol dimer dDBP(cat), we can see the magnitude of the upfield shifts for the tetramers 

(0.50−0.98 ppm for tetDBP(2R,3R) and 0.38−0.92 ppm for tetDBP(meso)) are similar in magnitude 

to the shifts of dDBP(cat) (0.43−1.24 ppm). This rules out conformers D and E because we would 

expect the two tetramers to have a much larger upfield shift compared with dDBP(cat) if three or 

four of the DBPs were stacked on top of one another. We can also rule out conformer B because it 

should have a much smaller upfield shift relative to dDBP(cat), given two of the discs are unfolded. 

We therefore conclude both tetramers likely adopt conformation C. 
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Figure 7.2. The five different conformational structures of discotic tetramers. 

 

Figure 7.3. 1H NMR of (I) DBP(MeE,H), (II) tetDBP(2R,3R), (III) tetDBP(meso), and (IV) 
dDBP(cat). 

Another important factor to consider for conformation C is that three different folding modes 

can exist: 1,2 and 3,4 (I), 1,3 and 2,4 (II), and 1,4 and 2,3 (III) (Figure 7.4). The two tetramers may 
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prefer different modes depending on their linker stereochemistry. DFT calculations were performed 

on these three different modes for both tetramers. The lowest energy structures are shown in Figure 

7.4. 

 

Figure 7.4. (Left) Three different folding modes for the DBP tetramers: 1,2 and 3,4 (I), 1,3 and 2,4 
(II), and 1,4 and 2,3 (III). (Right) Optimized models of the three different folded modes 
for the two tetramers. 

We observe a dramatic difference in the conformational geometries. For tetDBP(2R,3R), 

there is only one geometry that keeps the DBPs relatively planar: geometry II. As we saw in Chapter 

3, the other two non-planar geometries likely deter columnar hexagonal organization. In contrast, 

tetDBP(meso) can adopt two geometries that keep the DBPs relatively planar: geometries I and II. 

The greater number of planar geometries accessible for tetDBP(meso) may account for the 

differences in clearing temperature. In the columnar phase, tetDBP(meso) will likely have a higher 

entropy than tetDBP(2R,3R) because the former has a greater number of compatible (planar) 

conformers for columnar organization. Assuming the entropy, S, of the isotropic phase is essentially 

equivalent between the two tetramers and that SIso > SCol, tetDBP(meso) will have a smaller change 

in entropy at the LC-to-Iso transition. This will elevate the clearing temperature according to equation 

(7-1), 

 𝑇𝑐  =  
∆𝐻

∆𝑆
 (7-1) 

where ΔH is the change in enthalpy and ΔS is the change in entropy. 
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This brief study demonstrates how the knowledge attained on discotic dimer self-assembly in 

this thesis can help in understanding more complicated systems like discotic oligomers and polymers. 

Note that the results shown are preliminary, and the analysis should be viewed as such. 

7.2.2. Effects of Adjacent Ether Groups on Extended Structures 

In Chapter 5, we saw the effect adjacent ether groups can have on the conformational 

dynamics and LC properties for a series of 1,3-propyl diesters. The adjacent ether group appeared to 

deter folding. At the same time, having a hexyloxy group destabilized the columnar LC phase, at least 

for extended structures. From our analysis, we rationalized dDBP(3,OMe) had a higher clearing 

temperature than dDBP(3,OHx) because its shorter chain had less of an effect on self-assembly from 

the extended conformation. This hypothesis can be tested by synthesizing dDBP(hyd,OMe) (see 

below). Its clearing temperature should be closer to dDBP(hyd) than dDBP(hyd,OHx). In addition 

to the liquid crystal, the shorter methoxy group should have a higher melting temperature based on 

our analysis in Chapter 4. For dDBP(hyd,OHx), there was no apparent crystallization out of solution 

by DSC or XRD. We postulated that the hexyloxy group significantly destabilized the crystalline phase, 

resulting in the material forming either a Colh glass out of solution or being thermodynamically stable 

in the Colh phase at room temperature. In contrast, dDBP(hyd,OMe) may be crystalline above room 

temperature. 

 

In addition to dDBP(hyd,OMe), dDBP(hyd,ODod) makes for an intriguing target 

compound. In monomers, the dodecyloxy chain significantly depressed the clearing temperature. A 

similar effect may occur in dDBP(hyd,ODod), which may actually be advantageous from a materials 

standpoint. In Chapter 2, we observed higher clearing temperatures and greater order with columnar 

phases from extended structures (Figure 7.1). The latter property may provide higher charge carrier 

mobilities, but higher clearing temperatures are not necessarily ideal. In addition to requiring thermal 

annealing treatments at higher temperatures for film fabrication, both dDBP(hyd) and 

dDBP(hyd,OHx) decompose at temperatures just above the Tc by DSC. Having a long ether chain 
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ortho to the linker (like dDBP(hyd,ODod)) may depress the Tc but retain a highly ordered columnar 

phase. In fact, dDBP(hyd,OHx) displays a comparatively high enthalpy at the Tc to dDBP(hyd), 

suggesting columnar order can be retained upon addition of a long alkoxy chain adjacent to the linker. 

Extended dimers with adjacent long ether chains may provide an effective strategy for designing 

discotic liquid crystals with high charge carrier mobilities and low clearing temperatures for organic 

semiconductors. 

7.2.3. Effects of Adjacent Ether Groups on Extended versus Folded Structures 

While we learned the impact adjacent ether groups can have on the stability of the columnar 

phase from extended structures, we do not know their influence on self-assembly for purely folded 

structures. As alluded to at the end of Chapter 5, dDBP(cat,OHx) would make an excellent 

comparison to dDBP(cat). This compound can only fold, which allows us to investigate the direct 

impact the adjacent hexyloxy group has on self-assembly via folded structures. In addition to 

dDBP(cat,OHx), dDBP(cat,OMe) and dDBP(cat,ODod) would provide excellent target 

compounds to  evaluate the effect the length of the ether chain has on the LC properties from folded 

conformers (see below). 

 

7.2.4. Designing ND Materials from Discotic Dimers 

While discotic dimers help address the issue of narrow phase ranges for columnar materials 

from monomeric analogues, they still do not address one challenge with columnar materials – film 

fabrication is still very much a problem. Researchers have developed techniques to help achieve well-

aligned films from columnar materials,147,224 but fabricating uniform films large enough for devices is 

still difficult. The challenge stems from the highly viscous nature of these columnar materials. 

One solution may be to change the material. Devices employing calamitic liquid crystals have 

shown higher performance can be achieved by fabricating thin films from a high temperature fluid 
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phase, like the nematic phase. The material is then cooled into a low temperature, more ordered phase 

for charge transport, such as ordered smectic phases.220,221 A similar approach could be applied to 

discotic materials: design systems that have a high temperature ND phase and a low temperature 

columnar phase. To our knowledge, this approach has not been reported in the literature. The lack of 

studies likely stems from the rarity in forming discotic materials with a ND phase, let alone one that 

cools into a columnar phase. 

We saw in Chapter 6 that the ND phase can be promoted in discotic dimers. We learned that 

a lack of planarity is key to deter Colh organization for ND phase behaviour. One issue with the direct 

ester series in Chapter 6 is their high melting temperatures. We were able to somewhat circumvent this 

problem by adding an adjacent hexyloxy group and varying the peripheral chains. One approach to 

further supress the Tm would be to vary the length of the adjacent ether group, such as going to a 

decyloxy chain to match the peripheral chain length (see below). 

 

Another approach would be to go a step further, to functionalize both sides of the dimer with 

an adjacent ether group; however, this direction does require an alternative synthetic route to obtain 

the DBP alcohol with an adjacent ether group. For example, the hexyloxy derivative DBP(OHx,OH) 

can be synthesized via Scheme 7.1, which is an adapted route from the one reported by Voisin et al.105 

Dimers with two adjacent hexyloxy groups can then be synthesized in the same way as the direct ester 

series in Chapter 6 via Steglich esterification. 
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Scheme 7.1. Proposed synthetic route towards DBP dimers with a direct ester bridge and two 
adjacent hexyloxy groups. 

 

Reagents and conditions: (a) 1-bromohexane, K2CO3, Bu4NBr (cat.), butanone, reflux; (b) HNO3(aq), heat; (c) iron 

powder, HCl(aq), EtOH, reflux; (d) NaOAc, EtOH, reflux; (e) DBP(CA,OHx), DMAP, EDC, CH2Cl2, 0 °C−rt. 

Another direction towards ND materials is to change the linker. Again, the linker needs to 

favour non-planar geometries to deter columnar hexagonal organization; however, this requires 

reduced conformational freedom, which stabilizes the crystalline phase. We observed this effect with 

dDBP(6,6), which had a Tm of 251 °C. Increasing the flexibility by extending the bridge by one carbon 

may help depress the Tm while still maintaining non-planarity. This can be achieved by reducing a DBP 

acid, such as DBP(CA,H), with lithium aluminium hydride (LiAlH4) to create the primary DBP 

alcohol, DBP(CH2OH,H), shown in Scheme 7.2. This alcohol can then be coupled to DBP(CA,H) 

via Steglich esterification to afford the dimer dDBP(6,CH2,6). Models of this dimer by DFT 

calculations show non-planar geometries are energetically favoured (Figure 7.5), which should deter 

Colh organization. The added flexibility in the linker may depress the Tm and effectively broaden the 

ND phase range compared to the direct ester series. 
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Scheme 7.2. Proposed synthetic route for dDBP(6,CH2,6).  

 

Reagents and conditions: (a) DBP(CA,H), DMAP, EDC, CH2Cl2, 0 °C−rt. 

 

Figure 7.5. Optimized model of dDBP(6,CH2,6) showing the (a) face-on and (b) side-on views. 

In addition to its potentially advantageous phase behaviour, derivatives of dDBP(6,CH2,6) 

are much more accessible synthetically than the direct ester series. Because the alcohol is synthesized 

directly from the acid, we do not need to synthesize a separate series of DBP alcohols. For instance, a 

dimer with two adjacent hexyloxy groups can be synthesized by coupling DBP(CA,OHx) with the 

reduced form of DBP(CA,OHx). This is much simpler than the direct ester counterpart shown in 

Scheme 7.1, which requires synthesis of DBP(OHx,OH) from catechol. We saw in Chapter 6 that 

the phase behaviour can be tuned by varying the peripheral chains and by adding adjacent ether groups. 

We can easily synthesize derivatives of dDBP(6,CH2,6) using a series of DBP acids. For example, a 

good starting point would be the series of dimers shown below, which use the same three acid 
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precursors DBP-A(6) (DBP(CA,H)), DBP-A(10), and DBP(CA,OHx) used in Chapter 6 for the 

direct ester series. 
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Appendix 
 
A. Modelling 

I. Optimization Methods 

General Calculation Details 

All calculations were carried out using Gaussian 09 in the gas phase. Calculations with a solvent 

(self-consistent reaction field (SCRF) method with chloroform) were attempted but no significant 

differences in the optimized geometries were observed. Unconstrained geometry optimizations for all 

compounds discussed in this thesis were performed in multiple steps. First, a truncated 

dibenzo[a,c]phenazine (DBP) moiety with four peripheral methoxy chains in place of hexyloxy chains 

was constructed and optimized by density functional theory (DFT) calculations using the Becke three 

parameter Lee-Yang-Parr (B3LYP) method at the 6-31G(d) level. Calculations with a second 

polarization (6-31G(d,p)) were attempted on a number of conformers, but no differences were 

observed in the geometries. Each ester, whether monomer or dimer, was constructed from this 

optimized DBP moiety as a starting point. For each DBP ester, multiple conformations are possible; 

the number of conformations of a given compound depends on the complexity and flexibility of the 

molecule (see Monomers and Dimers sections below). 

Monomers 

Each monoester was constructed by taking the optimized DBP moiety, described above, and 

configured with the appropriate ester group to match the chemical structure of the monoester. For a 

given monomer, multiple conformations are possible, namely via the configuration of the ester group. 

The DBP methyl ester DBP(MeE,H) (Fig. A.1(a)), for example, has two conformations the ester 

group can adopt: the carbonyl can be syn (Fig. A.1(b)) or anti (Fig. A.1(c)) to Ha on the DBP core. The 

two conformations of DBP(MeE,H) are then optimized by DFT calculations using the method 

described in the “General Calculation Details” above. In addition, a dispersion correction was applied: 

the Grimme D3 dispersion correction (B3LYP-D3 functional). This was not necessary for the 

monoesters, but it did prove vital when optimizing conformations of the dimers (see later); hence, the 

B3LYP-D3 functional was used to maintain consistency between the calculations of mono- and 

diesters. The conformations of all monomers are summarized in the Results section (section III). 
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Fig. A.1. (a) Schematic of DBP(MeE,H), outlining the seven protons on the DBP ring. Note, as 
mentioned previously, protons d and e cannot be distinguished by 2D NMR, and likewise 
for protons f and g. Assignment of protons d and e was devised by comparing the 
calculated chemical shifts to the experimental shifts, and likewise for protons f and g. The 
two optimized conformers of DBP(MeE,H) are shown to the right, where the carbonyl 
of the ester is either (b) syn or (c) anti to Ha. Hydrogens on the DBP core are shown in 
light grey. 

Dimers 

For each diester, there are various conformations that can be adopted, including both folded 

and unfolded geometries. The number of conformers for a given dimer was determined by considering 

a few geometrical factors: (i) the number of non-degenerate staggered conformations, if any, in the 

Newman projections (eclipsed conformations were strongly disfavoured energetically compared to the 

staggered conformations); (ii) the configuration of the two esters with respect to the linker; (iii) the 

conformations of the two esters in relation to the DBP core. 

As an example, Fig. A.2 outlines all the possible conformations of the (2R,3R)-2,3-butyl DBP 

diester (dDBP(2R,3R)). For dDBP(2R,3R), there are (i) three possible staggered geometries: two 

gauche (G1 and G2) and one anti (A) conformation between the two ester groups. There are (ii) three 

possible configurations between the two esters and the butyl linker: both carbonyls of the ester are syn 

to the methine hydrogen of the linker (+1), one carbonyl is syn and one is anti to the methine hydrogen 

(0), or both carbonyls are anti to the methine hydrogen (-1). Finally, there are (iii) three conformations 

between the two esters and the DBP core: both carbonyls of the ester are syn to Ha (+1), one carbonyl 

is syn and one is anti to Ha (0), or both carbonyls are anti to Ha (-1). 
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Fig. A.2. Schematics of (a) the chemical structure of dDBP(2R,3R), (b) the three staggered 
Newman projections of dDBP(2R,3R), (c) the three configurations of the diester with 
respect to the linker, and (d) the three conformations between the diester and the DBP 
cores. 

As outlined in Fig. A.2, each type of conformation is labelled to help keep track of all the 

possible conformers. For dDBP(2R,3R), summing all configurations yields a total of 3 x 3 x 3 = 27 

conformers; however, there are actually 30 conceivable conformations for dDBP(2R,3R) using the 

method of analysis outlined in Fig. A.2. The extra three conformations arise because for each G1, G2, 

and A conformation when (ii) is 0 and (iii) is 0, there are two possible scenarios: the carbonyl that is 

syn to the methine hydrogen of the butyl linker can either be syn to Ha or anti to Ha of the DBP core, 

and vice versa. This scenario arises for all three staggered configurations, and therefore there are a total 

of 30 possible conformers for dDBP(2R,3R). The optimized structures for the 30 conformations of 

dDBP(2R,3R), along with their relative energies, are summarized in Fig. A.11 and Table A.9 in section 

III. 

All other dimers reported in this thesis were studied in the same way, but they may have a 

different number of total conformations analyzed depending on structure and flexibility of the linker. 

For instance, dDBP(meso) only has 20 possible configurations because, for geometrical factor (i), the 

two gauche conformations are equivalent; hence, there are only two distinguishable staggered 

conformations: gauche (G) and anti (A). The catechol and hydroquinone dimers, dDBP(cat) and 
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dDBP(hyd), respectively, would have an even lower number of degenerate conformers because there 

are no gauche or anti conformations for the sp2 hybridized phenyl linker. The total number of 

conformers for all dimers, along with their relative energies, are summarized in the Results section 

(section III). 

Once the total number of conformers are determined for a dimer, each conformation was 

constructed by joining two DBP moieties, optimized according to the “General Calculation Details” 

section, with the appropriate linking group. Due to the size and flexibility of these molecules, it is often 

difficult to construct a good starting geometry in Gaussian that is close to the lowest energy structure 

for a given conformation. Performing an optimization from a reasonable starting geometry is vital 

because it can significantly reduce the cost of each calculation and increase the probability of reaching 

a local energetic minimum. To obtain a good starting geometry, conformations were first optimized 

with molecular mechanics using the universal force field (UFF). The structures were then optimized 

again with DFT calculations using the B3LYP method at the 6-31G(d) level with an added Grimme 

D3 dispersion correction (B3LYP-D3 functional). This was especially important for folded 

conformers. To validate the reliability of pre-optimizing the conformations with molecular mechanics, 

independent calculations on a few conformations with and without a molecular mechanics pre-

optimization were performed. Results showed that both methods converged to the same local 

conformational minimum (i.e., the same optimized structure was obtained), validating the use of a pre-

optimization. As expected, the calculations without a molecular mechanics pre-optimization were 

significantly more computationally expensive. 
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II. NMR Calculations 

General Calculation Details 

The 1H NMR of each folded conformation was calculated from the optimized geometries. 

The standard Gauge-Independent Atomic Orbital (GIAO) approach was used for the 1H NMR 

calculations at the same DFT level (B3LYP-D3 functional, 6-31G(d) level) used to optimize the 

structures. The GIAO approach has proven useful in calculating the magnetic shielding of protons for 

a wide variety of molecules. The calculated 1H NMR for each conformation was then compared with 

the experimental 1H NMR data. The details of these analyses are summarized in the “Monomers” and 

“Dimers” sections below. 

Monomers 

For each monoester, the 1H NMR of the optimized conformers was calculated according to 

the GIAO method described above. For each conformer of a given monomer, the chemical shifts of 

the seven aromatic protons on the DBP moiety were recorded after being referenced to TMS 

(B3LYP/6-311+G(2d,p) GIAO) in Gaussian 09. The chemical shift of each aromatic proton for a 

given monoester will be denoted as the calculated m. Each monoester has multiple possible 

conformations as described previously. The conformations do not differ appreciably in energy – most 

conformers are within 5 kcal/mol of each other; hence, the calculated m for each monoester was 

determined by taking a non-weighted average of the chemical shift values amongst all the possible 

conformers. To verify the accuracy of the 1H NMR calculations, the average calculated m values were 

compared with the experimental m values (Fig. A.3). All monoesters displayed a fit of R2  0.96; hence, 

the NMR calculations do appear to accurately depict the experimental aromatic region of the 1H NMR. 
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Fig. A.3. Experimental m versus calculated m plots for DBP(MeE,H), mDBP(2R,3R), 
mDBP(2R,3S)/mDBP(2S,3R), mDBP(trans), mDBP(cis), and mDBP(3,OMe). 
For each graph, two series are plotted: d-e-f-g and e-d-g-f. These two series are plotted 
separately because, as elucidated in Fig. A.1, proton pairs d/e and f/g are indistinguishable 
by experimental NMR methods; however, HSQC and HMBC NMR experiments do 
show proton pairs d/f and e/g are on the same ring. Two possibilities therefore arise: 
series d-e-f-g (black), which assumes protons d and f are downfield relative to protons e 
and g, respectively, and series e-d-g-f (red), which assumes protons e and g are downfield 
relative to protons d and f, respectively. 

Evidently from Fig. A.3, the calculated and experimental m values do not change appreciably 

between the two monomers, suggesting the nature of the ester group does not significantly influence 

the aromatic chemical shifts. Indeed, the 1H NMRs are very similar across the monomeric series. To 

avoid small discrepancies in m values between the monomers, mDBP(2R,3R) and mDBP(trans) 

were used to represent the dm values in Chapters 2 and 3, respectively. 
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Dimers 

NMR calculations were performed on all optimized folded conformers for each dimer studied 

in Chapters 2, 3 and 5 (except the hydroquinone dimers, since these structures cannot adopt a folded 

conformation). For each conformer, the chemical shifts of the seven aromatic protons on the DBP 

moiety were recorded after being referenced to TMS (B3LYP/6-311+G(2d,p) GIAO) in Gaussian 09. 

The degree of upfield shift, Δ, for each aromatic proton in a folded conformer of a dimer with respect 

to a monomer was calculated according to equation A.1, 

 ∆𝛿 =  𝛿𝑚 −  𝛿𝑑 (A.1) 

where m and d are the chemical shifts of each aromatic proton for a monomer or a dimer, respectively. 

For each dimer, the observed Δ values were plotted against the calculated Δ values for each folded 

conformation to determine which conformer best represents the upfield shift observed in solution. 

These plots are shown in the Results section, along with the NMR fit (R2 value) and slope of the line. 

III. Results 

Monomers 

This section describes the total number of conformations, the relative energy of each 

conformation, ΔE, and the geometry of each conformation for each monoester, all summarized in 

Table A.1−Table A.8 and Fig. A.4−Fig. A.10. The ΔE for each conformation is proportionate to the 

lowest energy conformation; the lowest energy conformer for each monomer is set at 0 kcal/mol. 

DBP(MeE,H) 

Two conformations were analyzed for DBP(MeE,H), as described in Fig. A.1. 

Table A.1. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of DBP(MeE,H). 
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mDBP(2R,3R) 

Twelve conformations were analyzed for mDBP(2R,3R). The 12 conformations arise from 

the following geometrical factors: there are three possible staggered conformations from the Newman 

projection of the C2−C3 bond of the butyl linker – two gauche (G1 and G2) and one anti (A) 

conformation between the ester and the hydroxy group. There are two starting configurations between 

the ester and the butyl group – the carbonyl is syn (+1/2) or anti (-1/2) to the methine hydrogen on 

the adjacent carbon of the butyl chain. Finally, there are two starting configurations between the ester 

and the DBP core – the carbonyl is syn (+1/2) or anti (-1/2) to H(a) of the DBP core (see Fig. A.1 for 

schematic of the DBP core). 

Table A.2. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of mDBP(2R,3R). 
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Fig. A.4. Schematics of all 12 conformations for mDBP(2R,3R). The number displayed in the 
figure corresonds to the conformation number in Table A.2. Hydrogens on the DBP 
core are shown in light grey. 

mDBP(2R,3S)/mDBP(2S,3R) 

Eight conformations were analyzed for mDBP(2R,3S)/mDBP(2S,3R). The 8 

conformations arise from the following geometrical factors: there are two possible staggered 

conformations from the Newman projection of the C2−C3 bond of the butyl linker – one gauche (G; 

both gauche conformations are identical) and one anti (A) conformation between the ester and the 

hydroxyl group of the butyl chain. There are two starting configurations between the ester and the 

butyl group – the carbonyl is syn (+1/2) or anti (-1/2) to the methine hydrogen on the adjacent carbon 

of the butyl chain. Finally, there are two starting configurations between the ester and the DBP core – 

the carbonyl is syn (+1/2) or anti (-1/2) to H(a) of the DBP core (see Fig. A.1 for schematic of the 

DBP core). 
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Table A.3. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of mDBP(2R,3S)/mDBP(2S,3R). 

 
 

 

Fig. A.5. Schematics of all 8 conformations for mDBP(2R,3S)/mDBP(2S,3R). The number 
displayed in the figure corresponds to the conformation number in Table A.3. 
Hydrogens on the DBP core are shown in light grey. 
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mDBP(trans) 

Eight conformations were analyzed for mDBP(trans). The 8 conformations arise from the 

following geometrical factors: there are two possible configurations for the chair conformation of the 

cyclohexyl group – the ester is in the equatorial (Eq) or axial (Ax) position. There are two starting 

configurations between the ester and the cyclohexyl group – the carbonyl is syn (+1/2) or anti (-1/2) 

to the methine hydrogen on the adjacent carbon of the cyclohexyl ring. Finally, there are two starting 

configurations between the ester and the DBP core – the carbonyl is syn (+1/2) or anti (-1/2) to H(a) 

of the DBP core (see Fig. A.1 for schematic of the DBP core). 

Table A.4. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of mDBP(trans). 
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Fig. A.6. Schematics of all 8 conformations for mDBP(trans). The number displayed in the 
figure corresponds to the conformation number in Table A.4. Hydrogens on the DBP 
core are shown in light grey. 

mDBP(cis) 

Eight conformations were analyzed for mDBP(cis). The 8 conformations arise from the 

following geometrical factors: there are two possible configurations for the chair conformation of the 

cyclohexyl group – the ester is in the equatorial (Eq) or axial (Ax) position. There are two starting 

configurations between the ester and the cyclohexyl group – the carbonyl is syn (+1/2) or anti (-1/2) 

to the methine hydrogen on the adjacent carbon of the cyclohexyl ring. Finally, there are two starting 

configurations between the ester and the DBP core – the carbonyl is syn (+1/2) or anti (-1/2) to H(a) 

of the DBP core (see Fig. A.1 for schematic of the DBP core). 
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Table A.5. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of mDBP(cis). 

 

 

 

Fig. A.7. Schematics of all 8 conformations for mDBP(cis). The number displayed in the figure 
corresponds to the conformation number in Table A.5. Hydrogens on the DBP core are 
shown in light grey. 
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DBP(H,OMe) 

Five conformations were analyzed for DBP(H,OMe). The 5 conformations arise from the 

following geometrical factors: there are five configurations between the methoxy group and the DBP 

core – dihedral angles of 0°, 45°, 90°, 135°, or 180° relative to H(a) (see Fig. A.1 for schematic of the 

DBP core). 

Table A.6. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of DBP(H,OMe). 

 
 

 

Fig. A.8. Schematics of the 2 optimized conformations for DBP(H,OMe). The number 
displayed in the figure corresponds to the conformation number in Table A.6. 
Hydrogens on the DBP core are shown in light grey. 

DBP(MeE,OMe) 

Eight conformations were analyzed for DBP(MeE,OMe). The 8 conformations arise from 

the following geometrical factors: there are two possible configurations between the ester and the DBP 

core – the ester is syn (+1/2; 0°) or anti (-1/2; 180°) to H(a) of the DBP core (see Fig. A.1 for schematic 

of the DBP core). Other angles were not tested because modelling in Chapter 4 (section 4.7.8) showed 

the ester is preferentially planar to the DBP core. There are four possible configurations between the 

methoxy group and the DBP core – dihedral angles of 0°, 45°, 90°, or 135° relative to H(a). The 180° 

dihedral angle cannot be optimized due to significant steric hinderance between the methoxy group 

and the ester in this configuration. 
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Table A.7. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of DBP(MeE,OMe). 

 
 

 

Fig. A.9. Schematics of the 5 optimized conformations for DBP(MeE,OMe). The number 
displayed in the figure corresponds to the conformation number in Table A.7. 
Hydrogens on the DBP core are shown in light grey. 

mDBP(3,OMe) 

Four conformations were analyzed for mDBP(3,OMe). The 4 conformations arise from the 

following geometrical factors: there are two possible configurations between the ester and the propyl 

chain – the carbonyl is syn (+1/2) or anti (-1/2) to the methylene hydrogens on the adjacent carbon 

of the 3-hydroxypropyl group. There are two starting configurations between the ester and the DBP 

core – the carbonyl is syn (+1/2) or anti (-1/2) to H(a) of the DBP core (see Fig. A.1 for schematic of 

the DBP core). For all 4 conformers, the orthro methoxy group is initially set planar to the DBP core, 

with the methyl group pointing away from the ester. This configuration was found to be energetically 

favourable according to calculations of DBP(H,OMe) and DBP(MeE,OMe) described above. 
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Table A.8. The total number of conformations, energies, relative energies, and number of 
imaginary frequencies for each conformer of DBP(MeE,OMe). 

 
 

 

Fig. A.10. Schematics of all 4 conformations for mDBP(3,OMe). The number displayed in the 
figure corresponds to the conformation number in Table A.8. Hydrogens on the DBP 
core are shown in light grey. 

Dimers 

This section describes, for each dimer, the total number of conformations, the relative energy 

of each conformation, ΔE, the geometry of each conformation, and the observed Δ versus calculated 

Δ 1H NMR fits for each folded conformation. The ΔE for each conformation is proportionate to the 

lowest energy conformation; the lowest energy conformation for each dimer is set at 0 kcal/mol. For 

each experimental Δ versus calculated Δ 1H NMR graph, two series are plotted: d-e-f-g and e-d-g-f. 

These two series are plotted separately because, as elucidated in Fig. A.3, proton pairs d/e and f/g are 

indistinguishable by experimental NMR methods; however, HSQC and HMBC NMR experiments do 

show protons d/f and e/g are on the same ring. Therefore, two possibilities arise: series d-e-f-g (black), 

which assumes protons d and f are downfield relative to protons e and g, respectively, and series e-d-g-

f (blue), which assumes protons e and g are downfield relative to protons d and f, respectively. 
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dDBP(2R,3R) 

Thirty conformations were analyzed for dDBP(2R,3R). As described in Fig. A.2, the 30 

conformations arise from the following geometrical factors: there are three possible staggered 

conformations along the C2−C3 bond of the butyl linker – two gauche (G1 and G2) and on anti (A) 

conformation between the two esters. There are three starting configurations between the two esters 

and the butyl linker – both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti 

(0), or both carbonyls are anti (-1) to the methine hydrogens on the adjacent carbons of the butyl chain. 

Finally, there are three starting configurations between the two esters and the DBP core – both 

carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls are anti 

(-1) to H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 
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Table A.9. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(2R,3R). The conformer with the best R2 is bolded. * Carbonyl syn 
to the methine H is anti to H(a); ** carbonyl anti to the methine H is anti to H(a). 
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Fig. A.11. Schematics of all 30 conformations for dDBP(2R,3R). The number displayed in the 
figure corresponds to the conformation number in Table A.9. For each conformation, 
the DBP core that appears in front is coloured in violet, and the other DBP core in the 
back is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.12. Experimental Δ versus calculated Δ NMR plots for each of the 30 conformations 
analyzed for dDBP(2R,3R). The title of each plot refers to the conformation number 
in Table A.9 and Fig. A.11. 

dDBP(meso) 

Twenty conformations were analyzed for dDBP(meso). The 20 conformations arise from 

the following geometrical factors: there are two possible staggered conformations from the Newman 

projection along the C2−C3 bond of the butyl linker – one gauche (G; both gauche conformations are 

identical) and one anti (A) conformation between the two esters. There are three configurations 

between the two esters and the butyl linker – both carbonyls are syn (+1), one carbonyl is syn and the 

other carbonyl is anti (0), or both carbonyls are anti (-1) to the methine hydrogens on the adjacent 

carbons of the butyl chain. Finally, there are three starting configurations between the two esters and 
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the DBP core – both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or 

both carbonyls are anti (-1) to H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 

Table A.10. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(meso). The conformer with the best R2 is bolded. * Carbonyl syn 
to the methine H is anti to H(a); ** carbonyl anti to the methine H is anti to H(a). 
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Fig. A.13. Schematics of all 20 conformations for dDBP(meso). The number displayed in the 
figure corresponds to the conformation number in Table A.10. For each conformation, 
the DBP core that appears in front is coloured in violet, and the other DBP core in the 
back is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.14. Experimental Δ versus calculated Δ NMR plots for each of the 20 conformations 
analyzed for dDBP(meso). The title of each plot refers to the conformation number in 
Table A.10 and Fig. A.13. 
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dDBP(cat) 

Six conformations were analyzed for dDBP(cat). The 6 conformations arise from the 

following geometrical factors: there are two starting configurations between the two esters and the 

phenyl linker – the carbonyls are in the same plane (+1/2) or opposite planes (-1/2) of the benzene 

ring. There are three starting configurations between the two esters and the DBP core – both carbonyls 

are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls are anti (-1) to 

H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 

Table A.11. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(cat). The conformer with the best R2 is bolded. 

 
 

 

Fig. A.15. Schematics of all 6 conformations for dDBP(cat). The number displayed in the figure 
corresponds to the conformation number in Table A.11. For each conformation, the 
DBP core that appears in front is coloured in violet, and the other DBP core in the back 
is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.16. Experimental Δ versus calculated Δ NMR plots for each of the 6 conformations 
analyzed for dDBP(cat). The title of each plot refers to the conformation number in 
Table A.11 and Fig. A.15. 

dDBP(hyd) 

Twelve conformations were analyzed for dDBP(hyd). The 12 conformations arise from the 

following geometrical factors: there are four starting configurations between the two esters and the 

phenyl linker – the dihedral angle between both carbonyls is 0° (+3/2), 90° (+1/2), 180° (-1/2), or 

270° (-3/2). There are three starting configurations between the two esters and the DBP core – both 

carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls are anti 

(-1) to H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 
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Table A.12. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of dDBP(hyd). The lowest energy conformer is bolded. 
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Fig. A.17. Schematics of all 12 conformations for dDBP(hyd). The number displayed in the figure 
corresponds to the conformation number in Table A.12. For each conformation, the 
DBP core on the right is coloured in violet, and the other DBP core on the left is 
coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 

dDBP(trans) 

Twenty conformations were analyzed for dDBP(trans). The 20 conformations arise from the 

following geometrical factors: there are two possible chair conformers – both esters are equatorial 

(dEq) or both esters are axial (dAx). There are three configurations between the two esters and the 

cyclohexyl linker – both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), 

or both carbonyls are anti (-1) to the methine hydrogens on the adjacent carbons of the cyclohexane 

ring. Finally, there are three configurations between the two esters and the DBP core – both carbonyls 

are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls are anti (-1) to 

H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 
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Table A.13. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(trans). The conformer with the best R2 is bolded. * Carbonyl syn 
to the methine H is anti to H(a); ** carbonyl anti to the methine H is anti to H(a). 
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Fig. A.18. Schematics of all 20 conformations for dDBP(trans). The number displayed in the 
figure corresponds to the conformation number in Table A.13. For each conformation, 
the DBP core that appears in front is coloured in violet, and the other DBP core in the 
back is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.19. Experimental Δ versus calculated Δ NMR plots for each of the 20 conformations 
analyzed for dDBP(trans). The title of each plot refers to the conformation number in 
Table A.13 and Fig. A.18. 
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dDBP(cis) 

Sixteen conformations were analyzed for dDBP(cis). The 16 conformations arise from the 

following geometrical factors: there is only one non-degenerate chair conformer, where one ester is in 

the equatorial position and the other is in the axial position. There are four configurations between the 

two esters and the methine proton of the cyclohexyl linker – both carbonyls are syn (+3/2), the 

equatorial carbonyl is anti and the axial carbonyl is syn (+1/2), the equatorial carbonyl is syn and the 

axial carbonyl is anti (-1/2), or both carbonyls are anti (-3/2) to the methine protons on the adjacent 

carbons of the cyclohexane ring. Finally, there are four configurations between the esters and the DBP 

core – both carbonyls are syn (+3/2), the equatorial carbonyl is anti and the axial carbonyl is syn 

(+1/2), the equatorial carbonyl is syn and the axial carbonyl is anti (-1/2), or both carbonyls are anti  

(-3/2) to H(a) (see Fig. A.1 for schematic of the DBP core). Further attempts to optimize unfolded 

conformers were conducted under the same geometrical parameters listed above, yielding one 

additional conformation, number 17 in Table A.14. 

Table A.14. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(cis). The conformer with the best R2 is bolded. 
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Fig. A.20. Schematics of all 17 conformations for dDBP(cis). The number displayed in the figure 
corresponds to the conformation number in Table A.14. For each conformation, the 
DBP core that appears in front is coloured in violet, and the other DBP core in the back 
is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.21. Experimental Δ versus calculated Δ NMR plots for each of the 17 conformations 
analyzed for dDBP(cis). The title of each plot refers to the conformation number in 
Table A.14 and Fig. A.20. 

dDBP(3,H) 

Twenty conformations were analyzed for dDBP(3,H), ten folded (F) and ten unfolded (U). 

The folded conformations are generated by adjusting the dihedral angles of the three carbons on the 

propyl linker to ~60° (gauche). The unfolded conformations are generated by adjusting the dihedral 

angles of the three carbons on the propyl linker to ~180° (anti). The 10 folded and 10 unfolded 

conformations arise from the following geometrical factors: there are three configurations between the 

two esters and the propyl linker – both carbonyls are syn (+1), one carbonyl is syn and the other 

carbonyl is anti (0), or both carbonyls are anti (-1) to the methylene hydrogens on the adjacent carbons 

of the propylene chain. There are three configurations between the two esters and the DBP core – 

both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls 

are anti (-1) to H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 
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Table A.15. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(3,H). The conformer with the best R2 is bolded. * Carbonyl syn to 
the methylene Hs is anti to H(a); ** carbonyl anti to the methylene Hs is anti to H(a). 
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Fig. A.22. Schematics of all 20 conformations for dDBP(3,H). The number displayed in the figure 
corresponds to the conformation number in Table A.15. For each conformation, the 
DBP core that appears in front is coloured in violet, and the other DBP core in the back 
is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.23. Experimental Δ versus calculated Δ NMR plots for each of the 10 folded conformations 
analyzed for dDBP(3,H). The title of each plot refers to the conformation number in 
Table A.15 and Fig. A.22. 

dDBP(3,OMe) 

Twenty conformations were analyzed for dDBP(3,OMe), ten folded (F) and ten unfolded 

(U). The folded conformations are generated by adjusting the dihedral angles of the three carbons on 

the propyl linker to ~60° (gauche). The unfolded conformations are generated by adjusting the dihedral 

angles of the three carbons on the propyl linker to ~180° (anti). For all 20 conformers, the orthro 

methoxy group is initially set planar to the DBP core, with the methyl group pointing away from the 

ester. This configuration was found to be energetically favourable according to calculations of 
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DBP(H,OMe) and DBP(MeE,OMe). The 10 folded and 10 unfolded conformations arise from the 

following geometrical factors: there are three configurations between the two esters and the propyl 

linker – both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), or both 

carbonyls are anti (-1) to the methylene hydrogens on the adjacent carbons of the propylene chain. 

There are three configurations between the two esters and the DBP core – both carbonyls are syn (+1), 

one carbonyl is syn and the other carbonyl is anti (0), or both carbonyls are anti (-1) to H(a) on the 

DBP core (see Fig. A.1 for schematic of the DBP core). 

Table A.16. The total number of conformations, energies, relative energies, number of imaginary 

frequencies, and R2 fit and slope from the observed Δ versus Δcalc plots for each 
conformer of dDBP(3,OMe). The conformer with the best R2 is bolded. * Carbonyl syn 
to the methylene Hs is anti to H(a); ** carbonyl anti to the methylene Hs is anti to H(a). 
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Fig. A.24. Schematics of all 20 conformations for dDBP(3,OMe). The number displayed in the 
figure corresponds to the conformation number in Table A.16. For each conformation, 
the DBP core that appears in front is coloured in violet, and the other DBP core in the 
back is coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Fig. A.25. Experimental Δ versus calculated Δ NMR plots for each of the 10 folded conformations 
analyzed for dDBP(3,OMe). The title of each plot refers to the conformation number 
in Table A.16 and Fig. A.24. 

dDBP(hyd,OMe) 

Twelve conformations were analyzed for dDBP(hyd,OMe) (truncated version of 

dDBP(hyd,OHx)). For all 12 conformers, the orthro methoxy group is initially set planar to the DBP 

core, with the methyl group pointing away from the ester. This configuration was found to be 

energetically favourable according to calculations of DBP(H,OMe) and DBP(MeE,OMe). The 12 

conformations arise from the following geometrical factors: there are four starting configurations 

between the two esters and the phenyl linker – the dihedral angle between both carbonyls is 0° (+3/2), 
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90° (+1/2), 180° (-1/2), or 270° (-3/2). There are three starting configurations between the two esters 

and the DBP core – both carbonyls are syn (+1), one carbonyl is syn and the other carbonyl is anti (0), 

or both carbonyls are anti (-1) to H(a) on the DBP core (see Fig. A.1 for schematic of the DBP core). 

Table A.17. The total number of conformations, energies, relative energies, and number of imaginary 
frequencies for each conformer of dDBP(hyd,OMe). The lowest energy conformer is 
bolded. 
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Fig. A.26. Schematics of all 12 conformations for dDBP(hyd,OMe). The number displayed in the 
figure corresponds to the conformation number in Table A.17. For each conformation, 
the DBP core on the right is coloured in violet, and the other DBP core on the left is 
coloured in grey. Hydrogens on the DBP core in violet are shown in light grey. 
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Appendix 
 
B.  ROESY Data 

 

Fig. B.1. 2D ROESY spectrum of mDBP(2R,3R) zoomed into the aromatic region. 
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Fig. B.2. 2D ROESY spectrum of dDBP(2R,3R) zoomed into the aromatic region. 
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Fig. B.3. 2D ROESY spectrum of mDBP(meso) zoomed into the aromatic region. 


