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ABSTRACT 

 

Liquid crystals are a promising class of materials used in or proposed for a wide 

variety of applications, ranging from liquid crystal displays and light emitting diodes to 

photovoltaic devices and field effect transistors. Many molecular level structural features 

are known to influence the properties of liquid crystalline materials, but the outcome of 

this influence is often poorly understood. 

A strategy was developed for the formation of elliptical mesogens having a shape 

intermediate between the well-known rods and discs by rigidly linking two disc-shaped 

molecules. These studies have led to investigations of structure-property relationships in 

discotic and elliptical mesogens, including not only the effect of shape and overall 

symmetry, but also the influence of the presence and position of a nitrogen atom in the 

core, the location of functional groups, and the length of alkoxy chains.  

Disc-shaped molecules were assembled through the condensation of 2,3,6,7-

tetrakis(alkoxy)phenanthrene-9,10-diones with diamines, allowing the preparation of 

mesogens bearing a wide variety of functional groups. A simple and inexpensive 

capillary furnace was developed to improve and facilitate the study of liquid crystalline 

materials using variable temperature X-ray diffraction. 

Two of the systems studied appear to form elliptical mesogens through hydrogen 

bonding, and it was found that elongation of the mesogen shape from a disc to an ellipse 
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promotes the formation of nematic and rectangular columnar phases, as well as 

supercooling of the columnar phases resulting in columnar ordering at room temperature.  

The formation of non-elliptical dimers of discs was attempted in two different 

ways, but in both cases, no rigidly-linked dimers were observed in the mesophases. 

However, one of these systems was found to result in solution self-assembly and in 

hexagonal columnar phases stable over remarkably broad temperature ranges, which 

appears to be the result of hydrogen bonding within the columns.  

 
Keywords: Liquid crystals, structure-property relationships, discotic, hybrid-shaped 
mesogens, self-assembly, variable temperature X-ray diffraction, capillary furnace. 
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1.1 6BThesis topic 

This thesis describes efforts towards the development of unconventionally shaped 

liquid crystalline compounds formed by rigidly linking two disc-shaped molecules. 

Notably, one of the shapes targeted is an ellipse, which could be regarded as intermediate 

between the well-known rods and discs. Through the study of the self-assembly observed 

in these systems, the effects of shape on liquid crystalline behaviour were probed. 

Furthermore, other structure-property relationships in discotic and elliptical mesogens 

were investigated, such as the effect of symmetry, chain length, the nature and position of 

functional groups and the presence and position of a nitrogen atom in the core. The 

following sections introduce the various topics discussed in the course of the thesis.  
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1.2 7BSelf-assembly and liquid crystals 

1.2.1 21BSelf-assembly 

Self-assembly, the process by which subunits reversibly organise to form ordered 

aggregates, allows the spontaneous formation of complex structures that are under 

thermodynamic control and may therefore be capable of self-healing.1-6 Many such 

systems are found in nature, including the DNA double helix, the 3D structure of 

proteins, and the lipid double layers that constitute the basis of cell membranes. The 

ubiquitous presence of self-assembly in nature and life has greatly motivated the study of 

this phenomenon,7,8 which has also been also been the focus of much attention in non-

natural systems because it allows the spontaneous creation of complex structures from 

relatively simple components.9-11 As such, its use has been proposed for applications 

ranging from microelectronics12 to tissue engineering13 and drug delivery,14 to name only 

a few. A wide variety of materials can self-assemble, an important class of which are 

liquid crystals (LCs). 

1.2.2 22BThermotropic liquid crystals 

Thermotropic liquid crystalline phases15-18 are phases of matter that form either 

when heating crystalline solids or cooling isotropic liquids, and that share properties with 

both of these phases (466HFigure 1.1). Crystalline solids lack fluidity but possess three-

dimensional positional and orientational ordering, while isotropic liquids are fluid and 

have no long-range order. Liquid crystalline phases are characterised by the simultaneous 

presence of fluidity and of some ordering (orientational and sometimes positional).  
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Figure 1.1 Typical phase sequence observed for thermotropic liquid crystals. 

The transition from a crystalline solid to a liquid crystal is known as the melting 

point (Tm), and the transition from liquid crystal to isotropic liquid is the clearing point 

(Tc). Because they have properties intermediate between those of crystalline solids and 

isotropic liquids, liquid crystalline phases are referred to as mesomorphic phases or 

mesophases, and the compounds that form them are called mesogens.  

Materials exhibiting mesophases both on heating and on cooling are termed 

enantiotropic liquid crystals. In some cases, liquid crystalline phases are observed only on 

cooling, meaning that the phases are only kinetically metastable rather than 

thermodynamically stable, in which case they are referred to as monotropic liquid 

crystals.  
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1.2.3 Types of mesogens and liquid crystalline phases 

Most molecules do not form any liquid crystalline phases, they rather melt 

directly from crystalline solids to isotropic liquids. The initial discovery of liquid crystals 

is widely credited to Friedrich Reinitzer,19-21 who observed in 1888 a double melting for 

cholesteryl benzoate. 

Compounds that do form mesophases are characterised by shape anisotropy, and 

types of mesogens are defined by molecular shape, which also largely determines the 

types of phases formed. There are two main types of well-known and widely studied 

mesogens, described below.  

57BCalamitic mesogens16,18,22,23 

The first widely studied mesogens were rod-shaped molecules, now referred to as 

calamitic mesogens.19,20 They typically consist of an elongated aromatic core with an 

alkyl chain at one or both ends; examples of calamitic mesogens are shown in 467HFigure 1.2.  

N O
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c d

 

Figure 1.2 Selected examples of calamitic mesogens:22 a) mesogen developed in 1924 by 
Vorländer; b) simple oligophenyl derivative; c) cyano-biphenyl derivative, a class of 
mesogens giving rise to room temperature nematic phases; d) example of a calamitic 
mesogen with a more unconventional core.  
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The simplest liquid crystalline phase formed by calamitic mesogens is the nematic 

phase (N), in which the molecules share a preferred orientation but have no positional 

ordering (468HFigure 1.3). The other type of mesophases commonly formed by rod-shaped 

molecules are smectic phases, in which the molecules share a preferred orientation and 

form a layered structure, thus imparting some positional ordering. There are many types 

of smectic phases; two of the most common (SA and SC) are illustrated in 469HFigure 1.3. 

 

Figure 1.3 Liquid crystalline phases typically formed by calamitic mesogens. 

58BDiscotic mesogens24-27 

A new class of mesogens, disc-shaped molecules, was discovered in 1977 by 

Chandrasekhar who investigated benzene-hexa-n-alkanoates ( 470HFigure 1.4).28 Discotic 

liquid crystals typically consist of a flat rigid aromatic core surrounded by alkyl chains. 

The most extensively studied discotic mesogens are triphenylene derivatives,29,30 but 

many other structures are known, as illustrated in 471HFigure 1.5. 
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Figure 1.4 Structure of the discotic liquid crystals investigated by Chandrasekhar in 1977. For 
n = 4 and 9, the compounds are non-mesogenic, compounds with n = 5-7 are 
enantiotropic liquid crystals and when n = 8 the compound exhibits a monotropic 
mesophase.28 
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Figure 1.5 Selected examples of discotic mesogens:24,27 a) widely studied triphenylene 
derivatives; b) truxene derivatives; c) example of a large-core mesogen, 
hexabenzocoronene derivatives; d) example of a heterocyclic core, 
tricycloquinazoline derivatives. 
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Like calamitic mesogens, disc-shaped molecules can form nematic phases (N) in 

which the molecules share a preferred orientation, but display no positional ordering. 

However, discotic mesogens most commonly assemble into columnar phases, in which 

the molecules stack on top of one another to form more or less ordered columns. These 

two types of phases are illustrated in 472HFigure 1.6.  

 

Figure 1.6 Liquid crystalline phases typically formed by discotic mesogens, showing a 
columnar phase with more or less intra-columnar ordering, and a nematic phase. 

The columns formed by stacks of discotic mesogens can pack in a variety of 

manners, to create different types of columnar phases. The most commonly observed is 

the hexagonal columnar phase (Colh), which forms through the packing of columns 

having a circular cross-section. Rectangular columnar phases (Colr) are also known, and 

can be formed if the circular mesogens are tilted within the columns, thus giving rise to 

columns having an elliptical cross-section. 
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Figure 1.7 Hexagonal columnar phase (with lattice parameter a) most commonly formed by 
circular columns, and three examples of rectangular columnar phases (with lattice 
parameters a ≠ b) formed by elliptical columns, which can arise if circular mesogens 
are tilted with respect to the columnar axis. The rectangular columnar phases 
illustrated in top view include one primitive lattice and two face centred lattices. 

1.2.4 23BApplications of liquid crystalline materials 

Research concerning liquid crystals is largely motivated by the numerous 

applications developed or envisioned for these materials. Their potential for various 

applications mainly stems from the spontaneous way in which they order, giving rise to 

anisotropic properties (optical, dielectric, etc.), and the possibility to align them in 

response to external stimuli, which can allow addressable devices or help to avoid grain 

boundaries that can arise in polycrystalline solids. 
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The most widely known application of liquid crystalline materials is undoubtedly 

in liquid crystal displays (LCDs)17,31-34 used not only in computer screens but also for 

televisions and other applications requiring a display, such as calculators, mobile phones 

and many others. LCDs are typically made using calamitic mesogens having a room 

temperature nematic phase. Early liquid crystal displays had narrow viewing angles, 

outside of which image quality was very poor. Discotic mesogens having nematic phases, 

which are relatively uncommon, are now often used to form an optical compensation 

layer that increases the viewing angle of LCDs, leading to better performances.35-38 

Although LCDs are their most common application, calamitic mesogens can also 

be useful in a variety of other devices, such as spatial light modulators, which can 

modulate the intensity, phase or polarisation of light in space or time. They include 

shutters, polarisation rotators, tuneable filters and waveguides, to name only a few.39,40 

Other fields in which calamitic liquid crystals have been used or investigated include 

holography40,41 and thermography.42,43 

Discotic mesogens forming columnar phases have also been considered for a 

range of applications. One of the most interesting characteristic of these phases is their 

anisotropic charge transport properties,44,45 which make them good candidates for organic 

electronic devices such as organic field-effect transistors, photovoltaic solar cells and 

organic light emitting diodes.26,46 However, the columnar phases of discotic mesogens are 

commonly observed at high temperatures rather than at room temperature, which is often 

a limitation considering that many applications need to operate at room temperature.  



 

 11

1.3 8BUnconventional mesogen shapes 

Shape plays a prominent role in determining whether a molecule forms liquid 

crystalline phases and, if so, what kind of mesophases it exhibits. Shape is therefore 

arguably one of the most fundamental structural factors determining the properties of 

liquid crystalline materials. 

Until recently, few molecular shapes were considered compatible with the 

formation of liquid crystalline phases, with the rod-shaped and disc-shaped mesogens 

described above receiving by far the most attention. This preconception has largely been 

dispelled by the rapid development of unconventionally shaped mesogens, some of which 

are briefly described in the following sections. This newly discovered structural diversity 

highlights how much of mesogenic shape-space has yet to be explored.  

1.3.1 24BVarious mesogen shapes 

Bent-core mesogens,47-50 whose development started in earnest in the 1990s, have 

a structure similar to calamitic mesogens but with a bend introduced in the aromatic core, 

thus leading to a banana-type shape (473HFigure 1.8a). Bent-core mesogens have attracted 

considerable interest because they can lead to polar phases. They not only form smectic 

mesophases, but also columnar mesophases in which the columnar cross-section consists 

of several molecules. T-shaped mesogens51,52 are also structurally similar to calamitic 

mesogens, this time with a branch introduced in the aromatic core (474HFigure 1.8b). These 

types of mesogens have been found to exhibit nematic phases.  
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Figure 1.8 Examples of unconventionally-shaped mesogens: a) bent-core;53 b) T-shape;52 
c) bowlic;54 d) ring-shaped.55 

There are also examples of unconventionally shaped mesogens that form 

columnar phases in a manner similar to discotic liquid crystals. Bowlic mesogens54,56,57 

( 475HFigure 1.8c) can lead to columnar phases having polar ordering, while ring-shaped 
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mesogens ( 476HFigure 1.8d) have been shown to form columnar phases having central 

channels,55 or aliphatic chains in the middle of the columns.58 

Compounds having shapes very distinctive from rods and discs have also been 

found to be mesogenic, such as molecules having tetrahedral (477HFigure 1.9a) or octahedral 

( 478HFigure 1.9b) cores, which can both form columnar phases.59 Ball-shaped dendritic 

molecules60-62 (479HFigure 1.10), having mesogenic groups attached to a dendritic core 

through a flexible spacer, can give rise to smectic or columnar phases.  
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Figure 1.9 Examples of unconventionally-shaped mesogens: a) tetrahedral;63 b) octahedral.64  
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Figure 1.10 Example of unconventionally-shaped mesogen: dendrimer.65  

1.3.2 25BHybrid-shaped mesogens 

An interesting class of unconventionally shaped mesogens are the so-called 

hybrid mesogens, which have a shape intermediate between the well-known rods and 

discs. Two mesogen shapes that can be described as such hybrids are presented below. 

59BPolycatenar mesogens 

Polycatenar mesogens consist of a polyaromatic rod-like core (with rings 

connected in the para position) having two or three alkyl chains grafted on each of the 

two terminal rings, and are often described as a rod ending in two half-discs, a shape 

intermediate between rods and discs.66,67 
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 Figure 1.11 The first studied polycatenar mesogens.68 

The first polycatenar mesogens were reported in 1985 (480HFigure 1.11), and formed 

columnar phases with oblique or hexagonal lattices.68 It was proposed that these phases 

are assembled through the stacking of disc-like clusters of a few molecules, as 

schematically illustrated in 481HFigure 1.12.67 

 

Figure 1.12 Schematic illustration of the proposed structure of columnar phases formed by 
polycatenar mesogens involving the stacking of disc-like clusters of a few molecules 
(molecules are depicted as purple rounded rectangles) to form circular columns as 
outlined in gray. 

On the other hand, some polycatenar mesogens display a much more varied 

mesomorphic behaviour: smectic, nematic and cubic phases have all been observed in 

addition to columnar phases. In certain cases (often polycatenar mesogens having a total 
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of four alkyl chains), many different phase types are observed within the same series or 

even for a single compound.66,67 An example of such a system is shown in 482HFigure 1.13.69 
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Figure 1.13 Structure and phase behaviour of two polycatenar mesogens. Transition 
temperatures are given in °C above the arrows.69 

Polycatenar mesogens can exhibit phases typically observed for calamitic 

mesogens (smectic), as well as phases typically observed for discotic mesogens 

(columnar). As such, their mesomorphic properties are truly intermediate between those 

of the well-known rods and discs, although the columnar phases displayed by polycatenar 

mesogens (formed by stacks of disc-like clusters of 2-4 molecules, as schematically 

illustrated in 483HFigure 1.12) are structurally different from those observed with discotic 

mesogens (formed by stacks of single molecules). 

60BElliptical mesogens 

Another strategy to create a shape intermediate between a rod and a disc is to 

elongate one of the long axes of a disc, thus making it more rod-like and resulting in a 

roughly elliptical shape. This strategy has received comparatively little attention, but 
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there are several examples of mesogens that could be regarded as approximately 

elliptical, although some were not described that way in the original reports. 

As of 2008, two examples of mesogens described as elliptical were found in the 

literature excluding the present work. The first, reported by Park and co-workers, is 

somewhat reminiscent of polycatenar mesogens, but with a non-linear core imparting it 

more width.70 This compound displays both rectangular and hexagonal columnar phases. 

The second are hemiporphyrazine derivatives exhibiting exclusively hexagonal columnar 

phases.71 Both systems are illustrated in 484HFigure 1.14. 
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Figure 1.14 Elliptical mesogens developed by a) Park and co-workers;70 b) Torres and 
co-workers.71 
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Figure 1.15 Examples of elliptical metallomesogens showing lamellar or columnar phases 
depending on the number of alkyl chains developed by a) Tschierske and 
co-workers;72 b) Ohta and co-workers.73 

The two metallomesogens (mesogens containing a metal atom) illustrated in 

485HFigure 1.15 could also be regarded as having an elliptical shape.72,73 In both cases, it was 

found that an increase in the number of alkyl chains led to a change in the type of 

mesophases formed, going from lamellar type smectic phases to columnar phases. 

Perylene derivatives are perhaps the most studied example of mesogens having an 

approximately elliptical shape, in part due to their electric conductivity and luminescence 

properties. The first mesogenic perylene derivatives reported in 1993 by Müllen, Spiess 

and co-workers were found to exhibit columnar phases.74 Since then, other similar 

systems have been developed, including perylene bisimide derivatives75-79 ( 486HFigure 1.16a) 

and core-extended perylene derivatives (487HFigure 1.16b).80 Despite their elongated shape, 

these mesogens form almost exclusively hexagonal columnar phases, much like circular 
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discotic mesogens. This was explained by rotational displacement of the molecules 

within the columns, thus leading to columns with an overall circular cross-section. 
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Figure 1.16 Examples of mesogenic perylene derivatives developed by a) Würthner and 
co-workers;79 b) Müllen and co-workers.80 

Some mesogens that have been described as rectangular, board-like or sanidic 

(term used to designate board-like mesogens) could also be regarded as being 

approximately elliptical. Tetrabenzanthracene derivatives (488HFigure 1.17a), whose shape is 

that of a very slightly elongated ellipse, were found to exhibit hexagonal columnar 

phases.81 On the other hand, the benzothienobenzothiophene derivative having a much 

more elongated shape shown in 489HFigure 1.17b formed lamello-columnar phases in which 

short columns, comprised of stacks of alternately crossed molecules, pack in a smectic-

like lamellar arrangement.82,83 A series of metallomesogens recently reported by 

Szydłowska and co-workers (490HFigure 1.17c) proved to have particularly varied 
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mesomorphism, exhibiting smectic A, rectangular columnar or hexagonal columnar 

phases, depending on the number and nature of the alkyl chains, the smectic phase being 

favoured when fewer alkyl chains are present.84 
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Figure 1.17 Examples of elliptical mesogens developed by a) Artal and co-workers;81 b) Méry 
and co-workers;83 c) Szydłowska and co-workers.84 

61BElliptical mesogens through dimers of discs 

A particularly convenient way to elongate a disc and create an elliptical mesogen 

is to rigidly link together two discotic mesogens, as illustrated in 491HFigure 1.18. This 

strategy allows the rapid assembly of a roughly elliptical molecule from disc-shaped 

compounds, yet has received very little attention, with only three examples found in the 

literature prior to this work.85-87 
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Figure 1.18 Schematic representation of two rigidly-linked discs, leading to an approximately 
elliptical shape. 

Kumar and co-workers have developed two systems of rigidly-linked disc-shaped 

molecules, using either a mercury85 or a butadiyne86 bridge as illustrated in 492HFigure 1.19. 

In both systems, the only mesophases observed were nematic phases, which are relatively 

rare in discotic systems. It was posited that these mesogens do not form columnar phases 

because of slight deviations from planarity within the dimers caused by steric hindrance 

stemming from the aliphatic side chains adjacent to the bridge.86 
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Figure 1.19 Rigidly-linked dimers of disc-shaped molecules developed by Kumar and 
co-workers.85,86 

Williams and co-workers developed rigidly-linked dimers of disc-shaped 

molecules using hydrogen bonding.87 A carboxylic acid moiety was attached directly to 

the core of a disc-shaped molecule leading to the formation of the carboxylic acid cyclic 

dimer motif, thus linking together two disc-shaped molecules as illustrated in 493HFigure 

1.20. When short alkoxy chains (OC6H13) were attached to the core of the mesogens, only 

a hexagonal columnar phase was observed, while longer alkoxy chains (OC8H17, OC10H21 

or OC12H25) giving rise to a more elongated shape led to more varied mesomorphism, 

with the formation of nematic and rectangular columnar phases. The work described in 

this thesis includes in-depth studies of some of these compounds and of an analogue 

bearing longer alkoxy chains. 



 

 23

NN

OR

ORRO

RO

O
O H

N N

RO

RO OR

OR

O
OH

R = C6H13

R = C8H17

R = C10H21

R = C12H25

Colh

N
Colr

 

Figure 1.20 Disc-shaped carboxylic acid derivatives forming roughly elliptical hydrogen-bonded 
dimers. A columnar hexagonal phase was observed when the compound has 
hexyloxy chains, while nematic and rectangular columnar phases are formed by 
compounds bearing longer alkoxy chains.87 

Dimers of discs have been formed through a spiro linker,88 but these cannot be 

regarded as elliptical since the cores of the two disc-shaped molecules are orthogonal. 

There are also many examples of discotic dimers assembled using a long flexible 

spacer,89 which allows the two discs to be in separate columns or the spacer to fold such 

that the two discs stack on top of one another. Again, these do not result in elliptically-

shaped mesogens. 
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1.4 9BHydrogen bonding in liquid crystals 

Hydrogen bonds90,91 are interactions between an atom having lone pair electrons 

or polarisable π-electrons, and a hydrogen atom that is partially unshielded because it is 

bound to an electronegative atom such as oxygen or nitrogen. These interactions can 

result in bond energies of up to 170 kJ/mol near the covalent bond range, for example in 

certain complexes involving fluorine atoms. They can also have energies below 1 kJ/mol 

in the case of week hydrogen bonds, for example certain complexes involving a hydrogen 

atom bonded to a carbon atom. Most typical hydrogen bonds fall between these two 

extremes, such as the hydrogen bond between the carbonyl and hydroxyl groups of 

carboxylic acid moieties, which has an energy of approximately 31 kJ/mol.91,92 Although 

hydrogen bonds are weak interactions, they can be considered as rigid linkers in the sense 

that they do not allow folding or accommodate very large distances between the linked 

units, as compared to flexible covalent linkers such as long alkyl chains. 

As exemplified in 494HFigure 1.20, hydrogen bonding can be an efficient way to 

assemble supramolecular mesogens of various shapes. It provides a simple and rapid 

strategy to link units together, and often proves to be a facile and versatile alternative to 

covalent synthesis. Furthermore, hydrogen bonding between two distinct and 

complementary units allows the modular assembly of supramolecular mesogens. As such, 

hydrogen bonding has been extensively used in the context of liquid crystalline materials, 

and has been the topic of several reviews.93-97 Selected examples are briefly discussed 

below to illustrate the scope of this strategy. 

Liquid crystalline benzoic acid derivatives have been known since 1929,98-100 

while the first mesogen assembled from two distinct components was reported in 1989 by 
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Kato and Fréchet, who prepared mixtures of a benzoic acid derivative and a pyridine 

derivative (495HFigure 1.21a) and observed smectic and nematic mesophases.101 Hydrogen 

bonding between acid and pyridine moieties was thereafter often used for the assembly of 

supramolecular mesogens. A second example of mesogens assembled from 

complementary components was reported in the same year by Lehn and co-workers, who 

designed a system exploiting triple hydrogen bonding similar to that found in nucleic acid 

chemistry (496HFigure 1.21b), and observed the formation of columnar phases.102  
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Figure 1.21 The first examples of mesogens made through hydrogen bonding between two 
complementary units developed by a) Kato and Fréchet;101 b) Lehn and 
co-workers.102 

Numerous other hydrogen-bonded liquid crystals have been developed since, 

exploiting a variety of hydrogen bond donor and acceptor moieties and creating a wide 

array of mesogen shapes. For example, Lillya and co-workers studied dimeric discs 

formed by phenanthridinones (497HFigure 1.22a),103 Kleppinger and co-workers prepared 

discs from benzoic acid derivatives assembled around a tribasic core ( 498HFigure 1.22b),104 

Bruce and co-workers developed polycatenar hydrogen-bonded mesogens ( 499HFigure 
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1.22c),105 and more recently, Ros and co-workers investigated hydrogen-bonded bent-

core liquid crystals (500HFigure 1.22d).106 
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Figure 1.22 Examples of mesogens formed through hydrogen-bonding developed by: a) Lillya 
and co-workers;103 b) Kleppinger and co-workers;104 c) Bruce and co-workers;105 and 
d) Ros and co-workers.106 
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1.5 10BStudy of the effect of shape on liquid crystalline self-assembly 

As previously emphasised, shape plays a prominent role in determining whether a 

molecule forms a liquid crystalline phase and, if so, what kind of mesophases it exhibits. 

Thus, rod-shaped mesogens tend to give rise to both nematic and smectic phases, whereas 

discotic mesogens generally form only columnar structures. Although unconventionally 

shaped mesogens have recently undergone rapid development, comparatively little is 

known regarding the mesophase behaviour of molecules having a shape intermediate 

between the well-known rods and discs. Elliptical structures created by rigidly linking 

together two disc-shaped building blocks comprise a conceptually simple yet surprisingly 

neglected class of mesogens that resides in the middle ground between rods and discs. 

This thesis describes studies aiming towards the creation of rigidly-linked dimers of disc-

shaped molecules. 

1.5.1 Synthetic strategy 

Hydrogen bonding provides a simple way to rigidly link together two disc-shaped 

molecules; this strategy was therefore chosen to rapidly assemble such systems. The use 

of carboxylic acid dimerisation as well as the more modular carboxylic acid-pyridine 

hydrogen bond were investigated for this purpose. 

The assembly of hydrogen-bonded dimers of discs requires the synthesis of disc-

shaped molecules having an appropriate functional group along with alkyl chains of the 

desired length. A previously developed modular synthetic approach involving the 

condensation of a 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-dione with an appropriate 

diamine,87,107-111 as illustrated in 501HScheme 1.1, was chosen as a simple and rapid method to 

obtain suitably functionalised disc-shaped molecules.  
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Scheme 1.1 Examples of disc-shaped molecules prepared through the condensation of a 2,3,6,7-
tetrakis(alkoxy)phenanthrene-9,10-dione with a variety of diamines.87,107,109-111 
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Many diamines are available commercially, and 2,3,6,7-tetrakis-

(alkoxy)phenanthrene-9,10-diones can be prepared in five steps in multi-gram quantities 

from 3,4-dimethoxybenzaldehyde as described in the literature111-113 and outlined in 

502HScheme 1.2. 
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Scheme 1.2 Synthesis of 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-diones.111-113  

1.5.2 26BSystems studied and nomenclature 

All compounds studied are based on the 2,3,6,7-tetrakis(alkoxy)-

dibenzo[a,c]phenazine architecture shown in 503HFigure 1.23. Throughout this thesis, these 

compounds are designated using descriptive names based on the nature and position of 

functional groups as well as the length of the alkoxy chains. This nomenclature is 

illustrated in 504HFigure 1.23. The first letter designates the substituent position, t (top) for 
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substitution at position X or s (side) for substitution at position Y. The second letter 

designates the nature of the functional group (A: carboxylic acid, E: methyl ester, 

N: nitro, F: fluorine and Phen: phenyl, unsubstituted parent compound). Finally, the 

number designates the number of carbon atoms in the alkoxy chains; this number is 

omitted when referring to the entire series of compounds having a specific substitution 

pattern. In the case where the top ring is a pyridine rather than a phenyl, the letter P is 

used and t or s designate the position of the nitrogen atom (see 505HFigure 1.24 for examples). 

NN

OCnHn+2

OCnHn+2Hn+2CnO

Hn+2CnO

X

NN

OCnHn+2

OCnHn+2Hn+2CnO

Hn+2CnO

Y

tXn sYn  

Figure 1.23 General structure of the 2,3,6,7-tetrakis(alkoxy)dibenzo[a,c]phenazine derivatives 
studied, and nomenclature used throughout the thesis. 

1.5.3 Other properties influencing mesophase behaviour 

Although the main goal of the projects described herein was the study of the 

effects of mesogen shape on liquid crystalline behaviour, many other types of structure-

property relationships that play key roles in the self-assembly of liquid crystalline phases 

were also investigated. As such, the effects of hydrogen bonding, symmetry, alkyl chain 

length, the presence and position of a heteroatom in the core, and the nature and position 

of substituents are discussed at various points throughout this thesis. 
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1.5.4 Thesis outline 

In Chapter 2, binary mixtures of carboxylic acid (tA6, tA10) and pyridine 

derivatives (sP6, sP10, tP6 and tP10) having the potential to form rigidly-linked dimers 

of discs are discussed, with particular focus on the effects of shape and symmetry. 

Properties of the pyridine derivatives and their unsubstituted parent compounds (Phen6, 

Phen10) are also discussed with regards to the effect of the presence and position of a 

nitrogen atom in the core.  
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Figure 1.24 Compounds studied in Chapter 2. 
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In Chapter 3, the design and operation of a capillary furnace used to facilitate 

characterisation of liquid crystals are described, and examples of its application are given, 

including the characterisation of tF6 and tP14. 
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Figure 1.25 Compounds studied in Chapter 3. 

Finally, new carboxylic acid substituted disc-shaped molecules (sA) having the 

potential to form rigidly-linked dimers were investigated. In Chapter 4, the solution 

properties of compounds in series sA and their analogues in series sE are presented in 

order to gain insight into their self-assembly in solution. The liquid crystalline behaviour 

of these molecules is discussed in Chapter 5, and their properties are also contrasted to 

those of their isomers tA and tE and of their analogues sN and tN. Discussion includes 

the effect of hydrogen bonding, of substituent position and of alkyl chain length. 

Chapter 6 concludes the work presented in the thesis and provides suggestions for future 

work. 
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Figure 1.26 Compounds studied in Chapters 4 and 5. 
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1.6 11BTechniques used for the characterisation of liquid crystals 

The thorough characterisation of liquid crystals requires the use of polarised 

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

temperature X-ray diffraction (XRD). Since these techniques are somewhat non-

conventional outside the field of liquid crystals, they are briefly introduced in the 

following sections. 

1.6.1 27BPolarised optical microscopy 

Polarised optical microscopy16,114,115 provides a quick way to screen compounds 

for the presence of liquid crystalline phases, gives a good approximation of the phase 

transition temperatures, and supplies qualitative information about the nature of the 

mesophases. This technique relies on the birefringence of liquid crystalline compounds, 

birefringence being the property of materials having an orientation-dependant refractive 

index arising from the presence of order and anisotropy within the phase. 

The light emitted by the microscope goes through a polariser before passing 

through the sample, a thin film sandwiched between a glass slide and a coverslip whose 

temperature is controlled using a heating stage. If the sample is birefringent, the polarised 

light is rotated and can thus be transmitted through the second polariser, positioned 

perpendicular to the first one. It follows that an isotropic liquid viewed through crossed 

polarisers appears black since it is not birefringent and does not rotate polarised light.  

Upon slow cooling, textures characteristic of the liquid crystalline phases are seen 

to grow starting at the phase transition temperature. The fluidity of the sample can easily 

be tested to confirm that the observed birefringence is due to a mesophase and not to a 
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crystalline solid. Liquid crystalline phases can be identified on the basis of these textures, 

which reflect the ordering and the defects within the mesophases. For example, the 

textures of columnar phases grow in dendritic patterns having approximately six-fold 

symmetry in the case of hexagonal columnar phases, and four-fold symmetry in the case 

of rectangular columnar phases, although in this last case, the 90º angles are not always 

observed. 506HFigure 1.27 shows examples of typical textures observed for discotic 

mesogens. 

 

Figure 1.27 Examples of typical textures observed for a) hexagonal columnar phases; 
b) rectangular columnar phases; c) nematic phases. 

1.6.2 28BDifferential scanning calorimetry 

Differential scanning calorimetry16,114,116 is used to obtain precise transition 

temperatures as well as the enthalpy of each transition. To do this, two pans are heated or 

cooled at the same time, an empty reference pan and one containing the sample. The 

difference in heat flow required to heat both pans is plotted as a function of temperature, 

and shows peaks corresponding to transition temperatures as excess heat is absorbed (on 

heating, e.g. during melting) or released (on cooling, e.g. during crystallisation) by the 

sample. The transition temperatures give an indication of the stability of a given phase, 
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since stable phases persist to higher temperatures. The area under the peak gives the 

enthalpy of a transition, which reflects the magnitude of the change in molecular ordering 

between the two phases. For example, melting points are generally associated with much 

larger enthalpies than clearing points. A typical DSC scan is shown in 507HFigure 1.28. 

 

Figure 1.28 Typical DSC scan for a liquid crystalline material. (Cr: crystalline; LC: liquid 
crystal; I: isotropic; Tm: melting point; Tc: clearing temperature). 

1.6.3 29BVariable temperature X-ray diffraction 

Variable temperature X-ray diffraction117-119 provides detailed structural 

information about the mesophases. This technique requires the use of a heating system, 

which is discussed in detail in Chapter 3. An X-ray beam is focussed on the sample 

loaded in a capillary tube, and the resulting diffraction pattern is recorded on an image 

plate. For an unaligned sample, the obtained pattern is a series of concentric rings, as 

illustrated in 508HFigure 1.29a. The radius of each ring can be related to the angle at which the 

X-ray beam was diffracted (2θ). After integration of the recorded image, a plot of the 

intensity as a function of the diffraction angle 2θ can be obtained, as seen in 509HFigure 1.29b.  



 

 37

 

Figure 1.29 Typical hexagonal columnar diffraction pattern a) as recorded on the image plate 
showing a series of concentric rings, b) after integration to obtain a plot of the 
intensity as a function of 2θ, the diffraction angle. 

Peaks in the diffraction pattern correspond to repeat distances within the lattice, 

which are the distances between a set of planes described by Miller indices (510HFigure 1.30), 

as described by the Bragg equation: 

λ=θ nsind2              (1-1) 

where d is the repeat distance (also known as d-spacing), 2θ is the angle at which the 

beam was diffracted, n is an integer and λ is the wavelength of the incident X-ray beam. 

The ratios between the observed peaks allow the assignment of the Miller index 

of each peak, from which the type of lattice can be known and the lattice parameter 

calculated. For example, a hexagonal columnar phase typically results in two low angle 

peaks indexing to the (100) and (110) reflection, corresponding to distances having a 

ratio of 1 : √3; a further peak corresponding to the (200) reflection is sometimes 

observed, with a ratio of 1 : 2 compared to the (100) reflection. 
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Figure 1.30 Examples of Miller planes in a hexagonal and a rectangular lattice. 

Two higher angle peaks are commonly observed for columnar liquid crystals, as 

shown in 511HFigure 1.29b. A peak at approximately 4.5 Å, the alkyl chain halo, is caused by 

the periodic spacing between the flexible side chains, while a second peak at 3.5 Å 

corresponds to the π-stacking distance. The intensity and sharpness of this peak is an 

indication of the degree of order within the column.  
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CHAPTER 2: 1BMODULAR ELLIPTICAL MESOGENS 
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The bulk of the research described in this chapter was published in: 

Lavigueur, C.; Foster, E. J.; Williams, V. E. “Modular assembly of elliptical mesogens” 

Liq. Cryst. 2007, 34, 833-840.  

The two acid derivatives were synthesised by Mr. Ying-Chieh Ke, but all phase 

behaviour characterisation was redone (POM, DSC and more detailed variable 

temperature XRD). The detailed characterisation of the two acid derivatives was 

published in: Foster, E. J.; Lavigueur, C.; Ke, Y. C.; Williams, V. E. “Self-assembly of 

hydrogen-bonded molecules: discotic and elliptical mesogens” J. Mater. Chem. 2005, 15, 

4062-4068.  

The synthesis and characterisation of Phen6 was reported in: Foster, E. J.; Jones, 

R. B.; Lavigueur, C.; Williams, V. E. “Structural factors controlling the self-assembly of 

columnar liquid crystals” J. Am. Chem. Soc. 2006, 128, 8569-8574.  

Phen10 had been previously synthesised and characterised by Mr. Jarrett 

Babuin,111 but it was prepared and characterised again for this study.  

The two 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-diones used for the synthesis 

of the target compounds in this chapter were provided by Dr. E. Johan Foster. 
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2.1 12BIntroduction  

In Chapter 1, the concept of elliptical mesogens constructed by connecting two 

disc-shaped molecules through a rigid linking group was introduced, and was proposed to 

be a strategy allowing the rapid assembly of mesogens having a novel shape, which is 

known to be a key factor in determining liquid crystalline properties. 

As was discussed in the introduction, rigidly-linked dimers of disc-shaped 

molecules were previously obtained with a series of 2,3,6,7-tetrakis(alkoxy)-

dibenzo[a,c]phenazine carboxylic acid derivatives (tA6, tA8, tA10, tA12),87 and were 

found to assemble into elliptical hydrogen-bonded dimers having very different 

properties compared to similar molecules lacking the ability to form hydrogen bonds. 

While employing acid dimers is useful for creating such structures, it unfortunately 

imposes the restriction that only symmetrical systems can be studied. Since both 

symmetry and shape are expected to have a profound impact on phase behaviour,110 a 

more versatile approach permitting the construction of ellipses from two different disc-

shaped components was sought. In this chapter, the concept of elliptical mesogens 

formed by two rigidly-linked discs is thus extended to supramolecular ellipses 

constructed from two distinct building blocks. 

Carboxylic acids are known to have a strong tendency to hydrogen bond with 

pyridine derivatives,120 which has been previously exploited to assemble rod-like 

mesogens.94,101 This motif therefore suggested itself as a convenient method for the 

creation of elliptical structures and other rigidly-linked dimers of disc-shaped molecules. 

This chapter focuses on the synthesis and properties of four disc-shaped molecules 

bearing a pyridine fragment (tP6, tP10, sP6, sP10), and their use in the modular 
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assembly of elliptical mesogens by means of hydrogen bonding with complementary 

2,3,6,7-tetrakis(alkoxy)dibenzo[a,c]phenazine derivatives bearing a carboxylic acid 

group (tA6, tA10). The compounds studied in this chapter are shown in 512HFigure 2.1. 
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Figure 2.1 Compounds studied in this chapter. 

It was also anticipated that the differences in phase behaviour between the four 

pyridine derivatives (sP6, sP10, tP6, tP10) could provide key insights into the effects of 

the presence and position of a single heteroatom on column formation and on the π-π 

interactions that drive this self-assembly process. Although there is some evidence to 

suggest that the presence of heteroatoms can alter the strength and geometry of π-stacked 

dimers in solution,121,122 few studies have focussed on the effect of the presence of 

nitrogen atoms in the core of discotic liquid crystals,123-125 and it remains unclear how the 

introduction of nitrogen atoms perturbs the thermodynamic stability of extended 

columnar structures. Such insight would be relevant both to understanding the self-

assembly of π-stacked structures such as DNA and RNA, where the factors that govern 

base-stacking remain a matter of some debate,126-128 and to the development of n-dopable 
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organic semiconductors, such as nitrogen-containing discotic mesogens, which have been 

prepared in order to create liquid crystals that can act as electron-carrier materials.129-134  

In order to better understand the effect of the presence of a nitrogen atom in these 

four pyridine derivatives, their phase behaviour was also compared to that of their 

analogues bearing a phenyl ring at the top of the core (Phen6, Phen10), as shown in 

513HFigure 2.2. 
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Figure 2.2 Unsubstituted parent compounds. 
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2.2 13BSynthesis of the pyridine and phenyl derivatives and preparation of 
the binary mixtures 

The versatile approach previously developed for the synthesis of discotic liquid 

crystals by the coupling of a 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-dione with 

1,2-diamines87,108-111,113 such as 2,3-diaminopyridine 2.2a, 3,4-diaminopyridine 2.2b, or 

1,2-phenylenediamine 2.2c provides a simple route to prepare discotic mesogens 

containing a pyridine ring (tP6, tP10, sP6, sP10) and their unsubstituted parent 

compounds (Phen6, Phen10), as illustrated in 514HScheme 2.1. The two 2,3,6,7-

tetrakis(alkoxy)phenanthrene-9,10-diones were prepared as previously reported,111-113 and 

the three diamines were obtained commercially. 

All target compounds were studied by 1H and 13C NMR spectroscopy, MALDI-

TOF mass spectrometry and elemental analysis. The 1H NMR spectra of the starting 

materials 2.1a and 2.1b exhibit characteristic peaks at approximately 7.1 and 7.5 ppm 

integrating to two protons each and corresponding to the four aromatic protons present on 

the molecules. In the final compounds, these peaks shift downfield and a series of peaks 

are observed between approximately 7.5 and 9.8 ppm, corresponding to the seven (tP and 

sP) or eight (Phen) aromatic protons on the target compounds. Mass spectrometry 

provides rapid confirmation of the success of the condensation reaction by showing a 

peak corresponding to the mass of the target compound, and can reveal the presence of 

any residual 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-dione in the crude product. 

Binary mixtures were obtained by heating equimolar amounts of the appropriate 

carboxylic acid and pyridine compounds to above their clearing temperatures in order to 

ensure homogeneous mixing.  
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Scheme 2.1 Synthesis of target compounds in series tP, sP and Phen. 
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2.3 POM, DSC and XRD results 

The thermal behaviour of the eight compounds (tA6, tA10, sP6, sP10, tP6, tP10, 

Phen6 and Phen10) and eight binary mixtures (tA6-sP6, tA6-sP10, tA10-sP6, 

tA10-sP10, tA6-tP6, tA6-tP10, tA10-tP6 and tA10-tP10) were studied by polarised 

optical microscopy (POM) and differential scanning calorimetry (DSC). Binary mixtures 

tA6-tP6, tA6-tP10, tA10-tP6 and tA10-tP10 were prepared in triplicates, and each 

mixture was studied by POM and DSC; average transition temperatures are reported. 

Variable temperature X-Ray diffraction (XRD) was also used to characterise liquid 

crystalline phases of pure compounds and four of the binary mixtures. Typical textures 

observed by POM are shown in 515HFigure 2.3, 516HFigure 2.4 and 517HFigure 2.5, and the phase 

behaviour and lattice parameters of all compounds and four binary mixtures are 

summarised in 518HTable 2.1 and 519HTable 2.2. 

DSC of sP6, sP10, Phen 6 and Phen10 revealed the presence of only one peak on 

heating and cooling, indicating that these compounds melt directly from crystalline solids 

to isotropic liquids without forming liquid crystalline phases, which was confirmed by 

POM observations.  

Compounds tA6, tP6 and tP10 as well as binary mixture tA6-tP6 displayed 

dendritic textures with six-fold symmetry by POM ( 520HFigure 2.3a,d,e and 521HFigure 2.4a), 

which are characteristic of hexagonal columnar phases. DSC revealed two peaks on 

heating and one (tA6 and tA6-tP6) or two (tP6 and tP10) peaks on cooling, indicating 

that tA6 and tA6-tP6 supercool to room temperature while maintaining columnar 

ordering instead of crystallising as do tP6 and tP10. In all cases, variable temperature 

XRD revealed the presence of a sharp peak at low angle, which was assigned as the (100) 
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reflection of a hexagonal lattice on the basis of the POM textures. A lower intensity peak 

indexing to the (110) reflection confirmed this assignment for tA6, but unfortunately no 

(110) peaks were present in the diffractograms of the other two compounds and the 

mixture. Additionally, broad peaks were observed at higher angles corresponding to 

distances of approximately 4.3 and 3.5 Å. These peaks were attributed to the alkyl chain 

halo and to the π-stacking distance, respectively. The presence of a peak caused by 

π-stacking is indicative of a degree of order within the columns. 

 

Figure 2.3 Representative textures observed by POM for the mesogenic acid and pyridine 
derivatives. a) Colh tA6 at 255 °C; b) N tA10 at 207 °C; c) Colr tA10 at 191 °C; 
d) Colh tP6 at 177 °C; e) Colh tP10 at 115 °C. 

On slow cooling, compound tA10 and mixtures tA6-tP10, tA10-tP6 and 

tA10-tP10 all displayed by POM Schlieren textures characteristic of nematic phases 

followed by textures indicative of the presence of columnar phases (522HFigure 2.3b-c and 
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523HFigure 2.4b-f). DSC supported the presence of these two liquid crystalline phases: in all 

cases, three peaks were observed on heating. The absence of a crystallisation peak on 

cooling (or the presence of a crystallisation peak having a very low enthalpy) for this 

compound and these mixtures revealed a tendency to supercool rather than crystallise. 

XRD investigation of the columnar phases showed two intense peaks indexing to the 

(200) and (110) reflections of a rectangular lattice, as well as lower intensity peaks 

indexing to the (310), (400) or (020) reflections, as detailed in 524HTable 2.2. Broad peaks 

were again observed corresponding to the alkyl chain halo and to π-stacking. 

 

Figure 2.4 Representative textures observed by POM for the binary mixtures prepared using 
acids tA6 or tA10 and pyridines tP6 or tP10. a) Colh tA6-tP6 at 120 °C; b) N tA6-
tP10 at 155 °C; c) N tA10-tP6 at 170 °C; d) Colr tA10-tP6 at 155 °C; e) N tA10-
tP10 at 150 °C; f) supercooled Colr tA10-tP10 at 75 °C. 
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Table 2.1 Phase behaviour of the acid dimers, pyridine derivatives, unsubstituted parent 
compounds and four equimolar binary mixtures. 

Cmpd Phasea

tA6-tP6

tA6-tP10

tA10-tP6

tA10-tP10

Colh I
169 (69) 258 (18)

251 (-15)
Cr

Colr
127 (35) 196 (10)

192 (-10)
Cr

155 (84)

95 (-76)
Cr

Colh I
123 (77) 135 (3)

71 (-71) 118 (-2)
Cr

Colh I
108 (1)c 223 (10)

219 (-7)
Cr

Colr
107 (5) 148 (1)

140 (-1)
Cr

Colr
101 (34) 144 (3)

138 (-2)
Cr

137 (1)
Cr

160 (2)

155 (-1)
Colr N

Tt/oC (ΔH/J g-1)b
Phasea

Colh I
179 (5)

175 (-3)

I
174 (1)

172 (-1)

N I
154 (1)

153 (-1)

N I
170 (1)

174 (-1)

N I
210 (1)

207 (-1)

123 (-1)

tA6

tA10

tP10

tP6

145 (84)

100 (-79)
Cr

113 (78)

85 (-75)
CrsP10

sP6 I

I

170 (102)

140 (-108)
Cr

134 (91)

105 (-97)
CrPhen10

Phen6 I

I

 
 a Cr: crystalline; Colh: hexagonal columnar; Colr: rectangular columnar; N: nematic; 

I: isotropic. b Phase transitions and enthalpies measured by DSC on first heating at 5 °C/min. 
For the four complexes, equimolar mixtures were prepared in triplicates and their transition 
temperatures were averaged. 
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Table 2.2 X-ray diffraction data and lattice constants for the acid dimers tA6, tA10, pyridine 
derivatives tP6, tP10, and four equimolar binary mixtures. 

 Temp.
(°C) 

d-spacing
(Å) 

Miller 
Index 
(hkl) 

Phase 
(Lattice 

Constants) 
 

tA6 

 
 

175 
 

 
16.6 
9.5 
4.2 
3.6 

 

 
(100) 
(110) 

alkyl halo
π- π 

 

Colh 
(a = 19.1 Å) 

 

tA10 

 
135 

 
22.8 
17.5 
11.6 
9.6 
8.9 
4.3 
3.5 

 

(200) 
(110) 
(400) 
(020) 
(220) 

alkyl halo
π- π  

 

Colr 
(a = 45.6 Å) 
(b = 18.9 Å) 

 

tP6 

 
160 

 
16.2 
4.1 
3.5 

 

(100) 
alkyl halo

π- π  
 

Colh 
(a = 18.7 Å) 

 

tP10 
 

125 
 

19.3 
4.4 
3.5 

 

(100) 
alkyl halo

π- π  
 

Colh 
(a = 22.3 Å) 

 
tA6-tP6 

 
160 

 
16.3 
4.2 
3.5 

(100) 
alkyl halo

π- π  
 

Colh 
(a = 18.8 Å) 

 
tA6-tP10 

 
135 

 
20.6 
16.1 
11.0 
4.3 
3.5 

 

(200) 
(110) 
(310) 

alkyl halo
π- π  

 

Colr 
(a = 41.1 Å) 
(b = 17.5 Å) 

 

tA10-tP6 
 

150 
 

21.3 
16.3 
11.1 
4.3 
3.5 

 

(200) 
(110) 
(310) 

alkyl halo
π- π 

 

Colr 
(a = 42.5 Å) 
(b = 17.7 Å) 

 

tA10-tP10 
 

125 
 

22.9 
17.3 
11.7 
9.1 
4.3 
3.5 

 

(200) 
(110) 
(400) 
(020) 

alkyl halo
π- π  

 

Colr 
(a = 45.8 Å) 
(b = 18.6 Å) 

 

 

DSC and POM investigations of the binary mixtures including pyridine 

derivatives with the nitrogen atom on the side of the core, tA6-sP6, tA6-sP10, tA10-sP6 

and tA10-sP10, resulted in more ambiguous results. Peaks observed by DSC were very 

broad, and did not always correspond to transitions clearly observed by POM. Only 

tA6-sP6 displayed a clearly identifiable texture by POM, a dendritic texture with six-fold 
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symmetry corresponding to a hexagonal columnar phase (525HFigure 2.5a). Mixture tA6-sP10 

displayed a liquid crystalline phase whose texture could not be unambiguously identified, 

but might be dendritic with very small domains ( 526HFigure 2.5b), and both tA10-sP6 and 

tA10-sP10 displayed two different textures simultaneously, segregated in different 

domains (527HFigure 2.5c-d). 

 

Figure 2.5 Representative textures observed by POM for the binary mixtures prepared using 
acids tA6 or tA10 and pyridines sP6 or sP10. a) Colh and isotropic liquid tA6-sP6 at 
202 °C; b) liquid crystalline and isotropic liquid tA6-sP10 at 106 °C; c) phase 
separated tA10-sP6 at 135 °C; d) phase separated tA10-sP10 at 110 °C. 
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2.4 Discussion and interpretation of the phase behaviour 

2.4.1 Phase behaviour of pure compounds 

62BBehaviour of the pyridine derivatives and heteroatom effects 

Compounds tP6 and tP10 both exhibit a hexagonal columnar phase (Colh) and 

crystallise upon cooling, which is typical for molecules of this type that form no 

hydrogen bond on their own.87,109,110 Both the melting and clearing temperatures of tP6 

were found to be higher than those of tP10, and tP6 is liquid crystalline over a broader 

temperature range. A similar trend has been observed for series of both triphenylenes24 

and other dibenzophenazines,87 wherein increased chain lengths led to depression of the 

phase transition temperatures and narrowing of the liquid crystalline phase range. The 

presence of the pyridyl nitrogen atom in these compounds appears to promote the 

formation of a liquid crystalline phase, since the phenyl analogues, Phen6 and Phen10, 

do not form any liquid crystalline phases.  

The position of the pyridyl nitrogen atom also has a large effect on phase 

behaviour since sP6 and sP10, which are isomers of tP6 and tP10, melt directly from 

crystalline solids to isotropic liquids without forming liquid crystalline phases. Thus, 

while the introduction of a nitrogen atom may encourage columnar phases, as shown by 

the comparison of Phen6 versus tP6 or Phen10 versus tP10, the position of this 

heteroatom is also an important consideration, as demonstrated by the failure of tP6 and 

tP10’s isomers sP6 and sP10 to exhibit any liquid crystallinity.  

The dramatic differences between tP6, sP6 and Phen6, or tP10, sP10 and 

Phen10 are likely due to changes in electrostatic interactions between neighbouring 
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aromatic cores, which are known to influence the strength of π-π interactions and thus the 

stability of columnar phases.121,122 The introduction of a nitrogen atom tends to polarise 

the electronic distribution of the molecules, which could in turn, depending on the 

position of the nitrogen atom, lead to a favourable alignment of complementary charges 

on neighbouring molecules, hence promoting π-π interactions and column formation. 

There are only a few other examples of molecules in which both a discotic N-heterocycle 

and the corresponding hydrocarbon have been investigated. In all those cases, a large 

effect was observed but arose from replacing several CH groups with nitrogen 

atoms,123-125,135-138 whereas in the present example, a dramatic effect was observed due to 

the presence and position of a single heteroatom in the core.  

63BBehaviour of the acid derivatives 

As discussed in the Chapter 1, it was found that adding a carboxylic acid group 

directly on the core of a disc-shaped molecule leads to the formation of elliptical dimers, 

as shown in 528HFigure 2.6 in contrast with the more circular pyridine derivatives. This 

change in shape resulted in varied mesomorphic behaviour, with tA6 forming a 

hexagonal columnar phase and tA10 forming nematic and rectangular columnar 

mesophases. 

Further studies revealed that the two carboxylic acid derivatives have a tendency 

to supercool. No crystallisation peak was observed by DSC when cooling the samples, 

after which no melting transitions were observed on second heating. This indicates that 

the samples do not crystallise, but rather remain frozen in the columnar ordering as they 

are cooled from the liquid crystalline state. Variable temperature XRD confirmed that the 

columnar ordering is maintained upon cooling to room temperature, since room 
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temperature diffractograms display the same features as those acquired in the liquid 

crystalline phase range (Figure 2.7). 

 

Figure 2.6 Elliptical shape of the hydrogen-bonded dimers formed by the carboxylic acid 
substituted mesogens compared to the circular shape of the pyridine derivatives. 

The peak reflecting the π-stacking distance becomes sharper and more intense 

with decreasing temperatures, as seen in 530HFigure 2.7. This peak is so broad near the 

clearing temperature at 245 °C that it disappears almost entirely, indicating that the 

columns are very disordered at this temperature. Cooling the sample down to the lower 

part of the liquid crystalline phase range (175 °C) causes a noticeable increase in the 

intensity of the π-stacking peak, reflecting an increase in intracolumnar ordering. 

Interestingly, the increase in intracolumnar ordering with decreasing temperature 

continues as the sample is supercooled below the crystal-to-liquid crystal transition 
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temperature, and a continuous sharpening of the π-stacking peak is observed down to 

25 °C. Similar changes in the ordering of compound tA10 were also observed. The 

greater ordering of these materials in their highly persistent supercooled phases could be 

advantageous for room temperature electronic applications, since charge carrier 

mobilities tend to increase with increasing order.139 

 

Figure 2.7 Variable temperature X-ray diffractograms for tA6 showing the increase in intensity 
of the π-stacking peak (2θ ≈ 25o, see arrow) with decreasing temperature. 

2.4.2 30BPhase behaviour of binary mixtures 

64BBinary mixtures with acids tA and pyridines sP – Phase separation 

The equimolar binary mixtures involving sP6 and sP10 (tA6-sP6, tA6-sP10, 

tA10-sP6, tA10-sP10) did not appear to behave as single components. POM 
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investigation of tA10-sP6 and tA10-sP10 showed separate domains having different 

textures (531HFigure 2.5c-d), which most likely results from phase separation of the two 

components. In the case of tA6-sP10, a liquid crystalline phase and an isotropic liquid 

coexisted over more than 50 °C. Dendritic textures typical of columnar phases were 

observed growing out of the isotropic phase for tA6-sP6, but these domains emerged 

over a range of more than 30 °C. Furthermore, only very broad and weak transitions were 

observed by DSC for this mixture (1.3 J/g over more than 20 °C), whereas pure 

compounds typically exhibit sharp phase transitions. All of these observations indicate 

that the binary mixtures tA6-sP6, tA6-sP10, tA10-sP6 and tA10-sP10 apparently do not 

result in the formation of stoichiometric hydrogen-bonded complexes. 

The hydrogen-bonded complexes that could hypothetically be formed by sP6 or 

sP10 and one of the acid derivatives would be expected to have a very different shape 

compared to the dimers formed by tA6 and tA10, as illustrated in 532HFigure 2.8. It is 

possible that the shape of these complexes would be incompatible with the formation of 

liquid crystalline phases, thus hindering the formation of complexes and explaining the 

observed phase separation. However, it is also possible that added steric hindrance 

around the pyridyl nitrogen atom in sP6 and sP10 compared to tP6 and tP10 could 

prevent the formation of hydrogen-bonded complexes, or that a pyridyl nitrogen atom 

located on the side of the core is a poor hydrogen bond acceptor. 

The large gap between the melting temperatures of the pyridine derivatives (sP6: 

145 °C, sP10: 113 °C) and the clearing temperatures of the carboxylic acid derivatives 

(tA6: 258 °C, tA10: 210 °C) could also hinder homogeneous mixing and complex 

formation because of the technique employed to prepare the mixtures. The two 
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components were heated to above their melting and clearing temperatures and stirred, 

then allowed to cool to room temperature, potentially resulting in separate liquid 

crystallisation of the high Tc carboxylic acid derivative from the melt. An alternative to 

this method would be to prepare a solution of the binary mixture in a common solvent 

and to let the complex precipitate, if necessary by slow evaporation, as was done for 

other hydrogen-bonded liquid crystalline systems.101,104,140 However, this method does 

not lend itself well to the present system because large differences in solubility mean the 

compounds precipitate separately. 
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Figure 2.8 Possible structures of hypothetical hydrogen-bonded complexes that could be 
formed by molecules tA and sP. Experimental data showed that no hydrogen-
bonded complexes are formed for these binary mixtures. 

65BBinary mixtures with acids tA and pyridines tP – Elliptical complexes 

As one would expect for stoichiometric complexes, each of the binary mixtures of 

the acids tA6 or tA10 with the pyridines tP6 or tP10 behaved as a single component 
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upon heating, displayed thermal properties distinct from those of their two individual 

constituents, and showed no phase separation by optical microscopy.  

Hydrogen bonding between the pyridyl nitrogen atom and the acid group is 

expected to be strongly favoured, as it is both in the solid state120 and in other liquid 

crystalline phases.93,94,101 The pyrazinyl nitrogen atoms should not compete effectively as 

hydrogen bond acceptors, since pyrazine (pKa = 0.65 at 20 °C) is a much weaker base 

than pyridine (pKa = 5.23 at 25 °C)141 and the ability of a group to act as a hydrogen bond 

acceptor is strongly correlated to its basicity.91  

The formation of the OH-N hydrogen bond creates a geometry that is favourable 

to the formation of a second, weaker, hydrogen bond between an aromatic CH group and 

the C=O group. Either one of the two CH groups adjacent to the pyridyl nitrogen atom 

could serve as hydrogen donor in this second hydrogen bond, and it is not known if one 

of them is greatly favoured or if a mixture of the two possible hydrogen bond 

configurations coexist. Both possibilities would lead to a complex having a similar shape, 

as shown in 533HFigure 2.9. It is also apparent that both these complexes have a shape 

comparable to that of the acid dimers shown in 534HFigure 2.6. 

The binary mixture tA6-tP6 formed a hexagonal columnar phase over an 

extremely broad temperature range (108-223 °C). This compound shares several features 

with its component acid tA6, which also has a hexagonal columnar phase with a similar 

lattice parameter (a = 19.1 Å versus a = 18.8 Å for tA6-tP6) and a high clearing 

temperature. Both the mixture and the pure acid also formed highly ordered supercooled 

mesophases upon cooling to room temperature. This supercooling, which is observed for 

most of the complexes and dimers, made it difficult to observe the crystal to liquid crystal 
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transitions, particularly in the case of tA6-tP6. Similar parallels hold between the acid 

tA10 and the tA10-tP10 mixture. Notably, both displayed nematic phases, and 

rectangular columnar phases with comparable lattice parameters (a = 45.6 Å and 

b = 18.9 Å for tA10, a = 45.8 Å and b = 18.6 Å for tA10-tP10). 

 

Figure 2.9 Proposed structures of the complexes formed by a carboxylic acid derivative and a 
pyridine derivative. 

Although the phase behaviours of these two mixtures are qualitatively similar to 

those of their constituent carboxylic acid derivatives, they differ significantly from those 

of their pyridine components, which exhibit only hexagonal columnar phases with 

considerably smaller lattice parameters (tP6: 18.7 Å, tP10: 22.3 Å) and relatively low 

clearing temperatures. 
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These results suggest that shape is an important factor in governing the mode of 

self-assembly for the elliptical mesogens. Indeed, the complexes having the same alkyl 

chain length on both components (tA6-tP6 and tA10-tP10) and the corresponding 

carboxylic acid dimers (tA6 and tA10), which should have comparable shapes, were 

found to exhibit very similar behaviour. One major difference that was observed, 

however, was the lower melting and clearing temperatures of the mixtures compared to 

the pure acids. This depression of the phase transition temperatures may reflect the lower 

symmetry of the mixed complexes relative to the acid dimers, since less symmetrical 

structures generally undergo order-disorder transitions at lower temperatures.110 The 

phase transition temperatures of the mixtures could be further depressed by small 

deviations from perfect stoichiometry resulting in the presence of ‘impurities’ (one of the 

constituent compounds present in excess) among the hydrogen-bonded complexes.  

In the examples described above, the qualitative features of the phase behaviours 

of the complexes were similar to those of the carboxylic acid component. In contrast, the 

phase behaviour of the mixture tA6-tP10 differs markedly from that of either of its 

building blocks. While both tA6 and tP10 form exclusively hexagonal columnar 

mesophases, their mixture exhibits both nematic and rectangular columnar phases. Again, 

this is consistent with the phase behaviour being determined in large part by the structure 

of the complex rather than by the properties of the component carboxylic acid and 

pyridine derivatives. 

Comparing the properties of tA6-tP10 with those of the isomeric complex 

tA10-tP6 reveals very similar phase behaviour. Both mixtures form nematic and 

rectangular columnar phases, and both supercool to room temperature without 
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crystallising. The lattice parameters of their rectangular columnar phases were also 

comparable, with a = 41.1 Å, b = 17.5 Å for tA6-tP10, and a = 42.5 Å, b = 17.7 Å for 

tA10-tP6. Moreover, the clearing temperatures of these compounds were almost 

identical: 170 °C for tA6-tP10 and 174 °C for tA10-tP6. These results again indicate the 

importance of shape to the self-assembly process since the complexes tA6-tP10 and 

tA10-tP6 should be very similar in this regard, as they differ only in which of the acid or 

the pyridine component bears the hexyloxy or decyloxy chains. The formation of nematic 

and rectangular columnar phases, which appears to be promoted by the presence of 

longer chains, occurs regardless of whether these chains are present on the pyridine or the 

acid derivative. 

Although the small differences between these two complexes, which can be 

described as a reversal of the linking group, have only a minor effect on the clearing 

temperatures, there is a much more pronounced effect on the transitions between the 

more ordered phases (crystalline-to-columnar and columnar-to-nematic). The lowering of 

these two transition temperatures in tA6-tP10 compared to tA10-tP6 caused the former 

to have a broader liquid crystalline range than tA10-tP6 and a broader nematic phase 

than either tA10-tP6 or tA10.  

It is also useful to compare the phase behaviour of these complexes to that of the 

previously reported octyloxy-acid derivative tA887 shown in 535HFigure 2.10, whose dimer 

has the same average alkyl chain length, and therefore overall size, as tA6-tP10 and 

tA10-tP6. This carboxylic acid derivative forms a rectangular columnar phase between 

162 °C and 227 °C, and a nematic phase that clears to an isotropic liquid at 232 °C. As 

such, it displays the same type of mesophases as tA6-tP10 and tA10-tP6, but has a 
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significantly higher clearing temperature and a somewhat larger mesophase range than 

either mixture. Again, the lower transition temperatures for the acid-pyridine mixtures 

may in part reflect the lower symmetry of these complexes. Slight deviations from perfect 

stoichiometry in the binary mixtures could also contribute to depressing their transition 

temperatures. 

NN

OC8H17

OC8H17C8H17O

C8H17O

COOH

tA8  

Figure 2.10 Structure of tA8,87 whose dimer has the same average alkoxy chain length as the 
complexes tA6-tP10 and tA10-tP6. 

Interestingly, the temperature range of the nematic phase of tA8 (5 °C) is 

considerably narrower than that of either tA6-tP10 (22 °C) or tA10-tP6 (14 °C). This 

may also be a symmetry effect, since it is anticipated that lowering the symmetry of a 

mesogen should have a greater impact on the more ordered columnar phase than on the 

nematic phase. As a result, the columnar-to-nematic transition is depressed to a greater 

extent than the clearing temperature, resulting in a broader nematic phase range. This 

observation could be useful in the rational design of nematic discotic phases, which have 

been commercialised as optical compensation layers for LCDs,27 yet remain relatively 

uncommon. 



 

 63

2.4.3 31BProposed packing model for dimers and complexes 

Discotic mesogens that cannot form hydrogen bonds on their own, such as tP6 

and tP10, form different types of mesophases (Colh) compared to the carboxylic acid 

derivatives or the acid-pyridine binary mixtures (N, Colr). These differences can be 

explained by the ability of the latter to form elliptical hydrogen-bonded dimers or 

complexes, which are expected to have a very different size and shape compared to 

monomeric discotic mesogens, as was illustrated in 536HFigure 2.6 and 537HFigure 2.9. The 

difference in the shape of the mesogens then leads to major changes in the liquid 

crystalline behaviour. This simple model crudely explains the formation of nematic and 

rectangular columnar phases by tA10, tA6-tP10, tA10-tP6 and tA10-tP10, but not the 

formation of hexagonal columnar phases by tA6 and tA6-tP6. 

66BFormation of hexagonal columnar phases 

In the introduction, it was noted that if circular mesogens are tilted with respect to 

the column, they present an elliptical cross-section in the plane perpendicular to the 

columnar axis and thus form elliptical columns that pack in rectangular lattices (see 

538HFigure 2.11). Conversely, elliptical mesogens that are tilted within the column at the 

appropriate angle could generate a circular cross-section in the plane perpendicular to the 

columnar axis, and therefore form circular columns that can pack in a hexagonal lattice, 

as illustrated in 539HFigure 2.12. Hexagonal packing is favoured over rectangular packing 

because of its higher symmetry leading to an efficient filling of space.142 The formation 

of a hexagonal lattice could therefore be the driving force for the tilting of the ellipses. It 

appears reasonable that this model of tilted ellipses could explain the formation of 
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hexagonal columnar phases by tA6 and tA6-tP6, and it would also explain why the 

obtained lattice parameters are much smaller than the length of the dimer or complex.  

 

Figure 2.11 Hexagonal lattice resulting from the packing of circular columns, and examples of 
face centred rectangular lattices formed by elliptical columns.  

 

Figure 2.12 Schematic representation illustrating how circular mesogens pack into circular 
columns and how elliptical mesogens tilted with respect to the columnar axis can 
also give rise to columns having a circular cross-section. 

This model proposing how elliptical mesogens could give rise to circular columns 

and hexagonal columnar phases is in agreement with a previously reported system. In 
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2004, Donnio, Bruce and co-workers reported the formation of hexagonal columnar 

phases by the hexacatenar mesogens shown in 540HFigure 2.13, and proposed this general 

model to explain their results.142  

In the other dimer and complexes (tA10, tA6-tP10, tA10-tP6 and tA10-tP10), 

the average alkoxy chain length is higher, leading to a more elongated ellipse. This 

elongation means that the mesogens would have to be tilted at a steeper angle in order to 

generate circular columns. If the necessary angle is too great, the formation of columns 

having a circular cross-section is no longer favoured, thus leading to elliptical columns 

that pack in a rectangular lattice.  
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Figure 2.13 Structure of polycatenar palladium complexes studied by Donnio, Bruce and 
co-workers.142 

67BFormation of nematic and rectangular columnar phases 

As shown in 541HFigure 2.11, there are different possible structures for rectangular 

columnar mesophases. The structure of the columnar phases formed by tA10, tA6-tP10, 

tA10-tP6 and tA10-tP10 therefore warrants further attention. The XRD patterns obtained 

for these dimer and complexes clearly indicate that the phases have a rectangular lattice. 
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Furthermore, the (100) and (010) peaks are absent, and the Miller indices of all observed 

peaks ( (hkl): (200), (110), (310), (400), (310), (020), (220) ) are either all odd or all even 

(ignoring l since the lattice is two-dimensional). This pattern of systematic absences is 

indicative of a face-centred lattice and excludes the possibility of a primitive lattice.118  

A face-centred rectangular lattice, like the ones shown in 542HFigure 2.11, typically 

contains two columns. If the columns were composed of dimers or complexes as posited, 

each unit cell would be expected to contain four molecules. The number of molecules per 

unit cell (Z) can be calculated for a three dimensional orthorhombic cell using the density 

of the material and the cell volume: 

( )
M
N

Z Aabcρ=             (2.1) 

Where ρ is the density of the material, a, b and c are the lattice parameters, NA is 

Avogadro’s number and M is the molecular weight. Columnar phases are formally 

two-dimensional and therefore have no c parameters, but the π-stacking distance has been 

used as an approximation of this distance,103,143 and a density of 1 g/mL can be used as a 

rough estimate.0F

i Finally, the average molecular weights of the two components can be 

used for the binary mixtures. This calculation evaluates the number of molecules per unit 

cell to be 1.9 for tA10, tA6-tP10, tA10-tP6 and tA10-tP10, which is seemingly in 

contradiction with the number expected for elliptical hydrogen-bonded dimers or 

complexes stacking into columns that pack in a face-centred rectangular lattice 

containing two dimers per unit cell (Z = 4). 144 

                                                 
i The density of organic liquids are commonly below 1 g/mL (e.g. 1-hexanol: 0.81 g/mL; 1-decanol: 

0.83 g/mL) while the density of compounds having multiple aromatic rings are often above 1 g/mL 
(e.g. phenanthrene: 1.18 g/mL; phenanthrenequinone: 1.41 g/mL).144  
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Since the number of molecules per unit cell was calculated to be approximately 

two, the possibility that the carboxylic acid derivative does not form dimers and that the 

binary mixtures do not form complexes should be considered. It is known that in the 

absence of competing hydrogen bond acceptors, carboxylic acids almost invariably form 

dimers in the solid state91,120 and in liquid crystalline systems.57,94 As mentioned 

previously, hydrogen bonding between pyridine derivatives and carboxylic acid groups is 

strongly favoured both in the solid state120 and in other liquid crystalline systems.93-95,101 

It would therefore be surprising if the present molecules failed to hydrogen bond with one 

another.  

The fact that tA10, tA6-tP10, tA10-tP6 and tA10-tP10 form nematic and 

rectangular mesophases, both of which were not observed for tP6 and tP10 or for any 

other similar molecules that do not form hydrogen bonds on their own,87,109 is a good 

indication that these systems involve hydrogen bonding. The observation of these two 

mesophases with the binary mixture tA6-tP10 is particularly strong evidence of the 

formation of a hydrogen-bonded complex since both components of this mixture form 

only hexagonal columnar phases on their own. Furthermore, the acid derivatives and the 

binary mixtures all exhibit a strong tendency to supercool, which was not the case for tP6 

and tP10 or for any other similar molecules that do not form hydrogen bonds.87,109 This 

phenomenon is most likely caused by the formation of hydrogen-bonded dimers or 

complexes.  

Considering the strong evidence that tA10, tA6-tP10, tA10-tP6 and tA10-tP10 

exist as dimers or 1:1 complexes, the possibility that the calculated Z values are in error 

should be examined. The assumption that the π-stacking distance is equivalent to the 
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c parameter of an orthorhombic cell could be a significant source of error since it is only 

valid if the mesogens stack orthogonally to the columnar axis. If the dimers are tilted with 

respect to the columnar axis, the cell would no longer be approximately orthorhombic 

and the π-stacking distance would largely underestimate the height of the unit cell 

(c parameter), as illustrated in 543HFigure 2.14, thus resulting in a calculated Z value 

considerably below the true number of molecules per unit cell. Since it was previously 

concluded that the dimers and complexes of tA6 and tA6-tP6 are tilted within the 

columns, it is not unreasonable to think that this could also be the case for tA10, 

tA6-tP10, tA10-tP6 and tA10-tP10. Furthermore, the assumption that the density of the 

mesophases is 1 g/mL has not been verified experimentally, and could exacerbate 

potential errors in the calculated Z values. 

 

Figure 2.14 Schematic representation of a columnar phase with the mesogens perpendicular to 
the columnar axis or tilted with respect to the columnar axis showing the link 
between the π-stacking distance and the c parameter.  

π-π distance 
c parameter 

c parameter 

π-π distance 
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A second possibility is that individual columns are comprised of single molecules, 

but that molecules within the columns are hydrogen bonded to those in neighbouring 

columns. Intercolumnar hydrogen bonding could occur in different ways, such as 

consistently between two columns that are hydrogen bonded to one another, or randomly 

between all neighbouring columns. This model would reconcile the observed Z ≈ 2 

values with the evidence for hydrogen-bonded dimers and complexes. If this model were 

correct, the extensive intercolumnar interactions would be expected to result in viscous 

phases, which might explain the tendency of the acids and binary mixtures to supercool. 

While both models presented above are plausible, current data does not allow for 

an unambiguous assignment of the true nanoscale structure within these columnar phases. 

Further experiments are required to fully elucidate the nature of the mesophases, such as 

dilatometry and XRD experiments on aligned samples 
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2.5 Conclusion 

A number of supramolecular elliptical mesogens were prepared through the use of 

complementary hydrogen bonding between disc-shaped carboxylic acid and pyridine 

derivatives. This approach has facilitated the rapid assembly of modular ‘ellipsotic’ 

mesogens having a different chain length on each half of the complex. The observed 

properties of these complexes have corroborated the idea that the shape and size of the 

ellipsotic mesogens are the primary factors determining their mesomorphic behaviour. It 

was observed that past a certain chain length, the complexes pack in nematic or 

rectangular columnar phases, which may be a general feature of elliptical mesogens. 

Furthermore, it appears that lowering the symmetry of these mesogens promotes the 

formation of a nematic phase that is stable over a wider temperature range.  

It was also observed that binary mixtures involving pyridine derivatives in which 

the nitrogen atom was located on the side of the core rather than on the top did not result 

in the formation of hydrogen-bonded complexes. It is possible that phase separation of 

the two components is caused by incompatibility of the shape of the potential complexes 

with the formation of mesophases, but it could also be caused by unfavourable hydrogen 

bonding between the carboxylic acid and pyridine derivatives or by inhomogeneous 

mixing due to the large differences between clearing temperatures.  

The pyridine-containing disc-shaped molecules prepared for this study have 

provided insight into the effect of heteroatoms on π-stacked structures. It was shown that 

the presence and position of a single nitrogen atom in the core of a disc-shaped molecule 

could determine whether liquid crystalline phases are formed.  



 

 71

2.6 Experimental  

2.6.1 Materials and methods 

All solvents employed were reagent grade and were used without further 

purification. Column chromatography was performed using silica gel 60 (40-63 μm) 

purchased from Avanco, or silica gel 60 (230-400 mesh) purchased from Silicycle Inc. 

3,4-Diaminopyridine and 2,3-diaminopyridine were purchased from Aldrich and used 

without further purification. o-Phenylenediamine was purchased from Eastman Kodak 

and used without further purification. 2,3,6,7-Tetrakis(hexyloxy)phenanthrene-9,10-

dione, 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione,111-113 and compounds A6 and 

A1087 were synthesised as previously reported. 

1H NMR spectra (400 MHz) and 13C NMR spectra (100 MHz) were acquired 

using a Bruker AMX-400 400 MHz NMR spectrometer, 1H NMR spectra (500 MHz) and 

13C NMR spectra (125 MHz) using a Varian AS500 Unity Inova 500 MHz spectrometer, 

and 1H NMR spectra (600 MHz) and 13C NMR spectra (150 MHz) using a Bruker 

Avance 600 MHz spectrometer equipped with a TCI cryoprobe. Matrix assisted laser 

desorption ionisation-time of flight mass spectra (MALDI-TOF MS) were acquired on a 

PerSeptive Biosystems Voyager-DE STR spectrometer with a nitrogen laser (337 nm) 

and using 2,5-dihydroxybenzoic acid as a matrix. Microanalyses (C, H, N) were 

performed at Simon Fraser University by Mr. Mei-Keng Yang or Mr. Frank 

Haftbaradaran on a Carlo Erba EA 1110 CHN Elemental Analyser using WO3 as an 

accelerant. 
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68BPOM experiments 

Texture analysis was carried out using polarising optical microscopy on an 

Olympus BX50 microscope with crossed polarisers using a Linkam LTS350 heating 

stage. For a typical experiment, a few milligrams of sample were placed on a glass 

microscope slide on the heating stage, and the sample was heated at 20 °C/min until it 

melted to the isotropic liquid, after which the temperature was held constant and a 

coverslip was placed on the melted sample to obtain a thin film. The sample was slowly 

cooled, typically at a rate between 0.5 and 3 °C/min, and pictures were taken as the liquid 

crystalline textures appeared. The fluidity of the sample was verified by lightly prodding 

the coverslip with a spatula. Heating and cooling cycles were repeated as necessary with 

various cooling rates in order to obtain clear textures. The sample was then allowed to 

cool to room temperature at rates of 5 or 10 °C/min to observe any further changes such 

as crystallisation or the appearance of a second liquid crystalline phase, or the absence of 

major texture changes accompanied by the disappearance of fluidity indicating 

supercooling. Again, pictures were taken to document the phase behaviour. 

69BDifferential scanning calorimetry 

Phase transition temperatures and enthalpies were investigated using differential 

scanning calorimetry (DSC) on a PerkinElmer DSC 7 using ice as a refrigerant. For a 

typical experiment, a sample was weighed directly in the DSC pan; weights of 4-5 mg 

were used. The pan was sealed and placed in the instrument. All scans were acquired at 

5°C/min. A first heating scan was acquired up to approximately 20 °C above the clearing 

temperature observed by POM, followed by a cooling scan down to 25 °C or to 0 °C in 

the case of samples with low crystallisation temperatures. Further scans were acquired on 
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heating and cooling to verify if degradation had occurred. Transition temperatures 

observed on the first heating and cooling scans were generally reported. For the binary 

mixtures, each mixture was prepared in triplicate and average transition temperatures 

were reported. 

70BVariable temperature X-ray diffraction 

To prepare samples for XRD, a few milligrams of compound were placed on a 

glass microscope slide on the heating stage, and the sample was heated at 20 °C/min until 

it melted to the isotropic liquid. The temperature was then held constant and the melted 

sample was loaded into capillaries hand drawn from Pasteur pipettes. The sample left on 

the glass slide could then be used as described above for texture analysis using POM. 

X-ray diffraction studies were carried out on a Rigaku RAXIS rapid diffractometer using 

Cu Kα radiation, a graphite monochromator and a Fujifilm Co., Ltd curved image plate 

(460 mm x 256 mm). A capillary containing the sample was held on the goniometer using 

plasticine, and aligned in front of the X-ray beam. A 0.1 mm collimator was used and 

typical irradiation times were of one hour. A temperature controller (stream of hot 

nitrogen) supplied by Rigaku was employed and the temperature was measured near the 

sample using a thermocouple held in place with plasticine.  

2.6.2 Synthesis 

71B2,3,6,7-Tetrakis(hexyloxy)-9,13,14-triazabenzo[b]triphenylene (sP6) 

A mixture of 2,3,6,7-tetrakis(hexyloxy)phenanthrene-9,10-dione 1a (0.076 g, 

0.12 mmol) and 2,3-diaminopyridine 2a (0.042 g, 0.38 mmol) in acetic acid (3 mL) was 

heated to reflux overnight. Upon cooling, water (100 mL) was added and the mixture was 



 

 74

extracted three times with dichloromethane. The dichloromethane extracts were 

combined, washed with water, dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting product was purified using a short plug of silica with 

dichloromethane as eluent, and was recrystallised from ethyl acetate, yielding 2,3,6,7-

tetrakis(hexyloxy)-9,13,14-triazabenzo[b]triphenylene sP6 as a yellow solid (0.068 g, 

80% yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 0.89-0.99 (m, 12H), 1.33-1.48 (m, approx. 

16H), 1.57-1.65 (m, approx. 8H), 1.90-2.03 (m, 8H), 4.27-4.37 (m, 8H), 7.73 (s, 1H), 

7.74 (s, 1H), 7.76 (dd, J = 4.1, 8.4 Hz, 1H), 8.69 (dd, J = 1.9, 8.4 Hz, 1H), 8.75 (s, 1H), 

8.92 (s, 1H), 9.25 (dd, J = 1.9, 4.1 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.03, 

14.04, 22.63, 25.76, 25.79, 25.82, 29.23, 29.28, 31.65, 69.09, 69.20, 69.47, 69.55, 106.13, 

108.78, 109.18, 122.99, 123.30, 124.02, 126.91, 127.10, 136.49, 138.02, 142.97, 144.36, 

149.34, 149.36, 149.51, 152.17, 152.32, 153.49. MALDI-TOF MS: m/z 682 (M+1). 

Elemental analysis calculated for C43H59N3O4: C 75.73%; H 8.72%; N 6.16%; found: 

C 75.95%; H 8.98%; N 6.04%. 

72B2,3,6,7-Tetrakis(decyloxy)-9,13,14-triazabenzo[b]triphenylene (sP10) 

A mixture of 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione 1b (0.203 g, 

0.24 mmol) and 2,3-diaminopyridine 2a (0.076 g, 0.69 mmol) in acetic acid (6 mL) was 

heated to reflux overnight. Upon cooling, water (200 mL) was added and the mixture was 

extracted three times with dichloromethane. The dichloromethane extracts were 

combined, washed with water, dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting product was purified using a short plug of silica with 

dichloromethane followed by chloroform as eluent, and was recrystallised from a mixture 
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of ethanol, acetone and dichloromethane, yielding 2,3,6,7-tetrakis(decyloxy)-9,13,14-

triazabenzo[b]triphenylene sP10 as a yellow solid (0.152 g, 69% yield). 

1H NMR (400 MHz, CDCl3) δ (ppm): 0.89 (t, approx. 12H), 1.21-1.40 (m, 

approx. 40H), 1.39-1.49 (m, approx. 8H), 1.51-1.69 (m, approx. 8H) 1.90-2.04 (m, 8H), 

4.24-4.38 (m, 8H), 7.718 (s, 1H), 7.720 (s, 1H), 7.75 (dd, J = 4.1, 8.4 Hz, 1H), 8.66 (dd, 

J = 1.9, 8.4 Hz, 1H), 8.73 (s, 1H), 8.90 (s, 1H), 9.24 (dd, J = 1.9, 4.1 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ (ppm): 14.10, 22.69, 26.17, 29.38, 29.52, 29.62, 29.69, 31.93, 

69.20, 69.29, 69.61, 69.67, 106.38, 109.01, 109.38, 123.11, 124.07, 127.03, 127.19, 

136.57, 138.06, 144.46, 149.46, 149.65, 152.30, 152.44, 153.57. MALDI-TOF MS: m/z 

907 (M+1). Elemental analysis calculated for C59H91N3O4: C 78.18%; H 10.12%; 

N 4.64%; found: C 78.42%; H 10.20%; N 4.75%. 

73B2,3,6,7-Tetrakis(hexyloxy)-9,12,14-triazabenzo[b]triphenylene (tP6) 

 A mixture of 2,3,6,7-tetrakis(hexyloxy)phenanthrene-9,10-dione 1a (0.450 g, 

0.74 mmol) and 3,4-diaminopyridine 2b (0.242 g, 2.22 mmol) in acetic acid (12 mL) was 

heated to reflux overnight. Upon cooling, water (200 mL) was added and the mixture was 

extracted three times with dichloromethane. The dichloromethane extracts were 

combined, washed with water, dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting product was purified using a short plug of silica with 

dichloromethane followed by chloroform as eluent, and was recrystallised from a mixture 

of dichloromethane and methanol yielding 2,3,6,7-tetrakis(hexyloxy)-9,12,14-

triazabenzo[b]triphenylene tP6 as a yellow solid (0.300 g, 60% yield). 
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1H NMR (600 MHz, CDCl3) δ (ppm): 0.94-0.98 (m, 12H), 1.37-1.49 (m, 16H), 

1.57-1.67 (m, 8H), 1.93-2.02 (m, 8H), 4.18-4.32 (m, 8H), 7.48 (s, 1H), 7.48 (s, 1H), 7.99 

(d, J = 5.8 Hz, 1H), 8.54 (s, 1H), 8.55 (s, 1H), 8.78 (d, J = 5.8 Hz, 1H), 9.64 (s, 1H). 

13C NMR (150 MHz, CDCl3) δ (ppm): 14.04, 14.06, 22.65, 22.66, 25.81, 25.82, 25.86, 

25.87, 29.25, 29.26, 29.27, 29.31, 31.68, 31.69, 31.70, 69.03, 69.04, 69.33, 69.43, 105.66, 

105.89, 108.50, 108.92, 121.10, 122.67, 123.07, 126.46, 127.48, 136.36, 143.14, 143.19, 

145.19, 145.30, 149.20, 149.39, 152.08, 152.61, 154.67. MALDI-TOF MS: m/z 682 

(M+1). Elemental analysis calculated for C43H59N3O4: C 75.73%; H 8.72%; N 6.16%; 

found: C 75.35%; H 8.89%; N 5.86%. 

74B2,3,6,7-Tetrakis(decyloxy)-9,12,14-triazabenzo[b]triphenylene (tP10)  

A mixture of 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione 1b (0.335 g, 

0.40 mmol) and 3,4-diaminopyridine 2b (0.129 g, 1.24 mmol) in acetic acid (10 mL) was 

heated to reflux overnight. Upon cooling, water (200 mL) was added and the mixture was 

extracted three times with dichloromethane. The dichloromethane extracts were 

combined, washed with water, dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting product was purified using a short plug of silica with 

dichloromethane followed by chloroform as eluent, and was recrystallised from a mixture 

of dichloromethane and acetone, yielding 2,3,6,7-tetrakis(decyloxy)-9,12,14-

triazabenzo[b]triphenylene tP10 as a yellow solid (0.232 g, 64% yield).  

1H NMR (400 MHz, CDCl3) δ (ppm): 0.84-0.94 (m, approx. 12H), 1.23-1.49 (m, 

approx. 48H), 1.54-1.66 (m, approx. 8H), 1.93-2.05 (m, 8H), 4.27-4.37 (m, 8H), 7.68 (s, 

2H), 8.19 (d, J = 5.4 Hz, 1H), 8.72 (s, 1H), 8.74 (s, 1H), 8.80 (d, J = 5.4 Hz, 1H), 9.75 (s, 

1H). 13C NMR (125 MHz, CDCl3) δ (ppm): 14.12, 22.70, 26.16, 29.27, 29.34, 29.39, 
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29.52, 29.62, 29.69, 31.93, 69.18, 69.50, 69.59, 105.96, 106.20, 108.79, 109.27, 121.75, 

122.70, 123.08, 126.84, 128.02, 143.73, 143.78, 145.86, 149.43, 149.64, 152.48. 

MALDI-TOF MS: m/z 907 (M+1). Elemental analysis calculated for C59H91N3O4: 

C 78.18%; H 10.12%; N 4.64%; found: C 77.86%; H 10.08%; N 4.46%. 

75B2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine (Phen6) 

A mixture of 2,3,6,7-tetrakis(hexyloxy)phenanthrene-9,10-dione 1a (0.075 g, 

0.12 mmol) and o-phenylenediamine 2c (0.041 g, 0.38 mmol) in acetic acid (6 mL) was 

heated to reflux overnight. Upon cooling, the solution was poured on ice and water 

(200 mL) and the mixture was filtered to collect the yellow precipitate. The resulting 

product was recrystallised from a mixture of ethanol, acetone and dichloromethane, 

yielding 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine Phen6 as a pale yellow solid 

(0.063 g, 75% yield). 

1H NMR (600 MHz, CDCl3) δ (ppm): 0.92-0.98 (m, 12H), 1.37-1.50 (m, approx. 

16H), 1.55-1.66 (m, approx. 8H), 1.92-2.05 (m, 8H) 4.21-4.44 (m, 8H), 7.72 (s, 2H), 7.80 

(dd, J = 3.1, 6.0 Hz, 2H), 8.30 (dd, J = 3.1, 6.0 Hz, 2H), 8.79 (s, 2H). 13C NMR 

(150 MHz, CDCl3) δ (ppm): 14.05, 14.06, 22.65, 22.66, 25.81, 25.84, 29.26, 29.33, 

31.67, 69.12, 69.60, 106.42, 108.71, 123.84, 126.50, 128.92, 129.16, 141.56, 141.87, 

149.39, 151.71. MALDI-TOF MS: m/z 681 (M+1). Elemental analysis calculated for 

C44H60N2O4: C 77.61%; H 8.88%; N 4.11%; found: C 77.56%; H 8.87%; N 3.93%. 

76B2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine (Phen10)111 

A mixture of 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione 1b (0.100 g, 

0.12 mmol) and o-phenylenediamine 2c (0.029 g, 0.69 mmol) in acetic acid (16 mL) was 
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heated to reflux overnight. Upon cooling, the solution was poured on ice and water 

(200 mL) and the mixture was filtered to collect the yellow precipitate. The resulting 

product was purified by column chromatography with a mixture of dichloromethane and 

hexanes (1:1) as eluent, and was recrystallised from a mixture of ethanol, acetone and 

dichloromethane, yielding 2,3,6,7-tetrakis(decyloxy)dibenzo[a,c]phenazine Phen10 as a 

pale yellow solid (0.068 g, 63% yield). 

1H NMR (600 MHz, CDCl3) δ (ppm): 0.86-0.91 (m, 12H), 1.22-1.40 (m, approx. 

40H), 1.40-1.50 (m, approx. 8H), 1.54-1.64 (m, approx. 8H), 1.86-2.09 (m, 8H) 4.20-4.47 

(m, 8H), 7.72 (s, 2H), 7.80 (dd, J = 3.2, 6.1 Hz, 2H), 8.31 (dd, J = 3.2, 6.1 Hz, 2H), 8.79 

(s, 2H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.12, 22.70, 26.17, 26.18, 29.31, 29.39, 

29.51, 29.53, 29.62, 29.63, 29.70, 31.94, 69.14, 69.63, 106.46, 108.74, 123.85, 126.51, 

128.93, 129.16, 141.56, 141.88, 149.40, 151.72. MALDI-TOF MS: m/z 906 (M+1). 

2.6.3 Binary mixture preparation 

Equimolar amounts (between 0.005 and 0.010 mmol) of the two desired 

components were weighed using an analytical balance with an uncertainty of 

± 0.00003 g, and were placed in a small conical vial (0.3 or 0.5 mL). The vial was heated 

with a MastercraftMD heat gun (54-6503-0) at low power (can reach up to 250 °C 

according to the instruction manual) for mixtures containing tA10 and high power (can 

reach up to 450 °C according to the instruction manual) for mixtures containing tA6. 

Once they had completely melted, the mixtures were stirred using a small glass tube 

(capillary tube with flame-sealed end) previously heated with the heat gun. The mixtures 

were then allowed to cool to room temperature. 
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CHAPTER 3: 2BA SIMPLE CAPILLARY FURNACE FOR 
VARIABLE TEMPERATURE X-RAY DIFFRACTION OF 
LIQUID CRYSTALS 
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The bulk of the research described in this chapter was published in: Lavigueur, 

C.; Foster, E. J.; Williams, V. E. “A simple and inexpensive capillary furnace for variable 

temperature X-ray diffraction” J. Appl. Crystallogr. 2008, 41, 214-216.  

The furnace was manufactured in the Simon Fraser University Machine Shop by 

Mr. Howard Proulx, the electrical circuit was assembled at the Simon Fraser University 

Electronic Shop by Mr. John Van Der Est, and the glass cover was made at the Simon 

Fraser University Glassblowing Shop by Mr. Bruce Harwood. 

Compound tF6 had been previously synthesised and characterised by 

Dr. E. Johan Foster, as reported in: Foster, E. J.; Jones, R. B.; Lavigueur, C.; Williams, 

V. E. “Structural factors controlling the self-assembly of columnar liquid crystals” J. Am. 

Chem. Soc. 2006, 128, 8569-8574. The compound synthesised by Dr. E. Johan Foster 

was used after repurification and the phase behaviour characterisation was redone.  
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3.1 14BIntroduction 

The thorough characterisation of liquid crystals requires the use of X-ray 

diffraction to probe the ordering in the liquid crystalline phases. Since these phases are 

commonly observed above room temperature, it is necessary to use a heating system in 

order to perform variable temperature XRD.145,146 Many problems emerged while using 

the heating system employed to carry out the research discussed in Chapter 2. These 

difficulties prompted the development of a new heating system, which is described in the 

present chapter. Variable temperature XRD experiments presented in subsequent chapters 

were performed using this capillary furnace.  

3.1.1 32BPreviously used heating system 

In the course of the research described in the previous chapter, a heating system 

supplied by Rigaku was employed. This device heated the sample using a stream of hot 

nitrogen, and resulted in many complications. The temperature of the system was 

measured by placing a thermocouple near the sample but away from the X-ray path, and 

it proved to be very difficult and time consuming to align the small stream of nitrogen 

with both the sample and thermocouple. It was also difficult to place the thermocouple 

sufficiently close to the sample capillary to get reliable temperature readings. 

Misalignment of the thermocouple and nitrogen stream resulted in rapid overheating, 

which could burn the sample or cause it to bubble out of the capillary.  

Temperature fluctuations were considerable and it was noticed that only a single 

low-angle peak was often observed for hexagonal columnar phases, which does not allow 

for unambiguous assignment of the lattice. It is possible that large temperature variations 
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led to fluctuations of the lattice parameter and broadening of the peaks, which would 

explain the lack of higher order peaks. Furthermore, it was impossible to approach the 

liquid crystalline phase reliably from heating or cooling. All attempts to characterise 

monotropic phases were therefore unsuccessful.  

For all these reasons, it was apparent that developing a new heating system for 

use with the X-ray diffractometer would greatly facilitate the study of liquid crystalline 

materials. The main goals were to reduce experiment time, improve temperature stability, 

and enable more precise control of the temperature, such that a phase can be approached 

through heating or cooling. 

3.1.2 33BPreviously reported furnaces 

 Several heaters for variable temperature X-ray diffraction have been reported in 

the past few years, most of which were designed for applications such as mineralogy, the 

construction of phase diagrams and in situ monitoring of solid state reactions. As a result, 

most of these heaters have focused on very high temperature applications, typically 

reaching temperatures between 1000 and 2000 °C.147-149 In some cases, the high power 

consumption required to reach such high temperatures meant that a water cooling system 

was also necessary.147 Furthermore, many of the previously reported furnaces provide the 

possibility of operating under controlled atmosphere.148,149 Other homemade furnaces 

were designed for use with synchrotron radiation, but these again reached very high 

temperatures,150-154 and some allowed the use of controlled atmosphere150,152 or high 

vacuum.150 Although these specifications are crucial for a variety of applications, they 

greatly increase the cost and complexity of the heaters and they are superfluous for the 

study of most liquid crystalline materials. 
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3.1.3 34BFurnace requirements for the study of mesogens 

Like most organic compounds, mesogens typically are isotropic liquids or 

decompose above 300 °C, so their characterisation does not require temperatures in 

excess of this value. Furthermore, most liquid crystalline molecules are air stable. 

Therefore, variable temperature XRD of mesogens could be carried out using a furnace 

that operates below 300 °C, under normal atmosphere and without any cooling system. 

Such a heater could be much less expensive and simpler to build than previously 

described furnaces. 

XRD of liquid crystalline materials is often performed in transmission geometry 

on a sample loaded in a capillary, hence this geometry was chosen for the development of 

a heater. It is also desirable for the heater to fit on a standard goniometer to harness its 

precise positioning system. The design, operation and calibration of such a capillary 

furnace are presented in this chapter, along with examples of its use for the study of 

liquid crystalline materials.  
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3.2 Design of the capillary furnace 

A cylindrical design was chosen for the furnace, with the sample capillary in the 

centre of the furnace and a thermocouple placed directly above it, in order to facilitate the 

positioning of the thermocouple near the sample without interfering with the X-ray 

radiation. The furnace was designed to be small and the required temperatures are 

relatively low, hence small Nichrome wires were chosen as heating elements. The body 

of the furnace was made with ceramics to avoid propagating heat to the rest of the 

instrument, most importantly to the goniometer on which the furnace rests. Finally, a 

glass cover pierced by two holes to let the X-rays pass was chosen as the simplest way to 

avoid excessive temperature fluctuations. 

544HFigure 3.1 shows a schematic representation of the 36.8 mm tall furnace. The 

heating element, a 0.5 mm diameter Nichrome wire, runs up and down between the 

Macor ceramic base (15.0 mm diameter, 5.4 mm high) and top (12.0 mm diameter, 

9.3 mm high), which are held together by two stainless steel posts (1.6 mm diameter) 

fastened with nuts. A ceramic sample holder (3.7 mm total height, 3.0 mm diameter on 

top, 1.6 mm diameter at base, 0.8 mm diameter hole through height of holder) fits in a 

hole in the base of the furnace (1.9 mm diameter for the first 3.1 mm then 0.8 mm 

diameter for an additional 3.5 mm). 
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Figure 3.1 Schematic representation of the furnace with thermocouple and sample capillary, 
and detailed dimensions of the furnace and sample holder (measures given in mm, 
sample holder drawn at a scale twice as large as that used for the body of the 
furnace). 
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A hole in the top of the furnace (0.8 mm diameter) allows a thermocouple to be 

positioned directly above the sample capillary. A small portion (1.5 cm) of the 

thermocouple wires are insulated with Teflon tape to avoid melting of the original plastic 

insulation inside the furnace. A post (3.2 mm diameter, 3.3 mm high) below the furnace 

base fits in a Rigaku goniometer so that the goniometer can be used to precisely adjust 

the position of the sample in the diffractometer. The electrical connections between the 

heating wire and electrical wires are made using screws through a ceramic block as can 

be seen in 545HFigure 3.2, which shows the furnace mounted on a goniometer. 

 

Figure 3.2 Pictures of the capillary furnace mounted on a goniometer a) with the thermocouple 
and sample capillary, and b) with the glass cover and sample capillary. The electrical 
wires (pink) leading to the controller are connected to the heating wires using screws 
through a ceramic block. 

A cylindrical borosilicate glass casing (15.0 mm diameter, 1.3 mm thick, 30.0 mm 

tall) is placed around the furnace to improve temperature stability, and rests on a ledge 
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(1.2 mm wide, 0.9 mm high) on the base of the furnace, as can be seen in 546HFigure 3.2b and 

547HFigure 3.3. A 4.6 mm hole in front lets the X-ray beam enter the furnace and an 11.6 mm 

hole in the back allows the diffracted radiation to exit up to an angle of approximately 

40o. If greater temperature stability is required, these windows can be covered by an 

X-ray transparent material such as Kapton tape.  

 

Figure 3.3 Schematic representation of the furnace with the glass cover and detailed dimensions 
of the glass cover (measures given in mm). 

The furnace is controlled using an Omega CN3201 temperature controller 

offering proportional with integral and derivative (PID) control, but could be controlled 

with any standard PID temperature controller. The thermocouple providing feedback is 

connected directly to the controller, but the power output from the temperature controller 

is connected to an electrical box containing a fuse (2 A) as well as a transformer 

(6.3 V / 10 A) and three resistors (0.1 Ω each) to reduce the voltage supplied to the 

heating wires. 
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3.3 Furnace troubleshooting and operation 

3.3.1 Tuning of the controller 

77BInitial tests 

Initial furnace tests, tuning and calibrations were performed with the furnace 

under a cardboard box or large beaker in order to reduce airflow and to better mimic the 

conditions in the X-ray diffractometer, which is enclosed in a large chamber. Initial tests 

revealed considerable overshooting of the set temperature (ST) before the furnace 

temperature stabilised, as well as non-negligible oscillations around the set point even 

after a long stabilisation period. For example, when starting at room temperature and 

putting the set point at 100 °C, the temperature as given by the temperature controller 

would initially rise to 230 °C and after 20 minutes, oscillations spanned a range of 10 °C 

around the set point. 

Overshooting of the set temperature and wide oscillations are signs of improper 

tuning of the temperature controller. Optimal parameters vary depending on the type of 

heater or load, but need to be optimised only once for this specific capillary furnace. 

78BBasics of PID control 

Controllers offering proportional with integral and derivative (PID) control155-157 

allow the setting of the cycle time, the proportional band, the integral time (also known as 

automatic resets) and the derivative time (also known as rate), and these parameters 

influence overshooting and stabilisation.  
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Figure 3.4 Output power versus time: schematic representation of the cycle time (CT) in a time 
proportioning control system.  

The cycle time (CT) is the total time over which the output remains at a 

determined value, after which the output is re-evaluated according to the current 

temperature. In a time proportioning control system such as the one used, the output is 

varied by changing the percentage of the cycle time over which the power is on or off, as 

illustrated in 548HFigure 3.4. A rapid cycle time ensures fast response and reduced lag.  

The proportional band (PB) is a band centred on the set value, determined as a 

percentage of the set value, over which the output goes from 100% to 0%. At 

temperatures below the lower limit of the proportional band, the output is at 100%. 

Within the proportional band the output decreases proportionally to the current 

temperature in order to reduce overshooting, and at temperatures above the proportional 

band the output is decreased to zero. As illustrated in 549HFigure 3.5a, proportional control 

typically results in an offset between the set and obtained temperatures. If the 

proportional band is too large, the response is slowed down; if it is too small, 

overshooting of the set temperature occurs. 
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Integral control aims to eliminate the offset between the set temperature and the 

actual temperature by adjusting the position of the proportional band. The integral time is 

the time over which the proportional band is shifted as a response to past errors in the 

temperature. Proportional and integral control (PI) typically causes the temperature to 

oscillate around the set point before stabilising at the desired temperature, as illustrated in 

550HFigure 3.5b. An improperly adjusted integral time can cause severe overshooting or slow 

stabilisation. 

 

Figure 3.5 Temperature profile showing the set temperature (ST) and proportional band (PB) 
obtained with a) proportional control, and b) PI or PID control (oscillations reduced 
in magnitude in PID control). 

Derivative control allows the controller to react to a rapidly changing temperature 

by moving the proportional band; it is therefore an anticipatory action. The derivative 

time is the time over which the proportional band is shifted as a response to anticipated 

values of the temperature based on the speed at which it is changing. An optimal 

derivative time in PID control gives a similar temperature profile as PI control (see 

551HFigure 3.5b), but with smaller magnitude oscillations. 
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79BTuning procedure 

Manual tuning of the four parameters (cycle time, proportional band, integral time 

and derivative time) was performed using the guidelines provided in the Operator’s 

Manual for the Omega CN3201 temperature controller.155 A brief summary of this 

procedure is given below. 

The cycle time was set at 0.5 s to obtain a fast response, and this value was found 

to be satisfactory. To begin tuning, both the integral time and derivative time were set to 

zero, thus disabling integral and derivative control. The ultimate proportional band 

(UPB) was found by setting a typical set temperature (150 °C) and varying the 

proportional band until a small and steady oscillation was observed (at 10%, oscillation 

of 2 to 3 °C); perfect stability is not desirable at this stage. The temperature was then 

measured over time in order to determine the oscillation period (OP), the time over 

which the oscillating temperature goes from one maxima to the next (11 s). Optimal 

settings were then calculated from these two parameters as follows: the proportional band 

was set to 1.67·UPB, the integral time was set to 2/OP and the derivative time was set to 

OP/8.155 The obtained optimal parameters are listed in 552HTable 3.1  

Using these settings, the temperature was found to stabilise around the set point 

with no measureable offset and with slow oscillations of at most ± 1 °C around the set 

temperature, for set temperatures ranging from 50 °C to 300 °C. Initial overshooting of 

the set temperature could be rendered insignificant by changing the set temperature 

gradually, 5 or 10 °C at a time. 
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Table 3.1 Optimal temperature controller settings (Omega CN3201) 

Cycle time 0.5 s 

Proportional band 16.7% 

Integral time 10.91 min-1 

Derivative time 1 s 

3.3.2 35BInitial furnace calibration 

It is important to verify if the temperature read by the controller thermocouple 

(displayed on the temperature controller) correctly reflects the temperature at the sample 

position. To do this, the temperature of the furnace was measured by placing the tip of a 

thermocouple thermometer at the sample position, as shown in 553HFigure 3.6, and its 

readings were compared with those given by the temperature controller.  

 

Figure 3.6 Calibration setup showing the controller thermocouple on top and the external 
thermocouple thermometer at the bottom, in the sample position.  

A large discrepancy was obtained between the two readings, indicating that the 

temperature measured by the controller thermocouple does not properly reflect the 
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temperature of the sample. To solve this problem, a calibration curve was prepared to 

relate the temperature at the sample position to the set temperature. Data points were 

taken at various set temperatures both on heating and on cooling over two days, and a 

good correlation was obtained. However, very different calibration curves were obtained 

when attempting to reproduce these results after removing and repositioning the two 

thermocouples, as shown in 554HFigure 3.7. 

 

Figure 3.7 Calibration curves obtained for the capillary furnace using an external thermocouple 
thermometer placed at the sample position. Each separate curve was obtained after 
removing and repositioning the thermocouples, resulting in slight changes in 
position. 

It appears that the temperature inside the furnace varies significantly with 

position, hence a calibration curve obtained using an external thermocouple thermometer 

is not reproducible if the thermocouples are moved. This type of calibration could not be 

used to evaluate the exact temperature of a sample capillary, since it would be impossible 

to place the capillary at precisely the same position as the external thermocouple 

thermometer. 
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3.3.3 36BCalibration using a sample 

Because temperature varies within the furnace chamber, calibration must be 

performed at the precise position where the sample is located during the XRD 

experiment, with the controller thermocouple placed at exactly the same position during 

the calibration and the measurements. This can be easily accomplished by performing the 

calibration inside the diffractometer using the sample itself to determine the true 

temperature. Since the samples that are being studied are liquid crystalline, they typically 

have two transitions on heating and two transitions on cooling. The exact temperature at 

which these transitions occur are known from DSC; a calibration curve can therefore be 

obtained by plotting the known transition temperatures against the set values needed to 

reach them. 

 

Figure 3.8 Furnace calibration process using the phase transitions of the sample. Top: current 
phase or phase transition. Middle: sample capillary as seen with the XRD camera; 
crosshairs indicate exact X-ray beam position. Bottom: temperature controller 
display panel showing the current measured temperature and the set temperature.  

 Calibrations can be performed inside the diffractometer using the camera 

(typically used for sample positioning) to observe the phase transitions. In this way, the 
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sample does not have to be moved between the calibration and the measurements, which 

avoids accidentally shifting the position of the sample or thermocouple. Measurements at 

various temperatures can be taken on a given sample using a single calibration curve. 

555HFigure 3.8 shows a sample capillary as seen with the diffractometer camera, illustrating 

the various phase transitions used for calibration of the furnace and showing the 

crosshairs pointing the exact location at which the X-ray beam hits the sample capillary. 

Examples of calibration curves are shown in section 556H3.4. 

3.3.4 Test of X-ray transmission and temperature stability 

In order to obtain good diffractograms in reasonable exposure times, it is essential 

to avoid any loss in the intensity of the transmitted X-ray beam that could be caused by 

the presence of the furnace. In order to verify this, short scans (10 s) were taken without 

the furnace, with the furnace and controller thermocouple and with the furnace, 

thermocouple and glass cover. In all cases, no diffraction patterns were observed and as 

seen in 557HFigure 3.9, no significant variation in intensity was recorded.  
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Figure 3.9 Intensity of the transmitted X-ray beam with and without the furnace, controller 
thermocouple (TC), glass cover and Kapton windows.  

Fluctuations of the sample temperature were measured to be less than ± 1 °C at 

165 °C. This stability is entirely sufficient for the routine characterisation of most liquid 

crystals. If greater stability was required for a specific application, the windows cut into 

the glass cover could be sealed with Kapton tape, which is an X-ray transparent material. 

The intensity of the transmitted X-ray beam was found to be slightly lower when using 

Kapton windows ( 558HFigure 3.9), but this decrease is sufficiently small for Kapton tape to be 

a viable option in cases where increased temperature stability is required.  
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3.4 15BTest of furnace applications 

3.4.1 Reproducing previous results 

In order to demonstrate that the capillary furnace could be used to reproduce 

previously obtained results, diffractograms of molecules tA6, tA10, tP6 and tP10 (see 

559HFigure 3.10) were obtained using the furnace and compared to results shown in the 

previous chapter.  
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Figure 3.10 Previously studied compounds that were re-investigated using the capillary furnace. 

As summarised in 560HTable 3.2, comparable results were obtained with both heating 

systems. Small discrepancies between lattice constants could be due to the larger 

uncertainty in temperature associated with the nitrogen stream heating system since the 

lattice parameters are known to vary with temperature. In some cases, higher order peaks 

that were not seen when using the nitrogen heater were observed when using the capillary 

furnace. It is possible that the improved temperature stability enabled the observation of 

these low intensity peaks. 
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Table 3.2 X-ray diffraction data and lattice constants for tA6, tA10, tP6 and tP10 obtained 
with the nitrogen stream heating system and with the capillary furnace 

N2 heating system Capillary furnace 

Comp. Temp. 
(°C) 

d-
spacing 

(Å) 

Miller 
indices 
(hkl) 

Phase 
(lattice 

constant) 

d-
spacing

(Å) 

Miller 
indices 
(hkl) 

Phase 
(lattice 

constant) 

tA6 200 16.6 
Not seen

4.3 
3.6 

(100) 
(110) 

alkyl halo
π-π 

Colh 
(19.2 Å) 

16.9 
9.8 
4.3 
3.6 

(100) 
(110) 

alkyl halo 
π-π 

 

Colh 
(19.5 Å) 

tA10 135 22.8 
17.5 
11.6 
9.6 
8.9 

Not seen
4.3 
3.5 

(200) 
(110) 
(400) 
(020) 
(220) 
(420) 

alkyl halo
π-π 

Colr 
(45.6 Å,  
18.9 Å) 

23.6 
18.1 
11.9 
9.7 
9.1 
7.9 
4.4 
3.5 

(200) 
(110) 
(400) 
(020) 
(220) 
(420) 

alkyl halo 
π-π 

Colr 
(47.2 Å,  
19.6 Å) 

tP6 160 16.2 
4.1 
3.5 

(100) 
alkyl halo

π-π 

Colh 
(18.7 Å) 

16.8 
4.2 
3.5 

(100) 
alkyl halo 

π-π 

Colh 
(19.4 Å) 

tP10 125 19.3 
Not seen

4.4 
3.5 

(100) 
(110) 

alkyl halo
π-π 

Colh 
(22.3 Å) 

20.0 
11.6 
4.2 
3.5 

(100) 
(110) 

alkyl halo 
π-π 

Colh 
(23.1 Å) 

 

Compound tA6 has a clearing temperature of 258 °C, one of the highest observed 

for tetrakis(alkoxy)dibenzo[a,c]phenazine derivatives. The capillary furnace was able to 

reach this phase transition; it therefore enables us to access the full temperature range 

necessary for the study of common liquid crystalline molecules. It is anticipated that the 

furnace could operate at higher temperatures. 
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3.4.2 Probing narrow phases 

Compound tF6 ( 561HFigure 3.11) was studied in order to demonstrate the increased 

temperature control obtained with the capillary furnace compared to the previously used 

hot nitrogen stream. Previous investigations had indicated that this mesogen exhibits a 

monotropic liquid crystalline phase (only accessible on cooling), and attempts to obtain 

an XRD pattern of this phase had been unsuccessful.109  

 

Figure 3.11 Structure and phase behaviour of the fluorine substituted discotic mesogen tF6. 
Texture observed by POM at 165 °C. Transition temperatures (°C) and enthalpies 
(J/g) obtained by DSC on first heating at 5 °C/min. 

New studies revealed that this compound exhibits a liquid crystalline phase over a 

very narrow temperature range on heating (5 °C), as well as the broader liquid crystalline 

phase previously observed on cooling. Using the capillary furnace, XRD patterns were 

successfully obtained both on heating and cooling, demonstrating the ability to probe 

phases having a very narrow temperature range as well as the possibility of accessing 

phases while heating or cooling, as required. The diffractogram obtained on cooling is 

shown in 562HFigure 3.12 along with the temperature calibration curve.  
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Figure 3.12 X-ray diffractogram of tF6 at 145 °C and temperature calibration curve. 

3.4.3 37BProbing monotropic phases 

Compound tP14 was prepared by the method described in the previous chapter, 

through the condensation of 2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-dione and 

2,3-diaminopyridine. Characterisation by POM (dendritic textures with 6-fold symmetry) 

and DSC (one peak on heating, two on cooling) revealed a monotropic hexagonal 

columnar phase, as shown in 563HFigure 3.13.  
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Figure 3.13 Structure and phase behaviour of the pyridine containing discotic mesogen tP14. 
Texture observed by POM at 106 °C. Transition temperatures (°C) and enthalpies 
(J/g) obtained by DSC on first heating at 5 °C /min. 

In order to obtain the diffractogram of a monotropic phase, it is necessary to 

approach it while cooling from the isotropic liquid, since monotropic phases are by 

definition not observed on heating. This was never successfully achieved using the 

nitrogen stream heater because of temperature instability. Using the capillary furnace, an 

X-ray diffraction pattern was obtained for tP14, as shown in 564HFigure 3.14. Monotropic 

phases are only kinetically stable, hence the sample could not be irradiated for prolonged 

periods of time without allowing it to crystallise, but a good diffraction pattern was 

obtained in 10 minutes.  

 



 

 102

 

Figure 3.14 X-ray diffractogram of tP14 at 100 °C and temperature calibration curve. 
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3.5 Conclusion 

The capillary furnace has been shown to offer temperature control up to at least 

258 °C, with fluctuations of less than ± 1 °C at 165 °C. It offers sufficiently good control 

and stability to access narrow phases and monotropic phases. Calibration of the furnace 

can be performed rapidly inside the diffractometer using the sample itself as a 

temperature standard, and no lengthy alignment steps are required. The furnace can be 

controlled with any standard PID temperature controller, such as the Omega CN3201 

controller used in the present study. 

This furnace is perfectly suited to the study of air stable liquid crystals, but it 

could also be used to characterise other organic molecules or systems that do not require 

extremely high temperatures. Because of its size and simplicity, this design is relatively 

easy and inexpensive to build (approximate cost of manufacture of the furnace: $1000). 

Its small size also makes it very portable and simple to adapt to other instruments. For all 

these reasons, furnaces following this design could easily be built in small research 

institutions or for undergraduate laboratories. 
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3.6  Experimental 

3.6.1 Materials and methods 

For general materials and methods, see Chapter 2. 

Compound tF6 was previously reported;109 2,3,6,7-tetrakis(tetradecyloxy)-

phenanthrene-9,10-dione was synthesised in the same manner as reported for analogues 

having shorter alkoxy chains,111-113 its full synthesis is reported in Chapter 4. 

80BUse of the capillary furnace for variable temperature XRD 

Samples were loaded into capillaries as described in Chapter 2. The capillary was 

placed in the furnace, where it was held in place by the sample holder. The glass cover 

was then placed around the furnace, and the thermocouple inserted through the top of the 

furnace such that its tip was near the sample capillary. The furnace was then mounted on 

the goniometer inside the diffractometer, and the sample was aligned with the X-ray 

beam. After this step, the sample and thermocouple were not moved until the end of the 

experiment.  

Calibration was performed by varying the sample temperature using the Omega 

CN3201 temperature controller linked to the furnace, while monitoring the sample with 

the camera used to position samples in the diffractometer (565HFigure 3.8). During this 

process, the furnace was heated slowly, approximately 5 °C at a time, in order to avoid 

overshooting. After having reached the clearing point, the sample was allowed to slowly 

cool to room temperature and finally was heated once again up to the clearing point. Set 

temperatures at which phase transitions occurred at the beam position (indicated by the 

crosshairs) were recorded, and a calibration curve was obtained by plotting the 
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temperatures recorded on the controller against the transition temperatures measured by 

DSC. The sample was then cooled to within the liquid crystalline range, and diffraction 

patterns were obtained at the desired temperatures with a Rigaku RAXIS rapid 

diffractometer using the Cu Kα radiation, a graphite monochromator and a Fujifilm Co., 

Ltd curved image plate (460 mm x 256 mm). A 0.1 mm collimator was used and typical 

irradiation times were of 30 minutes. Diffraction patterns could also be obtained after 

heating the sample from room temperature. 

3.6.2 38BSynthesis 

81B11-Fluoro-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine tF6109 

After prolonged storage on the bench top, tF6 decomposes to the parent 

unsubstituted compound, 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine Phen6, as 

seen by 1H NMR spectroscopy and MALDI-TOF MS. These two compounds were 

separated by column chromatography with a mixture of dichloromethane and hexanes 

(1:1 increasing to 1.2:1) as eluent, and the product was recrystallised from a mixture of 

acetone and dichloromethane, yielding 11-fluoro-2,3,6,7-tetrakis(hexyloxy)-

dibenzo[a,c]phenazine tF6 as a yellow solid. 

1H NMR (500 MHz, CDCl3) δ (ppm): 0.92-0.97 (m, 12H), 1.34-1.49 (m, 16H), 

1.56-1.65 (m, 8H), 1.92-2.04 (m, 8H), 4.24-4.39 (m, 8H), 7.56-7.61 (m, 1H), 7.74 (s, 

2H), 7.92 (dd, J = 2.8, 9.4 Hz, 1H), 8.31 (dd, J = 5.9, 9.4 Hz, 1H), 8.76 (s, 1H), 8.77 (s, 

1H). MALDI-TOF MS: m/z 699 (M+1). 
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82B2,3,6,7-Tetrakis(tetradecyloxy)-9,12,14-triaza-benzo[b]triphenylene (tP14)  

A mixture of 2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-dione (0.025 g, 

0.02 mmol) and 3,4-diaminopyridine (0.1 g, 0.48 mmol) in toluene (4 mL) was heated to 

reflux for two days. Upon cooling, water (100 mL) was added and the mixture was 

extracted three times with dichloromethane. The dichloromethane extracts were 

combined, washed with water, dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting product was purified using a short plug of silica with 

dichloromethane as eluent, and was recrystallised from a mixture of dichloromethane and 

acetone, yielding 2,3,6,7-tetrakis(tetradecyloxy)-9,12,14-triaza-benzo[b]triphenylene 

(tP14) as a yellow solid (55% yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 0.85-0.90 (m, 12H), 1.19-1.40 (m, approx. 

72H), 1.39-1.49 (m, approx. 8H), 1.56-1.66 (m, approx. 8H), 1.84-2.10 (m, 8H), 

4.25-4.38 (m, 8H), 7.71 (s, 1H), 7.72 (s, 1H), 8.11 (d, J = 5.9 Hz, 1H), 8.776 (s, 1H), 

8.780 (s, 1H), 8.82 (d, J = 5.9 Hz, 1H), 9.75 (s, 1H). 13C NMR (125 MHz, CDCl3) 

δ (ppm): 14.12, 22.69, 26.17, 26.18, 26.20, 29.28, 29.30, 29.31, 29.38, 29.53, 29.54, 

29.69, 29.71, 29.75, 31.93, 69.10, 69.42, 69.53, 105.86, 106.10, 108.64, 109.07, 122.80, 

123.21, 126.60, 127.63, 143.29, 145.35, 145.39, 149.31, 149.51, 152.19, 152.72. 

MALDI-TOF MS: m/z 1131 (M+1). Elemental analysis calculated for C75H123N3O4: 

C 79.66%; H 10.96%; N 3.72%; found: C 79.79%; H 11.09%; N 3.80%. 
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CHAPTER 4: 3BSELF-ASSEMBLY OF CARBOXYLIC ACID 
SUBSTITUTED MESOGENS IN SOLUTION 
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The bulk of the research described in this chapter was published in: 

Lavigueur, C.; Foster, E. J.; Williams, V. E. “Self-assembly of discotic mesogens in 

solution and in liquid crystalline phases: effects of substituent position and hydrogen 

bonding” J. Am. Chem. Soc., accepted July 3, 2008. 
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4.1 Introduction 

In Chapter 2, the formation of rigidly-linked dimers of disc-shaped molecules was 

discussed. It was found that elliptical complexes could be obtained from a mixture of 

disc-shaped molecules, one bearing a carboxylic acid group (tA) and one bearing a 

pyridine fragment (tP). Similar elliptical mesogens had also been previously obtained 

through the dimerisation of carboxylic acid substituted disc-shaped molecules (tA), as 

shown in 566HFigure 4.1. 
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Figure 4.1 Previously studied elliptical complexes and dimers. 

Chapter 2 also described an attempt to create rigidly-linked dimers having a 

different shape by moving the nitrogen atom in the pyridine moiety towards the side of 

the aromatic core (sP, 567HFigure 4.2). However, it was found that these compounds do not 
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lead to the formation of hydrogen-bonded complexes when mixed with a carboxylic acid 

substituted disc-shaped molecule. 

NN
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ORRO

RO

 

Figure 4.2 Previously studied disc-shaped molecules bearing a pyridine moiety that did not 
form elliptical complexes with carboxylic acid substituted disc-shaped molecules. 

Placing a carboxylic acid group on the side of the aromatic core of a disc-shaped 

molecule (sA), as shown in 568HFigure 4.3, also has the potential to lead to the formation of 

non-elliptical rigidly-linked dimers. These molecules are isomers of the previously 

studied carboxylic acid derivatives (tA) shown in 569HFigure 4.1, differing only in the 

position of the acid group. The small difference between these two series of isomers 

could have a large impact on their liquid crystalline behaviour, particularly if hydrogen-

bonded dimers are formed, since they would have a dramatically different shape. In order 

to understand the effect of hydrogen bonding on the properties of these compounds, they 

were contrasted to those of the methyl ester substituted analogues shown in 570HFigure 4.3. 

Indeed, methyl esters and carboxylic acids have similar sizes, shapes and electronic 

properties, but the esters lack the capability to form hydrogen bonds.  
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Figure 4.3 Target compounds studied in this chapter. 

Preliminary characterisation of the three acid derivatives revealed significant 

changes in their 1H NMR spectra with changing concentration, as shown in Figure 4.4. 

Such variations in chemical shifts with concentration are a good indication that self-

assembly is occurring in solution; these observations therefore prompted the detailed 

investigation of the solution behaviour of the three acid derivatives and their methyl ester 

analogues, as presented in this chapter. The study of the liquid crystalline properties of 

these compounds are discussed in Chapter 5. 

 

Figure 4.4 Preliminary 1H NMR results for sA10: aromatic portion of the spectra at two 
different concentrations. 
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4.2 Techniques used for solution studies 

A variety of techniques were used to characterise the solution behaviour of 

molecules in series sA and sE. Since these techniques are somewhat non-conventional, 

they are briefly introduced in the following sections. 

4.2.1 Dilution experiments 

In a system that self-assembles in solution, only monomers are present at infinite 

dilution and increasing the concentration allows self-association to occur, thus changing 

the local environment around the molecules. The properties of the system can therefore 

be observed to change with increasing concentration with a variety of techniques; 

UV-visible absorption spectroscopy and 1H NMR spectroscopy were used for dilution 

experiments in the present study. 

The simplest way to carry out these experiments is to start with a sample 

containing only solvent and to add to small amounts of a concentrated stock solution 

containing the molecules of interest, taking a spectrum after each addition. 

In most cases, self-assembled systems are in fast exchange on the NMR timescale, 

meaning that for each proton, only one peak is observed reflecting the average chemical 

shift of the monomer and self-assembled species. This peak is then observed to shift with 

increasing concentration as the proportion of monomer decreases.158-163 

Dimer model for 1H NMR dilution experiments 

The dimer model,158 which assumes that only monomers and dimers are present to 

the exclusion of higher order aggregates, is arguably the simplest model that can be used 
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to analyse the results of dilution experiments. In a system in which only monomers and 

dimers are present, the following equilibrium is established: 

A + A A2
Kdim

           (4-1) 

[ ]
[ ]2

2
dim A

A
K =              (4-2) 

where [A] is the concentration of monomer, [A2] is the concentration of dimer and 

Kdim is the dimerisation constant. 

The total concentration of A, [A]0, is defined as: 

[ ] [ ] [ ] [ ] [ ]2dim20 A2KAA2AA +=+=           (4-3) 

Equation 4-3 is a quadratic equation that can be solved for [A], giving: 

[ ] [ ]
dim

0dim

4K
A8K11

A
+±−

=            (4-4) 

[ ] [ ] [ ]
2
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0dim0dim2

8K
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A
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=          (4-5) 

It is also possible to define the fractions of monomer and dimer, fA and fdim, as: 

[ ]
[ ]0A A

Af =              (4-6) 

[ ]
[ ]

[ ]
[ ]0

2
dim

0

2
dim A

A2K
A
A2f ==            (4-7) 

1ff dimA =+              (4-8) 
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For a system in fast exchange on the NMR timescale, the observed chemical shift 

δ is an average of the chemical shifts of the monomer (δA) and dimer (δdim), as shown: 

dimdimAA δfδfδ +=             (4-9) 

Rearranging equation 4-9 and substituting equation 4-7 gives: 

( )AdimdimA δδfδ-δ −=          (4-10) 

Substituting equation 4-7 in equation 4-10 gives: 

[ ]
[ ] ( )Adim

0

2
dim

A δ-δ
A

A2Kδ-δ =          (4-11) 

Finally, combining equations 4-5 and 4-11 gives: 

[ ] [ ]
[ ] ( )Adim

0dim

0dim0dim
A δδ

A4K
A8K1A4K1

δδ −
+−+

=−       (4-12) 

Equation 4-12 defines the relationship between the change in chemical shift 

(δ - δA) and the total concentration of compound in solution [A]0 based on two 

parameters, the dimerisation constant Kdim and the chemical shift of the dimer δdim. This 

equation can be used to fit data from 1H NMR dilution experiments and obtain a 

dimerisation constant. 

4.2.2 2D NMR spectroscopy 

Generally, the extent to which the chemical shift of each proton changes with 

concentration reflects how much the magnetic environment around each proton changes 

in the self-assembled system.158-163 It is desirable to assign all peaks in the 1H NMR 

spectra in order to know which proton is most affected by the self-assembly and thus gain 
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valuable information about the mode of self-assembly. Two 2D NMR spectroscopy 

techniques, ROESY and HMBC, were used in order to assign all peaks in the aromatic 

region of the 1H NMR spectra of the acid and ester substituted molecules. 

ROESY 

Rotating frame Overhauser effect spectroscopy (ROESY)164,165 relies on the 

nuclear Overhauser effect (NOE)166,167 to detect protons that are close in space but not 

necessarily coupled through bonds. The NOE involves magnetic nuclei interacting 

through space by relaxing each other without causing coupling, and leads to an 

enhancement or reduction of the intensity of the signal from the second nucleus when the 

first is irradiated at its resonance frequency. Since the NOE falls off as the inverse sixth 

power of the distance, it can only be observed over short distances, typically below 5 Å.  

The NOE can be understood by examining the energy levels arising from two 

nuclei A and X relaxing each other, as shown in Figure 4.5. Four populated energy levels 

are established, each with a different combination of spins of nuclei A and X as shown by 

arrows in the figure. The allowed transitions observed by NMR, W1A and W1X, 

correspond to a change of one spin at a time.  
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Figure 4.5 Spin energy level diagram for two nuclei interacting through space. The short arrows 
show the spins of nuclei A and X at each energy level, while the transitions 
occurring upon irradiation at the resonance frequency of nucleus X, W1X, are shown 
in bold and the relaxation pathways W0 and W2 are indicated by the dashed arrows. 

Irradiation at the resonance frequency of nucleus X leads to transitions W1X and 

thus increases the population in levels 3 and 4. There are two possible relaxation 

pathways, W0 and W2. The first (W0), which involves no net change in the total number 

of spins, occurs between energy levels close in energy and is stimulated by the slow 

tumbling of large molecules. It leads to an increase in the population of energy level 2 at 

the expense of level 3, which causes a decrease in the intensity of the signal from nucleus 

A. The second relaxation pathway (W2), which involves the change of both spins 

simultaneously, occurs between well-separated energy levels and is stimulated by the 

rapid tumbling of small molecules. It leads to a decrease in the population of energy level 

4 and an increase for energy level 1, causing an increase in the intensity of the signal 

from nucleus A. 
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The simplest way to probe the NOE is the NOE difference experiment in which 

the difference between two spectra is plotted, one spectrum taken with irradiation at the 

resonance frequency of a given nucleus and one taken without. All nuclei sufficiently 

close through space to the irradiated nucleus have their peak intensity increased or 

decreased, and therefore show up in a difference spectrum. All other nuclei have their 

signals cancelled out and do not appear in the NOE difference spectrum. This technique 

is only useful for small or large molecules in which either the W2 or the W0 relaxation 

pathway dominates. However, if both pathways occur to a similar extent their effects 

cancel out and the measured NOE is close to zero.  

The NOE difference experiment described above probes the cross-relaxation 

occurring between the z-magnetisation of the two nuclei. The ROESY experiment, which 

also correlates nuclei through space, probes cross-relaxation between transverse 

magnetisation (x and y) that are spin locked by the application of a strong radio frequency 

(RF) field. In this case, the cross-relaxation always leads to an enhancement of the signal, 

meaning that its effect can always be observed even in the case of molecules for which no 

signal was observed in the NOE difference experiment due to the cancelation of the effect 

arising from the W0 and W2 pathways. This disappearance of the cross-peak in the NOE 

difference experiment is typically observed for molecules having a molar mass on the 

order of 1000 to 3000; it is in these cases that the ROESY experiment is advantageous. 

ROESY experiments involve the application of a 90o pulse followed by a chemical shift 

evolution time, then a mixing time with spin-locking by the application of an RF field 

during which the relaxation between transverse magnetisation occurs, after which the 

signal is recorded.  
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ROESY experiments are carried out in 2D, with the 1H NMR spectra on both axis, 

and cross-peaks are indicative that nuclei are close through space. Because the transverse 

cross-relaxation rate is always positive, cross-peaks and diagonal peaks always have 

opposite signs in ROESY spectra. Hence, if the diagonal peaks are positive, the cross-

peaks are always negative. The TOCSY experiment (total correlation spectroscopy), 

which shows cross-peaks between all nuclei that are in the same spin system, relies on a 

very similar pulse sequence; it is therefore possible to observe cross-peaks arising from a 

through-bond interaction, as in TOCSY, in a ROESY spectrum. These cross-peaks can be 

easily identified because they have the opposite sign (positive) compared to the ROESY 

cross-peaks (negative).  

HMBC 

Heteronuclear multiple-bond correlation (HMBC) experiments164,165,167 give rise 

to 2D spectra with the 1H chemical shifts on one axis and the 13C chemical shifts on the 

other. Cross-peaks arise from two-bond and three-bond coupling, meaning that a proton 

does not have a cross-peak with the carbon atom it is directly bound to, but rather with 

the following two carbon atoms (1H–C–13C or 1H–C–C–13C). This is achieved by setting 

an evolution time that is sufficiently long for the magnetisation to be transferred through 

more than one bond, leading to the observation of two- and three-bond coupling. A low-

pass filter is typically added to further suppress correlations arising from one-bond 

coupling. HMBC spectra can be used to gain valuable structural information by relating 

atoms that are fairly far apart in the molecule.  
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4.2.3 Dynamic light scattering 

Dynamic light scattering (DLS),168-171 also known as photon correlation 

spectroscopy, allows the measurement of particle size in solution. It relies on the fact that 

Brownian motion, the random movement of particles in solution, varies according to the 

size of particles: small particles move faster than large ones. The speed of the particles, 

which is measured as the translational diffusion coefficient, is also influenced by the 

temperature and the viscosity of the solution, hence both of these parameters must be 

known. The size can be obtained through the Stokes-Einstein equation: 

( )
D3
TK

HD B

πη
=            (4-13) 

In which D(H) is the hydrodynamic diameter, KB is the Boltzmann constant, T is 

the temperature, η is the viscosity and D is the translational diffusion coefficient. The 

obtained size is called a hydrodynamic diameter because it refers to how a particle 

diffuses within a fluid. It is influenced by the solution properties; for example, it 

increases in the case of a polymer that swells with solvent, or of a charged particle 

surrounded by an electric double layer. All measured sizes are diameters; for non-

spherical particles, this size corresponds to the diameter of a sphere having the same 

diffusion coefficient. 

The translational diffusion coefficient (D) is evaluated by measuring the intensity 

fluctuations in the light diffracted by the sample; particles that move quickly cause rapid 

changes in the measured intensity, which means that the sample quickly loses all 

correlation with itself. Indeed, since the Brownian motion is random, the observed signal 

is only correlated to itself for a very short period of time, while the particles have not yet 
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moved over a distance equivalent to a significant fraction of the wavelength of the light. 

This period of time before all correlation is lost, obtained as a correlation function, is the 

actual raw data measured by the instrument, which then uses the correlation function to 

calculate the translational diffusion coefficient D and the hydrodynamic diameter D(H).  

Results given by the instrument show the size distribution of particles in the 

sample as a function of scattered light intensity. Since the intensity of scattered light is 

proportional to the sixth power of the diameter of a particle, the results strongly favour 

larger particles, which cause a much greater amount of scattered light. For instance, a 

system containing a large number of small particles and a minute number of much larger 

ones can give rise to two similar size peaks in the intensity size distribution. The 

instrument can convert the obtained intensity distribution into a volume distribution or a 

number distribution, but this conversion requires the knowledge of the precise refractive 

index of the solution and involves a more complicated treatment of the data.  
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4.3 Synthesis of the acid and methyl ester substituted compounds 

The target compounds were synthesised using the modular approach introduced in 

Chapter 1, by condensation of the appropriate diamine with a 2,3,6,7-tetrakis-

(alkoxy)phenanthrene-9,10-dione (Scheme 4.1).  
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Scheme 4.1 Synthesis of target compounds in series sA and sE.  

It was observed that in the case of the ester derivatives, hydrolysis occurred 

leading to the formation of a small amount of the corresponding carboxylic acid 

derivative, but the two products could be easily separated. 
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Attempts to synthesise sA14 by the direct condensation of 4.1c with the benzoic 

acid derivative 4.2a proved to be inefficient. The obtained crude product was an 

approximately 1:2 mixture of 4.1c and the desired product, sA14. This mixture was not 

successfully separated even after repeated column chromatography and recrystallisations, 

possibly due to the formation of a complex between the two species. A mixture of sA14 

and the quinone 4.1c almost invariably resulted in a single spot by TLC, with an Rf that 

did not correspond to that of pure 4.1c. In order to circumvent these problems, sA14 was 

prepared by hydrolysis of sE14, thus eliminating the need to separate the long chain 

carboxylic acid derivative from 2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-dione 

4.1c.  

All target compounds were studied by 1H and 13C NMR spectroscopy, MALDI-

TOF mass spectrometry and elemental analysis. The 1H NMR spectra of the starting 

materials 4.1a, 4.1b and 4.1c exhibit characteristic peaks at approximately 7.1 and 

7.5 ppm integrating to two protons each and corresponding to the four aromatic protons 

present on the molecules. These peaks are shifted downfield in the final compounds. In 

series sE, peaks corresponding to the seven aromatic protons are observed between 7.7 

and 8.8 ppm, while a peak integrating to three protons is observed at 4.2 ppm due to the 

ester group. In series sA, the 1H NMR spectra are concentration dependant, as detailed in 

section 4.4.3. Depending on the concentration, the peak due to the carboxylic acid is 

observed between 15.5 and 16.3 ppm, and those corresponding to the seven aromatic 

protons between 7.0 and 8.9 ppm. Mass spectrometry also provides rapid confirmation of 

the success of the condensation reaction by showing a peak corresponding to the mass of 

the target compound. 
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The previously known 2,3,6,7-tetrakis(hexyloxy)phenanthrene-9,10-dione 4.1a 

and 2,3,6,7-tetrakis(decyloxy)phenanthrene-9,10-dione 4.1b were prepared following 

established literature procedures111-113 as outlined in Chapter 1, and 2,3,6,7-

tetrakis(tetradecyloxy)phenanthrene-9,10-dione 4.1c was prepared in the same manner.  

The two diamines were prepared through modified literature procedures,109,172-175 

as shown in 575HScheme 4.2. The commercially available 3-nitrophthalic acid 4.3a was 

treated with acetic anhydride to form 3-nitrophthalic anhydride 4.3b. Regioselective ring 

opening with ammonia followed by treatment with hydrochloric acid afforded 

3-nitrophthalamic acid 4.3c, after which a Hofmann rearrangement was performed to 

obtain 2-amino-3-nitrobenzoic acid 4.3d. Reduction of this compound yielded the desired 

2,3-diaminobenzoic acid 4.2a, which could also be esterified to obtain methyl 

2,3-diaminobenzoate 4.2b. 
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Scheme 4.2 Synthesis of 2,3-diaminobenzoic acid 4.2a and methyl 2,3-diaminobenzoate 4.2b. 
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4.4 17BResults, discussion and interpretation of the solution behaviour 

4.4.1 41BProton assignment using 2D NMR spectroscopy 

As stated in the introduction of this chapter, preliminary results indicated that the 

chemical shift of all aromatic protons of molecules in series sA shift dramatically with 

concentration, which prompted the detailed analysis of the solution behaviour of 

compounds in series sA and sE. Analysis of the relative changes in the chemical shift of 

each proton could provide insight into the self-assembly occurring in solution. To 

accomplish this, it was first necessary to unambiguously assign all peaks in the aromatic 

region of the 1H NMR spectra of molecules in series sA and sE, which was carried out 

using 2D NMR spectroscopy.  

ROESY showed the through space interactions between the acid or ester protons 

and the two nearest aromatic protons, and HMBC was used to identify protons that 

couple to the same carbon atoms and are therefore separated by only a few chemical 

bonds. The combination of these two techniques allowed the reliable assignment of all 

aromatic peaks, as described in detail in the present section. 

The ROESY spectra used to carry out these assignments were taken at high 

concentration to reduce experiment times. An additional ROESY spectrum was acquired 

at low concentration for sA10 and equivalent couplings were observed compared to the 

high concentration spectrum, indicating that the cross-peaks observed in the high 

concentration spectrum arise from intramolecular interactions and not intermolecular 

ones. This was assumed to be true for all molecules in series sA, which seems reasonable 

given that they exhibit very similar behaviour in solution, as seen throughout this chapter.  
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Both positive and negative cross-peaks were observed in the ROESY spectra. 

Considering that the diagonal peaks are positive, the true ROESY cross-peaks are 

negative and the positive cross-peaks arise from through-bond interactions that would 

appear in a TOCSY spectrum164,165 (see section 576H4.2.2), and were not used for the 

assignment. 

86BEster derivatives 

All three ester derivatives have almost identical 1H NMR spectra between 3 and 

10 ppm, and show no significant variation in chemical shift with concentration (as shown 

in section 577H4.4.2). Therefore, a full proton assignment using HMBC and ROESY spectra 

was only carried out for sE10 but is assumed to apply to the other two derivatives. 578HFigure 

4.6 shows the proton labels used for molecules in series sE, along with the aromatic 

region of the 1H NMR spectrum of sE10 with numbered peaks.  

 

Figure 4.6 Proton labels for molecules in series sE and aromatic region of the 1H NMR 
spectrum of sE10 (representative of the entire series) at 27.6 mM in CDCl3 with 
numbered peaks. 
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The singlet observed at 4.3 ppm integrating to three protons (not shown in the 

figure) corresponds to the three hydrogen atoms on the CH3 group of the ester (Hester). 

Peak 5, the apparent triplet, can be straightforwardly assigned as proton Hb, while the two 

apparent doublets, peaks 3 and 4, are Ha or Hc. The four remaining peaks, singlets 1, 2, 6 

and 7, correspond to the four protons on the bottom rings (Hd, He, Hf or Hg). 

In the ROESY spectrum ( 579HFigure 4.7a), protons Hester couple with peaks 1 and 4. It 

follows that singlet 1 is Hg and doublet 4 is Ha, since these protons are the closest to the 

ester group. By elimination, doublet 3 can be assigned as Hc. Protons He and Hf are in a 

very similar environment, as are protons Hd and Hg, these pairs of protons are therefore 

expected to give rise to singlets having similar chemical shifts. Since Hg has been 

assigned as singlet 1, Hd can be assigned as singlet 2 and He and Hf correspond to singlets 

6 or 7.  

In the HMBC spectrum ( 580HFigure 4.7b), the carbonyl peak (168.3 ppm) couples 

with peaks 4 and 5, which confirms their assignment as Ha and Hb, respectively. Peaks 2 

and 6 as well as peaks 1 and 7 couple to the same carbon atoms and should therefore be 

pairs of protons located on the same ring (Hd and He; Hf and Hg). Since peak 1 is already 

assigned as Hg, peak 7 can be assigned as Hf. It had been previously determined that 

peaks 6 and 7 correspond to protons He and Hf, hence peak 6 is He, which means that 

peak 2 is Hd. These assignments are summarised in 581HFigure 4.8 and are used throughout 

this chapter. 
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Figure 4.7 a) ROESY (negative cross-peaks shown in red) and b) HMBC spectra of sE10 at 
40.0 mM in CDCl3. Couplings detailed in the text are highlighted in colour. 
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Figure 4.8 Proton assignments for molecules in series sE shown using the 1H NMR spectrum of 
sE10 at 27.6 mM in CDCl3. 

87BCarboxylic acid derivatives 

Full proton assignments using HMBC and ROESY spectra were carried out for 

each of the three acid derivatives (sA6, sA10, sA14) and were found to be identical. 

Results are shown for sA10, but are representative of the entire series. 582HFigure 4.9 shows 

the proton labels used for molecules in series sA, as well as the aromatic region of the 

1H NMR spectrum of sA10 with numbered peaks.  



 

 129

 

Figure 4.9 Proton labels for molecules in series sA and aromatic region of the 1H NMR 
spectrum of sA10 (representative of the entire series) at 71.6 mM in CDCl3 with 
numbered peaks. 

The peak observed near 16 ppm (not shown in the figure) can be assigned as the 

proton on the carboxylic acid, Hacid. Peak 4, the apparent triplet, should be proton Hb, 

while the apparent doublets 1 and 2 correspond to protons Ha or Hc. The four remaining 

peaks, the singlets 3, 5, 6 and 7, correspond to the four protons on the bottom rings (Hd, 

He, Hf or Hg). 

In the ROESY spectrum ( 583HFigure 4.10a), proton Hacid couples with peaks 1 and 5. 

It is therefore possible to assign doublet 1 as Ha and singlet 5 as Hg, which are the protons 

closest to the carboxylic acid group. The last unassigned multiplet, doublet 2, is Hc. 

Furthermore, peaks 6 and 7 couple together, indicating that they correspond to protons He 

and Hf. 
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Figure 4.10 a) ROESY (negative cross-peaks shown in red) and b) HMBC spectra of sA10 at 
71.6 mM in CDCl3. Couplings detailed in the text are highlighted in colour. 
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In the HMBC spectrum ( 584HFigure 4.10b), the carbonyl peak (166.8 ppm) couples 

with peak 1 and with the acid proton. This confirms the assignment of peak 1 as Ha. 

Peaks 5 and 6 couple to the same carbon atoms, as do peaks 3 and 7. These pairs 

therefore correspond to pairs of protons that are on the same ring (Hd and He; Hf and Hg). 

Since peak 5 is assigned as Hg, peak 6 can be assigned as Hf. It had been previously 

determined that peaks 6 and 7 correspond to protons He and Hf, hence peak 7 is He and 

finally peak 3 is Hd. These assignments are summarised in 585HFigure 4.11, and are used 

throughout the chapter. 

 

Figure 4.11 Proton assignments for molecules in series sA shown using the 1H NMR spectrum of 
sA10 at 71.6 mM in CDCl3. 

4.4.2 42B

1H NMR dilution experiments for the ester derivatives 

88BPreliminary results 

The solution behaviour of the three ester derivatives, sE6, sE10 and sE14 was 

investigated by performing 1H NMR dilution experiments. Preliminary results for sE6 
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and sE10, which behaved in an almost identical manner, revealed changes in chemical 

shifts with increasing concentration, as shown in 586HFigure 4.12. The assignment of all peaks 

in the aromatic region of the 1H NMR spectra is known at high concentration, as detailed 

in section 587H4.4.1. Peak assignments at low concentration were obtained by following the 

movement of these peaks. 

 

Figure 4.12 Preliminary results of 1H NMR dilution experiments: aromatic region of the spectra 
of sE6 (0.6, 1.5 and 33.1 mM) and sE10 (0.6, 1.1 and 26.4 mM) in CDCl3 with peak 
assignments. 

By plotting the changes in chemical shifts as a function of concentration, as 

shown in 588HFigure 4.13, it becomes apparent that protons d and c are the ones that shift the 

most, and that all signals reach a plateau at a relatively low concentration, near 3 mM. 

Below this concentration, protons a, b, c and d shift upfield with increasing 
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concentration, while protons e, f and g shift downfield. Above this concentration, the 

chemical shifts of all protons move slightly upfield with increasing concentration.  

 

Figure 4.13 Preliminary results of 1H NMR dilution experiments: changes in chemical shifts 
with concentration for sE6 and sE10 in CDCl3. 

These changes in chemical shifts were initially attributed to self-assembly in 

solution, which would cause changes in the local environment around the molecules and 

thus cause changes in chemical shift. In order to fit the data to the simple dimer model 

described in section 589H4.2.1, the chemical shifts of the monomer must be known. As a first 

approximation, the chemical shifts measured at the most dilute concentration were used, 

even though this approximation is clearly flawed since the chemical shifts changed 

rapidly at low concentration. The changes in chemical shifts were then plotted as a 

function of concentration, and it was found that this data does not fit the dimer model, as 

is apparent in 590HFigure 4.14. A further indication that the model does not fit the observed 

data is given by the spread of the dimerisation constants calculated with each proton. For 

both molecules, the obtained dimerisation constants varied between 2 x 10-6 and 

7 x 102 M-1.  
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Figure 4.14 Changes in chemical shifts with concentration for sE6 and sE10 in CDCl3. Lines 
represent the best fit obtained with the dimer model.  

89BEffect of water 

The preliminary results obtained for both sE6 and sE10 seemed to be indicative 

of self-assembly in solution, and the most dramatic changes in chemical shifts were 

observed at low concentration. The dilution experiments were therefore repeated starting 

at lower concentrations and taking more data points below 3 mM, beginning with sE10. 

In this second dilution experiment, the chemical shifts of all the aromatic protons 

exhibited almost no change with concentration, as shown in 591HFigure 4.15.  
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Figure 4.15 Changes in chemical shifts with concentration for sE10 at low concentrations in 
CDCl3 with a high water content.  

It was observed that a large amount of water was present in the sample (as seen in 

the 1H NMR spectra) in this second experiment while only a very small amount was 

present in the two preliminary experiments. It is known that these molecules are not 

soluble in water; it is therefore possible that the presence of water could favour self-

association, which might stop the self-assembled molecules from reverting to monomers 

at low concentration, thus explaining the observed lack of change in the chemical shifts. 

In order to verify if the presence or absence of water was indeed the cause of the 

remarkably different results obtained in the first two experiments, new 1H NMR dilution 

experiments were performed with both sE6 and sE10 using CDCl3 freshly distilled onto 

activated molecular sieves. Results are shown in 592HFigure 4.16. Almost no change in 

chemical shifts was observed for both molecules even when using freshly distilled 

solvent containing very little water, clearly demonstrating that the discrepancy with the 

preliminary results was not caused by the presence of water. 
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Figure 4.16 Changes in chemical shifts with concentration for sE6 and sE10 in freshly distilled 
CDCl3. 

90BEffect of acid 

It is well known that chloroform can decompose when exposed to air and light, 

leading to the formation HCl, among other decomposition products.176,177 The two 

preliminary experiments were performed using an old bottle of chloroform-d, it is 

therefore possible that it had time to decompose, becoming more acidic. Subsequent 

experiments were performed using a new solvent bottle, which presumably did not yet 

have time to decompose. It was postulated that the presence of minute amounts of HCl in 

the solvent used to perform the two preliminary experiments could have caused the 

observed changes in chemical shifts at low concentration.  

It is possible that protons present in solution could bind to the disc-shaped ester 

derivatives, possibly on one of the nitrogen or oxygen atoms. At very low concentration, 

the number of protons in solution would be non-negligible compared to the number of 

target compound (sE6 or sE10), hence their effect could be observed. Increasing the 

concentration would lead to a decrease in the proton to sE ratio, which would cause 
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changes in the observed chemical shifts. At sufficiently high concentration, the quantity 

of H+ present in solution would be negligible compared to the quantity of target 

compounds, hence the effect of the acid would no longer be felt.  

In order to verify if the presence of minute amounts of HCl does indeed cause 

changes in chemical shifts at low concentration, 1H NMR dilution experiments were 

performed for sE6 and sE10 with added HCl, as shown in 593HFigure 4.17. Samples were 

prepared using freshly distilled CDCl3 from a new bottle. Acidified CDCl3 was prepared 

by adding a small drop of concentrated HCl (using a Pasteur pipette) to 0.4 mL of freshly 

distilled CDCl3. 

 

Figure 4.17 Effects of the addition of a small amount of concentrated HCl on the chemical shifts 
and their concentration dependence for sE6 and sE10. 

For sE6, a first spectrum was taken at low concentration (0.4 mM) after adding an 

aliquot of stock sE6 solution to an NMR tube containing 0.4 mL of CDCl3. The acidified 

CDCl3 was then added along with a second aliquot of stock solution in order to maintain 

the concentration constant and a spectrum was recorded, which revealed changes in 
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chemical shifts much greater than the ones that had been observed in the preliminary 

experiments. Another aliquot of stock solution was then added to observe the effect of 

concentration. A further spectrum was recorded at the same concentration after adding a 

small drop of water and no shift was observed, confirming that the shifts observed after 

the addition of acidified CDCl3 was due to the addition of HCl and not to the concomitant 

addition of water. A final aliquot of stock solution was then added to reach a 

concentration of 0.8 mM and a spectrum was recorded. This experiment revealed large 

shifts caused by the addition of acid, but only minor concentration effects. It was posited 

that the expected concentration effect was not observed because HCl was present in large 

excess at all concentrations studied, with close to 2000 equivalents of HCl after the first 

addition, and more than 400 equivalents at the end of the dilution. 

For sE10, a much smaller amount of hydrochloric acid was added in an attempt to 

observe a concentration effect and confirm that the presence of this acid could truly have 

caused the observed preliminary results. A first spectrum was taken at low concentration 

(0.1 mM) after adding an aliquot of sE10 stock solution to an NMR tube containing 

0.4 mL of CDCl3. A minute amount of the acidified CDCl3 (15 μL, approximately 125 

equivalents of HCl) was added, resulting in large changes in chemical shifts. A series of 

aliquots of stock solution were then added, up to a concentration of 1.4 mM at which 

approximately 10 equivalents of HCl were present, recording a spectrum after each 

addition. This study revealed changes in chemical shifts with concentration in the 

presence of a minute amount of HCl. The results are very similar to the ones obtained in 

the preliminary experiments, and thus demonstrated that the changes in chemical shifts 
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observed in these first experiments could have been caused by the presence of HCl 

arising from the decomposition of CDCl3. 

It seems likely that the concentration effect observed in the preliminary 

experiments was due to a decrease in the number of equivalents of HCl relative to the 

amount of sE6 or sE10. If this is the case, changes in chemical shifts should also be 

observed when keeping the amount of target compound constant and increasing the 

amount of HCl. This is indeed what was observed for sE10 when adding acidified CDCl3 

up to approximately 11 equivalents of HCl, as seen in 594HFigure 4.18. 

 

Figure 4.18 Changes in chemical shifts for sE10 as a function of added HCl; the experiment was 
started at a concentration of 4.7 mM sE10 in CDCl3, and finished at 3.0 mM. 

The changes in chemical shifts observed upon addition of HCl or upon a change 

in concentration in the presence of HCl are likely caused by an interaction between sE6 

or sE10 and protons present in the solution, which could bind to one of the two pyrazine 

nitrogen atoms or to one of the oxygen atoms. It would seem likely that the proton would 

bind to the nitrogen atom on the same side as the ester to allow a chelate effect with one 

of the oxygen atoms from the ester moiety, but considering that protons c and d are the 
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ones that shift the most, it is possible that the proton binds to the nitrogen atom located 

between these two protons, as illustrated in 595HFigure 4.19. 
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Figure 4.19 Possible structure of the sE-H+ complex explaining the observed changes in 
chemical shifts of protons c and d in the presence of HCl. 

91BConclusions regarding ester derivatives in solution 

The studies describes herein led to the conclusion that the changes in chemical 

shifts observed in the preliminary experiments were not due to self-assembly in solution, 

but rather to the presence of minute amounts of HCl due to decomposition of 

chloroform-d. Dilution experiments performed with freshly distilled solvent did not 

reveal any significant concentration effect, as was shown in 596HFigure 4.16 for sE6 and 

sE10. Similar results were obtained with sE14 when using a fresh bottle of CDCl3, as 

shown in 597HFigure 4.20. 

The lack of any significant change in chemical shifts with changing concentration 

for all three ester derivatives is a clear indication that these molecules do not self-

assemble in solution over the concentration range studied. 
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Figure 4.20 Changes in chemical shifts with concentration for sE14 in fresh CDCl3. 

4.4.3 43B

1H NMR dilution experiments for the acid derivatives 

92B

1H NMR dilution results 

The solution behaviour of the three acid derivatives, sA6, sA10 and sA14, was 

investigated by performing 1H NMR dilution experiments. All three molecules were 

found to exhibit large changes in chemical shifts with concentration, the signal of all 

aromatic protons and the acid proton being shifted upfield with increasing concentration 

as seen in 598HFigure 4.21. This is consistent with the aromatic core of one molecule residing 

within the shielding cone of the aromatic system of another molecule, as is the case in 

π-stacked systems.166,178 Increasing the concentration shifts each signal to a different 

extent, which results in peak crossovers and causes the appearance of the spectra to 

dramatically alter over the concentration range studied. Because of this effect, it is 

essential to report the concentration at which a spectrum was taken in order to properly 

identify these compounds. 
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Figure 4.21 Changes in chemical shifts as a function of concentration for molecules in series sA 
in CDCl3. 
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93BComparison with the ester derivatives 

It is interesting to compare the concentration dependant 1H NMR spectra of 

molecules in series sA and sE. As can be seen in 599HFigure 4.22, the 1H NMR spectra of 

molecules sA taken at low concentrations are similar to those of molecules sE. Protons b, 

c, d, e and f have very similar chemical shifts in both series of molecules, while the 

chemical shifts of protons a and g are more influenced by the change of substituent from 

a methyl ester to a carboxylic acid due to their proximity to the functional group. The 

similarity between the spectra of molecules sE at all concentrations probed and the low 

concentration spectra of molecules sA supports the conclusion that molecules sA are 

present as monomers at low concentrations, while molecules sE do not self-assemble in 

solution within the concentration range studied. 

 

Figure 4.22 1H NMR spectra of molecules in series sE and sA at various concentrations in 
CDCl3 (shown for sE10 at 0.1, 6.7 and 27.6 mM and sA10 at 0.1, 6.6 and 71.6 mM; 
representative of the entire series). 
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94BAnalysis based on a dimerisation model 

NMR dilution results were analysed using the dimer model, which assumes that 

only monomers and dimers are present in solution to the exclusion of higher order 

aggregates, as described in detail in section 4.2.1. Such a system is described by 

equation 4-12: 

[ ] [ ]
[ ] ( )Adim

0dim

0dim0dim
A δδ

A4K
A8K1A4K1

δδ −
+−+

=−       (4-12) 

In order to fit the data to the dimer model, it is necessary to know the chemical 

shifts of each proton on the monomer, which corresponds to the chemical shifts at infinite 

dilution. These values were estimated by linear regression on the first five data points for 

each curve (approximately between 0.05 and 1 mM). Results were always very close to 

the values obtained at the lowest measured concentration (0.007 ppm difference or less). 

600HFigure 4.23 shows the fits for sA10.  

 

Figure 4.23 Changes in chemical shifts with concentration for sA10 at low concentrations in 
CDCl3. Lines show the linear fit extrapolated to zero to evaluate the chemical shifts 
of the monomer. 
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Once chemical shifts of the monomers were obtained for the three compounds, 

the differences in chemical shifts (δ - δA) were plotted against concentration and the plots 

were fitted to equation 4-12 using a non-linear two parameter fit routine in Origin 6.1 and 

setting Kdim and (δdim - δA) as variable parameters. 601HFigure 4.24 shows the fits for sA10. 

The obtained fits were very good, with reduced chi-squared values between 6.0 x 10-5 and 

1.4 x 10-6; the system seems to be accurately described by the dimer model.  

 

Figure 4.24 Changes in chemical shifts versus concentration in CDCl3 for sA10 showing fitting 
curves for the dimer model. 

For each molecule, a dimerisation constant was obtained with each of the 

aromatic protons and with the carboxylic acid proton, and the averages of these eight 

results were calculated, as summarised in 602HTable 4.1. For the three molecules, values 

calculated with all eight observed protons were in mutual agreement, which is a further 

indication that the model accurately describes the system. The calculated dimerisation 

constants are on the order of 1 x 101 M-1 and display a small increase with increasing 

chain length. This corresponds to between 30 and 40% of molecules in solution being in 

dimers at the highest concentrations studied by 1H NMR. 
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Table 4.1 Dimerisation constants calculated from 1H NMR dilution experiments for molecules 
in series sA. 

 Kdim (M-1) 
a St. Dev. 

sA6 7 1 

sA10 9 1 

sA14 10 1 

Proposed self-assembly model 

Figure 4.24 highlights the fact that some protons shift much more than others, 

which reflects the extent to which the environment around each proton is modified in the 

dimer. It was found that protons g and d shift most dramatically with increasing 

concentration, while protons a and b show the smallest variations (604HFigure 4.25a). This 

pattern does not appear to be consistent with the formation of hydrogen-bonded dimers 

via the carboxylic acid groups, since such complexes would be expected to lead to more 

substantial changes on the side of the carboxylic acid (protons a and g) and minimal 

perturbations on the opposite side (protons c and d), which is not what is observed.  

The observed changes could be explained by the formation of offset anti-parallel 

π-stacked dimers, as illustrated in 605HFigure 4.25b. This stacking would place the entire 

cores within each other’s shielding cones, which would explain why all protons are 

shifted upfield. The offset would cause the protons at the centre of the molecule (protons 

d and g) to be directly above the neighbouring core and those at the top (protons a and b) 

to be further away, which would result in the observed pattern. This model is also in 

agreement with general models concerning π-stacking, which predict that offset or 

slipped geometries are favoured because they maximise attractive σ-π interactions while 

minimising π-π repulsions.179 
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Figure 4.25 a) Pattern of variations in chemical shifts with concentration. b) Proposed structure 
of offset π-stacked dimers. 

The NMR data therefore suggest that the carboxylic acids do not form hydrogen-

bonded dimers, which could be explained by the formation of a competing intramolecular 

hydrogen bond between the OH group on the carboxylic acid and the suitably positioned 

pyrazinyl nitrogen atom (606HFigure 4.25a). The acid proton was therefore positioned near the 

pyrazinyl nitrogen atom in 607HFigure 4.25. This conformation of the carboxylic acid group in 

which the hydrogen atom is located away from the carbonyl (anti conformation) is often 

unfavourable compared to the syn conformation,180 but is commonly observed in cases 

when it allows the formation of an intramolecular hydrogen bond, as is the case for 

compounds sA. Other examples include 1-phenazinecarboxylic acid181 and its 

derivatives.182 

4.4.4 44BDynamic light scattering experiments 

Dynamic light scattering was also employed to study the solution behaviour of 

compounds in series sE and sA. Hydrodynamic diameters were measured for each 

compound at various concentrations, as summarised in 608HFigure 4.26.  
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Figure 4.26 Hydrodynamic diameter of molecules in series sE and sA measured by DLS in 
CHCl3. Error bars show the 95% confidence level after 24 measurements. 

The sizes measured for the three acid derivatives increase with concentration, but 

separate peaks corresponding to the monomer and dimer are not observed. Because these 

molecules are disc-shaped rather than spherical, the measured sizes correspond to the 

diameter of a sphere having the same translational diffusion speed (see section 609H4.2.3). 

The proposed π-stacked dimer is expected to have only a slightly higher hydrodynamic 

diameter than a monomer since the thickness of a disc has a small impact on the 

measured hydrodynamic diameter compared to the diameter of a disc. It is therefore not 

surprising that the two populations are not resolved. The sizes measured for such samples 

therefore reflect the presence of both species, and increase with an increasing dimer to 

monomer ratio. The observed increases in size with concentration are consistent with a 

rise in the proportion of dimers at higher concentrations. These results do not exclude the 

presence of higher order aggregates such as trimers, but they indicate the absence of 

extended stacks, which would result in a population having a much larger size that could 

be resolved from the monomer population. 
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The absence of a significant concentration effect in the case of the three ester 

derivatives indicates that there is no self-assembly occurring in these cases. Furthermore, 

the diameters of the acid derivatives are consistently larger than those of their ester 

counterparts having the same alkoxy chain length, which again points to the presence of 

dimers in the samples of sA6, sA10 and sA14, even at the lowest concentrations probed 

by DLS. 

4.4.5 45BUV-visible absorption spectroscopy dilution experiments 

Dilution experiments were also performed using UV-visible absorption 

spectroscopy for all six target compounds, up to the highest concentrations allowing 

observation of the lowest absorbance peak (near 400 nm) without reaching saturation. 

Alkoxy chain length was found to have almost no impact on the UV-vis spectra; results 

for sE10 and sA10 are shown in 610HFigure 4.27. 

 

Figure 4.27 UV-vis spectra of sE10 and sA10 at various concentrations in chloroform 
(approximately between 0.002 and 1.7 mM). Results are shown for sE10 and sA10 
but are representative of the entire series. 
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No shift in peak position was observed in the UV-vis absorption spectra as a 

function of concentration, and the intensity was found to obey the Beer-Lambert law. No 

evidence of solution self-assembly was observed for any of the molecules studied at the 

concentrations probed by UV-vis spectroscopy 

4.4.6 46BDiscussion of the results obtained with all techniques 

For molecules in series sA, self-assembly in solution was observed by dynamic 

light scattering over the whole concentration range studied as well as by 1H NMR 

dilutions over part of the concentration range studied, and was not observed at all through 

UV-vis dilutions. These apparent discrepancies can be explained by the different 

concentration ranges accessed with each technique, as illustrated in 611HFigure 4.28. 

 

Figure 4.28 Comparison of the approximate concentration ranges accessed with each technique 
for the study of molecules in series sA. As a guide, the dotted lines show the 
concentration at which approximately 1%, 5% and 40% of the molecules are present 
as dimers. 

The concentrations studied by UV-vis absorption spectroscopy (below 0.1 mM) 

correspond to the low concentration regime where no significant variations were 

observed in the 1H NMR dilutions experiments. The lack of evidence of self-assembly in 
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the UV-vis dilution experiments is therefore not in contradiction with the NMR results 

indicating that the three acid derivatives self-assemble in solution. 

Based on the pattern of changes in the chemical shifts of the various protons, it 

was concluded that the molecules most likely self-assemble through π-stacking rather 

than through the formation of the well-known carboxylic acid cyclic dimer motif. It could 

be expected that self-assembly through π-stacking would lead to the formation of 

extended structures, yet the systems appear to be well described by the simple dimer 

model. This is perhaps not surprising considering the relatively small dimerisation 

constants and the large entropic cost associated with the assembly of extended structures 

in solution. 

Solution self-assembly was not observed for any of the other discotic molecules 

having the same aromatic core studied in the present thesis,1F

ii suggesting that the 

carboxylic acid groups play an important role in the formation of the π-stacked dimers. 

612HFigure 4.25 showed the carboxylic acid positioned for intramolecular hydrogen bonding 

with the pyrazine nitrogen atom, but it could also easily form an intermolecular hydrogen 

bond with the oxygen atom of an ether linkage or with the π-system of an aromatic ring90 

from the neighbouring molecule without greatly changing its geometry, perhaps as part of 

a three-centred hydrogen bond also involving the pyrazine nitrogen atom. It is therefore 

possible that the π-stacked dimers are further stabilised by hydrogen bonding. 

                                                 
ii The carboxylic acid derivatives in series tA have severely limited solubility and could therefore only be 

observed at very low concentrations.  
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4.5 18BConclusions 

It was observed that molecules in series sA self-assemble in chloroform and 

chloroform-d. Although the dimerisation constants calculated for all molecules in series 

sA were low (on the order of 1 x 101 M-1), remarkably large changes were observed in 

their 1H NMR spectra with changing concentration. This resulted in spectra having a 

dramatically altered appearance with the peaks in a different order at high or low 

concentrations.  

 The obtained results suggest that in solution, molecules in series sA form anti-

parallel offset π-stacked dimers, which could be further stabilised by intermolecular 

hydrogen bonding involving the carboxylic acid moieties. These could be three-point 

hydrogen bonds involving the hydroxyl group (hydrogen bond donor), a pyrazinyl 

nitrogen atom (intramolecular hydrogen bond acceptor) and the π-system of an aromatic 

ring or the oxygen atom of an ether linkage (intermolecular hydrogen bond acceptor). In 

contrast, no self-assembly was observed for molecules in series sE in the concentration 

range studied. 
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4.6 Experimental 

4.6.1 Materials and methods 

For general materials and methods, see Chapter 2. 

1-Bromotetradecane, vanadium oxytrifluoride (VOF3), boron trifluoride diethyl 

etherate (BF3Et2O), and 3-nitrophthalic acid were purchased from Aldrich and used 

without further purification. Citric acid was purchased from Caledon and used without 

further purification.  

2,3,6,7-Tetrakis(hexyloxy)phenanthrene-9,10-dione 4.1a, 2,3,6,7-tetrakis-

(decyloxy)phenanthrene-9,10-dione 4.1b and 3,3’,4,4’-tetrakis(hydroxy)benzil were 

prepared according to previously published methods,111-113 as described in Chapter 1. 

Dynamic light scattering (DLS) experiments were conducted on a Zetasizer Nano 

ZS ZEN 3600 by Malvern Instruments equipped with a red laser (633 nm). ROESY 

spectra and HMBC spectra were obtained using a Bruker Avance 600 MHz spectrometer 

equipped with a TCI cryoprobe. For the ROESY spectra, a 7.6 μs 1H 90o pulse at 

32.895 kHz and a 200 ms spinlock at 2.765 kHz were used. Presaturation of the water 

peak was performed using a 2 s pulse at 69 Hz. UV-vis measurements were performed 

using a Varian Cary 300 Bio spectrophotometer. 
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4.6.2 Synthesis of 2,3,6,7-tetrakis (tetradecyloxy)phenanthrene-9,10-dione 

OC14H29

OC14H29

O

O
C14H29O

C14H29O

 

96B3,3’,4,4’-Tetrakis(tetradecyloxy)benzil 

3,3’,4,4’-Tetrakis(hydroxy)benzil (3.12 g, 11.38 mmol) and 1-bromotetradecane 

(13.6 mL, 45.71 mmol) were suspended in DMF (250 mL) and nitrogen was bubbled 

through the solution for 20 minutes. K2CO3 (6.30 g, 45.59 mmol) was added, and 

nitrogen was bubbled for an additional 10 minutes. The solution was heated overnight 

under nitrogen atmosphere in an oil bath at 70 °C. The resulting solution was poured on 

ice and water (approximately 500 mL) and the precipitate was collected by vacuum 

filtration. The resulting solid was purified by column chromatography (silica gel, 10% 

ethyl acetate 90% hexanes as eluent) and recrystallised from ethyl acetate to afford 

3,3’,4,4’-tetrakis(tetradecyloxy)benzil 3b as an off-white solid (5.91 g, 49% yield).  

1H NMR (600 MHz, CDCl3) δ (ppm): 0.86-0.90 (m, 12H), 1.22-1.39 (m, approx. 

80H), 1.43-1.50 (m, 8H), 1.80-1.87 (m, 8H), 4.03-4.08 (m, 8H), 6.84 (d, J = 8.4 Hz, 2H), 

7.43 (dd, J = 1.9, 8.4 Hz, 2H), 7.57 (d, J = 1.9 Hz, 2H). 13C NMR (150 MHz, CDCl3) 

δ (ppm): 14.12, 22.70, 25.92, 25.99, 28.92, 29.07, 29.35, 29.37, 29.38, 29.40, 29.59, 

29.60, 29.64, 29.66, 29.68, 29.69, 29.72, 31.93, 69.11, 69.23, 111.55, 112.23, 126.12, 

126.18, 149.28, 154.96, 193.79. MALDI-TOF MS: m/z 1060 (M + 1). Elemental analysis 

calculated for C70H122O6: C 79.34; H 11.60; found: C 78.96; H 11.68%. 
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OO

OC14H29

OC14H29

C14H29O

C14H29O

4.1c

 

97B2,3,6,7-Tetrakis(tetradecyloxy)phenanthrene-9,10-dione (4.1c) 

3,3’,4,4’-Tetrakis(tetradecyloxy)benzil (4.95 g, 4.67 mmol) was placed in a 

Schlenk vessel and put under nitrogen atmosphere. Dry dichloromethane (approximately 

100 mL) was added by cannula. VOF3 (approximately 2 g, 16.13 mmol) was added under 

nitrogen atmosphere. BF3Et2O (1.33 mL, 10.50 mmol) was added and the reaction 

mixture was stirred under nitrogen for one hour before being quenched with an aqueous 

citric acid solution (6.3 g, 32.79 mmol in 100 mL distilled water). The mixture was 

extracted three times with dichloromethane. The extracts were washed with water, dried 

with MgSO4, filtered and evaporated under reduced pressure. The resulting solid was 

purified by column chromatography (silica gel, dichloromethane as eluent) and 

recrystallised from hexanes to yield 2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-

dione 4.1c as a red solid (3.71 g, 75% yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 0.88 (t, J = 6.9 Hz, 12H), 1.20-1.43 (m, 

approx. 80H), 1.43-1.55 (m, 8H), 1.80-1.94 (m, 8H), 4.04-4.21 (m, 8H), 7.10 (s, 2H), 

7.53 (s, 2H). 13C NMR (125 MHz, CDCl3) δ (ppm): 14.12, 22.69, 25.97, 26.02, 29.03, 

29.12, 29.37, 29.39, 29.42, 29.63, 29.67, 29.72, 31.92, 69.11, 69.51, 107.11, 112.93, 

124.43, 131.10, 149.42, 155.53, 179.17. MALDI-TOF MS: m/z 1058 (M + 1). Melting 

point (by DSC on first heating, 5 °C/min): 103 °C (104 J/g); crystallisation temperature: 
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82 °C (-102 J/g). Elemental analysis calculated for C70H120O6: C 79.49; H 11.44; found: 

C 79.52; H 11.51%. 

4.6.3 Synthesis of the diamines 

O

O

ONO2

4.3b

 

98B3-Nitrophthalic anhydride (4.3b) 

Modified from a literature procedure.172 3-Nitrophthalic acid 4.3a (10.00 g, 

47.36 mmol) was dissolved in acetic anhydride (15 mL) and MgSO4 (1.00 g) was added. 

The mixture was heated to reflux for three hours then vacuum filtered hot through a frit 

funnel. The filtrate was cooled in the refrigerator for one hour then vacuum filtered, 

yielding crude 3-nitrophthalic anhydride 4.3b (approx. 6.2 g, approx. 68% yield). The 

product was used immediately without further purification.  

1H NMR (400 MHz, DMSO-D6) δ (ppm): 8.21 (app. t, J = 7.8 Hz, 1H), 8.39 (d, 

J = 7.6 Hz, 1H), 8.50 (d, J = 8.1 Hz, 1H). 
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COOH

NO2

NH2

O

4.3c

 

99B3-Nitrophthalamic acid (4.3c) 

Modified from a literature procedure.173 3-Nitrophthalic anhydride 4.3b (approx. 

6.2 g, 32.11 mmol) was added slowly to ammonium hydroxide (28%, 9 mL). The mixture 

was stirred for a few minutes then cooled in the refrigerator overnight before being 

vacuum filtered. The resulting solid was taken up in distilled water (8 mL) to which 

concentrated hydrochloric acid was added (4.5 mL). The mixtures was stirred for 

30 minutes then placed in the refrigerator overnight before being vacuum filtered to 

obtain crude 3-nitrophthalamic acid 4.3c as a white solid (5.489 g, approx. 81% yield). 

The product was used without further purification.  

1H NMR (400 MHz, DMSO-D6) δ (ppm): 7.62 (bs, 1H), 7.72 (app. t, J = 7.9 Hz, 

1H), 8.02 (bs, 1H), 8.12 (d, J = 7.9 Hz, 1H), 8.19 (d, J = 7.9 Hz, 1H), 13.55 (bs, 1H). 

COOH

NH2
NO2

4.3d

 

100B2-Amino-3-nitrobenzoic acid (4.3d) 

Modified from a literature procedure.174 KOH (9.6 g, 171.09 mmol) was dissolved 

in distilled water (45 mL) and the solution was cooled to 0 °C before adding bromine 

(0.87 mL, 16.98 mmol) and 3-nitrophthalamic acid 4.3c (3.624 g, 17.24 mmol). The 

reaction mixture was heated in an oil bath at 70 °C for three hours then stirred at room 
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temperature overnight. The mixture was poured into water (100 mL), and concentrated 

hydrochloric acid was added until a pH of 4 was reached. The mixtures was cooled in the 

refrigerator overnight then vacuum filtered to afford crude 2-amino-3-nitrobenzoic acid 

4.3d (3.14 g, quantitative yield), which was used without further purification.  

1H NMR (400 MHz, DMSO-D6) δ (ppm): 6.68-6.73 (m, 1H), 8.21 (dd, J = 1.6, 

7.6 Hz, 1H), 8.30 (dd, J = 1.6, 8.4 Hz, 1H), 8.48 (bs, approx. 2H), 13.48 (bs, approx. 1H). 

COOH

NH2
NH2

4.2a

 

101B2,3-Diaminobenzoic acid (4.2a)174 

Modified from a literature procedure for a similar compound.109 2-Amino-3-

nitrobenzoic acid 4.3d (1.003 g, 5.49 mmol) was dissolved in ethanol (100 mL). 

Palladium on activated carbon (0.500 g) was added, followed by hydrazine hydrate 

(1.34 mL, 27.49 mmol), which was added dropwise. The mixture was heated to reflux for 

three hours then vacuum filtered hot through a short plug of silica, which was rinsed with 

ethanol (200 mL). The combined solvent was evaporated under reduced pressure yielding 

crude 2,3-diaminobenzoic acid 4.2a (approx. 0.84 g, quantitative yield), which was used 

without further purification.  

1H NMR (500 MHz, DMSO-D6) δ (ppm): 6.32 (app. t, J = 7.7 Hz, 1H), 6.61 (d, 

J = 7.7 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H). 
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COOCH3

NH2
NH2

4.2b

 

102BMethyl 2,3-diaminobenzoate (4.2b)174 

Modified from a literature procedure for a similar compound.175 

2,3-Diaminobenzoic acid 4.2a (0.140 g, 0.92 mmol) was dissolved in methanol (5 mL) 

and concentrated sulphuric acid (approximately 0.1 mL) was added. The mixture was 

heated to reflux overnight, then concentrated under reduced pressure, poured into a 

saturated sodium carbonate solution (5 mL), and extracted with ether. The combined 

extracts were washed with brine, dried with magnesium sulphate, vacuum filtered and 

evaporated under reduced pressure to afford crude methyl 2,3-diaminobenzoate 4.2b as a 

beige solid (0.075 g, 49% yield), which was used without further purification.  

1H NMR (500 MHz, DMSO-D6) δ (ppm): 3.76 (s, 3H), 4.77 (s, 2H), 6.20 (s, 2H), 

6.38 (app. t, J = 7.8 Hz, 1H), 6.70 (d, J = 7.5 Hz, 1H), 7.09 (d, J = 8.1 Hz, 1H). 

4.6.4 Synthesis of compounds in series sE and sA 

103BMethyl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-10-carboxylate (sE6) 

2,3,6,7-Tetrakis(hexyloxy)phenanthrene-9,10-dione 4.1a (0.086 g, 0.14 mmol) 

and methyl 2,3-diaminobenzoate (4.2b) (0.070 g, 0.42 mmol) were suspended in acetic 

acid (7 mL) and the mixture was heated to reflux overnight. Upon cooling, water 

(100 mL) was added and the mixture was extracted with dichloromethane. The extracts 

were combined, washed with water, dried with MgSO4, vacuum filtered, and evaporated 

under reduced pressure. The resulting solid was purified by column chromatography 
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(silica gel, dichloromethane as eluent) then recrystallised from a mixture of acetone and 

dichloromethane to afford methyl 2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine-10-

carboxylate sE6 as a yellow solid (0.080 g, 77% yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 0.91-0.97 (m, 12H), 1.35-1.48 (m, 16H), 

1.55-1.70 (m, 8H), 1.87-2.09 (m, 8H), 4.16 (s, 3H), 4.25-4.39 (m, 8H), 7.73 (s, 1H), 7.74 

(s, 1H), 7.82 (dd, J = 7.1, 8.4 Hz, 1H), 8.23 (dd, J = 1.1, 7.1 Hz, 1H), 8.46 (dd, J = 1.1, 

8.4 Hz, 1H), 8.77 (s, 1H), 8.83 (s, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.05, 

22.65, 22.66, 25.80, 25.83, 29.21, 29.24, 29.29, 31.66, 52.33, 68.84, 69.13, 69.57, 69.59, 

106.25, 106.36, 108.67, 108.91, 123.35, 123.73, 126.80, 126.88, 127.71, 130.61, 130.86, 

133.03, 139.03, 141.12, 141.95, 142.15, 149.32, 149.41, 152.02, 168.11. FT-IR νmax 

(cm-1): 2953, 2923, 2871, 2851, 1708, 1606, 1511, 1463, 1429, 1389, 1283, 1201, 1186, 

1075, 1048, 925, 874, 829, 759, 725. MALDI-TOF MS: m/z 739 (M + 1). Elemental 

analysis calculated for C46H62N2O6: C 74.76; H 8.46; N 3.79; found: C 74.41; H 8.57; 

N 3.51%. 

104BMethyl 2,3,6,7-tetrakis(decyloxy)dibenzo[a,c]phenazine-10-carboxylate (sE10) 

2,3,6,7-Tetrakis(decyloxy)phenanthrene-9,10-dione 4.1b (0.090 g, 0.11 mmol) 

and methyl 2,3-diaminobenzoate (4.2b) (0.050 g, 0.30 mmol) were suspended in acetic 

acid (7 mL) and the mixture was heated to reflux overnight. Upon cooling, water 

(100 mL) was added and the mixture was extracted with dichloromethane. The extracts 

were combined, washed with water, dried with MgSO4, vacuum filtered, and evaporated 

under reduced pressure. The resulting solid was purified by column chromatography 

(silica gel, dichloromethane as eluent) then recrystallised from a mixture of acetone and 
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dichloromethane to afford methyl 2,3,6,7-tetrakis(decyloxy)dibenzo[a,c]phenazine-10-

carboxylate sE10 as a yellow solid (0.069 g, 67% yield).  

1H NMR (500 MHz, CDCl3) δ (ppm): 0.88 (t, J = 6.6 Hz, 12H), 1.17-1.52 (m, 

approx. 48H), 1.55-1.64 (m, 8H), 1.92-2.05 (m, 8H), 4.16 (s, 3H), 4.25-4.38 (m, 8H), 

7.72 (s, 1H), 7.74 (s, 1H), 7.82 (app. t, J = 7.8 Hz, 1H), 8.23 (d, J = 7.1 Hz, 1H), 8.46 (d, 

J = 8.5 Hz, 1H), 8.77 (s, 1H), 8.83 (s, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.12, 

22.70, 26.18, 29.26, 29.29, 29.35, 29.39, 29.51, 29.53, 29.62, 29.70, 31.93, 52.31, 68.78, 

69.10, 69.51, 69.54, 77.00, 106.14, 106.25, 108.60, 108.79, 123.21, 123.64, 126.72, 

126.84, 127.67, 130.52, 130.88, 132.99, 138.97, 140.99, 141.81, 142.09, 149.24, 149.34, 

151.95, 151.97, 168.09. FT-IR νmax (cm-1): 2948, 2922, 2870, 2850, 1709, 1608, 1511, 

1463, 1429, 1389, 1282, 1201, 1186, 1075, 875, 829, 760, 722. MALDI-TOF MS: m/z 

964 (M +1). Elemental analysis calculated for C62H94N2O6: C 77.29; H 9.83; N 2.91; 

found: C 77.00; H 10.08; N 2.77%. 

105BMethyl 2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-10-carboxylate (sE14) 

2,3,6,7-Tetrakis(tetradecyloxy)phenanthrene-9,10-dione 4.1c (0.150 g, 

0.14 mmol) and methyl 2,3-diaminobenzoate (4.2b) (0.070 g, 0.42 mmol) were 

suspended in acetic acid (10 mL) and the mixture was heated to reflux overnight. The 

mixture was then poured on ice and water (200 mL) and the yellow precipitate was 

collected by vacuum filtration. The resulting solid was purified by column 

chromatography (silica gel, dichloromethane as eluent) then recrystallised from a mixture 

of acetone and dichloromethane to afford methyl 2,3,6,7-tetrakis-

(tetradecyloxy)dibenzo[a,c]phenazine-10-carboxylate sE14 as a yellow solid (0.122 g, 

72% yield).  
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1H NMR (500 MHz, CDCl3) δ (ppm): 0.88 (t, J = 6.8 Hz, 12H), 1.22-1.48 (m, 

approx. 80H), 1.54-1.64 (m, approx. 8H), 1.92-2.04 (m, 8H), 4.16 (s, 3H), 4.25-4.39 (m, 

8H), 7.72 (s, 1H), 7.73 (s, 1H), 7.80-7.85 (m, 1H), 8.24 (d, J = 6.9 Hz, 1H), 8.50 (d, 

J = 8.4 Hz, 1H), 8.79 (s, 1H), 8.81 (s, 1H). 13C NMR (125 MHz, CDCl3) δ (ppm): 14.12, 

22.69, 26.17, 26.18, 29.27, 29.30, 29.36, 29.38, 29.52, 29.54, 29.68, 29.71, 29.74, 31.93, 

52.31, 68.81, 69.11, 69.54, 69.57, 106.22, 106.33, 108.65, 108.87, 123.31, 123.70, 

126.76, 126.85, 127.65, 130.57, 130.86, 133.04, 139.00, 141.09, 141.90, 142.11, 149.29, 

149.38, 151.99, 168.10. FT-IR νmax (cm-1): 2949, 2920, 2870, 2850, 1709, 1608, 1511, 

1466, 1429, 1389, 1283, 1201, 1186, 1077, 875, 828, 760, 722. MALDI-TOF MS: m/z 

1188 (M + 1). Elemental analysis calculated for C78H126N2O6: C 78.87; H 10.69; N 2.36; 

found: C 79.14; H 10.61; N 2.21%. 

106B2,3,6,7-Tetrakis(hexyloxy)dibenzo[a,c]phenazine-10-carboxylic acid (sA6) 

2,3,6,7-Tetrakis(hexyloxy)phenanthrene-9,10-dione 4.1a (0.121 g, 0.20 mmol) 

and 2,3-diaminobenzoic acid (4.2a) (0.099 g, 0.65 mmol) were suspended in ethanol 

(10 mL) to which a small amount of acetic acid (5 drops) was added and the mixture was 

heated to reflux for approximately 36 hours before being poured on ice; the precipitate 

was collected by vacuum filtration. The resulting solid was purified by column 

chromatography (silica gel, dichloromethane as eluent) then recrystallised from a mixture 

of acetone and dichloromethane to afford 2,3,6,7-tetrakis(hexyloxy)-

dibenzo[a,c]phenazine-10-carboxylic acid sA6 as an orange solid (0.066 g, 46% yield).  

1H NMR (600 MHz, CDCl3, 0.055 M) δ (ppm): 0.94-1.03 ( m, 12H), 1.39-1.51 

(m, 16H), 1.54-1.67 (m, 8H), 1.85-1.99 (m, 8H), 3.89 (t, J = 6.3 Hz, 2H), 4.01-4.08 (m, 

4H), 4.12 (t, J = 6.4 Hz, 2H), 7.01 (s, 1H), 7.11 (s, 1H), 7.26 (s, 1H), 7.63-7.71 (m, 1H), 
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7.89 (s, 1H), 8.04 (dd, J = 0.9, 8.3 Hz, 1H), 8.53 (dd, J = 0.9, 7.0 Hz, 1H), 15.56 (s, 1H). 

13C NMR (150 MHz, CDCl3, 0.055 M) δ (ppm): 14.09, 14.10, 22.68, 22.70, 22.72, 25.87, 

25.92, 25.95, 29.27, 29.31, 29.33, 31.79, 31.82, 31.88, 68.21, 68.61, 68.89, 69.00, 104.55, 

104.79, 106.11, 107.21, 119.41, 121.36, 123.40, 125.48, 126.96, 128.08, 133.81, 134.02, 

136.85, 137.86, 140.32, 141.63, 148.83, 148.97, 151.81, 152.58, 166.62. FT-IR νmax 

(cm-1): 2955, 2929, 2871, 2858, 1742, 1606, 1511, 1467, 1431, 1389, 1342, 1282, 1187, 

1169, 1043, 928, 872, 849, 830, 759, 671. MALDI-TOF MS: m/z 725 (M + 1). Elemental 

analysis calculated for C45H60N2O6: C 74.55; H 8.34; N 3.86; found: C 74.33; H 8.32; 

N 4.01%. 

107B2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine-10-carboxylic acid (sA10) 

2,3,6,7-Tetrakis(decyloxy)phenanthrene-9,10-dione 4.1b (0.119 g, 0.14 mmol) 

and 2,3-diaminobenzoic acid (4.2a) (0.060 g, 0.39 mmol) were suspended in ethanol 

(20 mL) to which a small amount of acetic acid (6 drops) was added and the mixture was 

heated to reflux for approximately 36 hours before being poured on ice; the precipitate 

was collected by vacuum filtration. The resulting solid was purified by column 

chromatography (silica gel, 10% ethyl acetate 90% hexanes followed by dichloromethane 

as eluent) then recrystallised from a mixture of acetone and dichloromethane to afford 

2,3,6,7-tetrakis(decyloxy)dibenzo[a,c]phenazine-10-carboxylic acid sA10 as an orange 

solid (0.084g, 62% yield). 

1H NMR (600 MHz, CDCl3, 0.072M) δ (ppm): 0.88-0.95 (m, 12H), 1.27-1.53 (m, 

48H), 1.54-1.68 (m, 8H), 1.82-2.02 (m, 8H), 3.83-3.90 (m, 2H), 3.96-4.16 (m, 6H), 6.96 

(s, 1H), 7.05 (s, 1H), 7.17 (s, 1H), 7.63 (app. t, J = 7.1 Hz, 1H), 7.82 (s, 1H), 8.00 (d, 

J = 7.7 Hz, 1H), 8.50 (d, J = 6.3 Hz, 1H), 15.48 (s, 1H). 13C NMR (150 MHz, CDCl3, 
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0.072 M) δ (ppm): 14.12, 22.73, 26.29, 26.32, 26.35, 29.38, 29.43, 29.47, 29.50, 29.76, 

29.82, 29.84, 31.99, 68.15, 68.58, 68.87, 104.49, 104.74, 106.02, 107.16, 119.32, 121.27, 

123.36, 125.40, 126.87, 128.03, 133.76, 133.97, 136.77, 137.74, 140.24, 141.52, 148.78, 

148.92, 151.76, 152.53, 166.57. FT-IR νmax (cm-1): 2954, 2921, 2871, 2850, 1742, 1606, 

1514, 1467, 1431, 1389, 1342, 1282, 1189, 1170, 1074, 931, 876, 859, 829, 761, 721, 

671. MALDI-TOF MS: m/z 950 (M + 1). Elemental analysis calculated for C61H92N2O6: 

C 77.17; H 9.77; N 2.95; found: C 77.48; H 9.82; N 3.10%. 

108B2,3,6,7-Tetrakis(tetradecyoxy)dibenzo[a,c]phenazine-10-carboxylic acid (sA14) 

Methyl 2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-10-carboxylate sE14 

(0.104 g, 0.08 mmol) was dissolved in warm dioxane (25 mL). A solution of sodium 

hydroxide (0.035 g, 0.88 mmol) in distilled water (5 mL) was added. The mixture was 

heated to reflux overnight; it was then allowed to cool slightly before adding 

hydrochloric acid (6 N, 1.5 mL). Once it had cooled to room temperature, the precipitate 

was collected by vacuum filtration. The resulting solid was purified by recrystallisation in 

a mixture of acetone and dichloromethane to afford 2,3,6,7-tetrakis(tetradecyloxy)-

dibenzo[a,c]phenazine-10-carboxylic acid sA14 as an orange solid (0.100 g, 97% yield). 

 1H NMR (600 MHz, CDCl3, 0.044 M) δ (ppm): 0.89 (t, J = 6.8 Hz, 12H), 

1.19-1.53 (m, approx. 80H), 1.54-1.66 (m, 8H), 1.84-2.04 (m, 8H), 3.95 (t, J = 6.1 Hz, 

2H), 4.05-4.19 (m, 6H), 7.11 (s, 1H), 7.19 (s, 1H), 7.38 (s, 1H), 7.71 (app. t, J = 7.7 Hz, 

1H), 8.00 (s, 1H), 8.12 (d, J = 8.2 Hz, 1H), 8.58 (d, J = 7.1 Hz, 1H), 15.65 (s, 1H). 

13C NMR (150 MHz, CDCl3, 0.044 M) δ (ppm): 14.11, 22.71, 26.28, 26.31, 26.34, 29.35, 

29.41, 29.73, 29.82, 29.84, 31.95, 68.30, 68.70, 69.00, 69.09, 104.77, 105.00, 106.29, 

107.40, 119.57, 121.53, 123.51, 125.63, 127.10, 128.19, 133.90, 134.13, 136.98, 138.05, 
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140.44, 141.80, 148.96, 149.10, 151.92, 152.68, 166.64. FT-IR νmax (cm-1): 2953, 2919, 

2870, 2850, 1742, 1606, 1511, 1468, 1432, 1389, 1282, 1189, 1165, 1075, 932, 874, 849, 

759, 720, 673. MALDI-TOF MS: m/z 1174 (M + 1). Elemental analysis calculated for 

C77H124N2O6: C 78.79; H 10.65; N 2.39; found: C 78.45; H 10.35; N 2.36%. 

4.6.5 1H NMR dilution experiments 

1H NMR dilution experiments were performed on all molecules in series sA and 

sE. A stock solution of the appropriate tetrakis(alkoxy)dibenzo[a,c]phenazine derivative 

was prepared in chloroform-d (0.300 – 0.400 mL, 60 – 80 mM). Chloroform-d 

(0.400 mL) was placed in an NMR tube, and aliquots of stock solution were added 

starting with 0.25 μL and increasing gradually to 60 μL until all the stock solution had 

been added. A 1H NMR spectrum was recorded after each addition. An additional higher 

concentration spectrum was obtained for the three acid derivatives by evaporating all the 

solvent from the NMR tubes and redissolving the compound in 0.400 ml of chloroform-d.  

Fitting to the dimer model was performed using a non-linear two-parameter fit 

performed with the Levenberg-Marquardt least squares routine in the Non Linear Curve 

Fitting tool of Origin 6.1. This gave a chemical shift for the dimer and a dimerisation 

constant for each proton. Dimerisation constants and reduced chi-squared values for each 

proton of the three molecules are listed in 613HTable 4.2. The dimerisation constants for each 

molecule given in section 614H4.4.3 were calculated by averaging the values obtained for each 

proton.  
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Table 4.2 Dimerisation constants and reduced chi-squared values obtained with each proton 
for molecules in series sA. 

 sA6 sA10 sA14 

 
Kdim  

(M-1) 

Reduced 
chi-

squared 

Kdim  

(M-1) 

Reduced 
chi-

squared 

Kdim  

(M-1) 

Reduced 
chi-

squared 

acid 7.6 3.0·10-5 9.7 7.8·10-6 10.6 7.1·10-6 

a 7.7 2.0·10-5 9.8 5.0·10-6 10.8 4.4·10-6 

b 7.5 2.0·10-5 9.5 2.0·10-6 10.7 5.1·10-6 

c 7.1 2.0·10-5 9.1 5.1·10-6 10.1 2.9·10-6 

d 5.0 6.0·10-5 8.2 5.1·10-6 9.2 2.7·10-6 

e 5.0 4.8·10-6 6.9 2.4·10-6 7.8 2.0·10-6 

f 8.6 4.0·10-5 10.8 9.5·10-6 11.7 9.9·10-6 

g 5.3 5.2·10-6 7.1 1.4·10-6 7.9 2.0·10-6 

Avg. 6.7  8.9  9.9  

St. Dev. 1.4  1.4  1.4  

 

4.6.6 47BDLS experiments 

Hydrodynamic diameter measurements were carried out by dynamic light 

scattering on all molecules in series sE and sA at various concentrations. All 

measurements were performed at 25 °C in chloroform (viscosity: 0.05370 cP, refractive 

index: 1.44) in a glass cuvette with a round aperture. In most cases, sample volumes were 

1 mL, however for sE14 and sA14, a homemade cell spacer was used to raise the sample 

cuvette, and sample volumes of 0.6 mL were used. Solvent used for rinsing the cuvette 

and preparing solutions was filtered through 0.2 µm Acrodisc CR 13 mm syringe filters 

with PTFE membranes made by Life Sciences. Prepared solutions were filtered once 
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more before being measured. For each compound at each concentration, 

24 measurements were performed and averaged.  

Individual results were analysed using the intensity size distribution provided by 

the instrument (results were not converted to a volume or number size distribution). Two 

peaks were often observed in the intensity size distribution, as exemplified in 615HFigure 4.29. 

Since the observed intensity is proportional to the sixth power of the particle diameter, 

even an extremely small number of large particles can result in a large peak in the 

intensity size distribution. Because of this, only the peak corresponding to a smaller 

particle size (10 to 30 Å) was considered while the peak corresponding to a larger size 

(typically between 100 and 800 nm) was attributed to trace impurities present at minute 

concentrations (more dilute than the target compound by approximately 10 orders of 

magnitude).  

 

Figure 4.29 Example of DLS results obtained for sA10 at 22 mM. In this case, peaks were 
observed at 1.868 and 101.3 nm corresponding to 53.5% and 46.5% of the scattered 
light intensity, respectively. Only the 1.868 nm peak was used when calculating the 
average size over 24 measurements at this concentration. 
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4.6.7 48BUV-vis dilution experiments 

UV-vis dilution experiments were performed on all molecules in series sA and 

sE. A stock solution of the desired tetrakis(alkoxy)dibenzo[a,c]phenazine derivative was 

prepared in chloroform (0.400 mL, 10 – 20 mM). Chloroform (0.700 mL) was placed in a 

quartz cuvette for UV-vis absorption spectroscopy having a 1 cm path length, and 

aliquots of stock solution were added starting with 0.25 μL and increasing gradually to 

50 μL, and a UV-vis spectrum was recorded after each addition until the solution was too 

concentrated to observe the peak in the visible region of the spectrum. 
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CHAPTER 5: 4BLIQUID CRYSTALLINE PROPERTIES OF 
CARBOXYLIC ACID SUBSTITUTED MESOGENS 
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The bulk of the research described in this chapter was published in: 

Lavigueur, C.; Foster, E. J.; Williams, V. E. “Self-assembly of discotic mesogens in 

solution and in liquid crystalline phases: effects of substituent position and hydrogen 

bonding” J. Am. Chem. Soc., accepted July 3, 2008. 

Compounds tA6 and tA10 were synthesised by Mr. Ying-Chieh Ke, but all phase 

behaviour characterisation was redone, as discussed in Chapter 2. The detailed 

characterisation of the two acid derivatives was published in: Foster, E. J.; Lavigueur, C.; 

Ke, Y. C.; Williams, V. E. “Self-assembly of hydrogen-bonded molecules: discotic and 

elliptical mesogens” J. Mater. Chem. 2005, 15, 4062-4068. Compounds tE6 and tE10 

were synthesised and characterised by Mr. Ying-Chieh Ke, as described in the same 

article. 

Compound tN6 was prepared and characterised by Dr. E. Johan Foster, as 

reported in Foster, E. J.; Jones, R. B.; Lavigueur, C.; Williams, V. E. “Structural factors 

controlling the self-assembly of columnar liquid crystals” J. Am. Chem. Soc. 2006, 128, 

8569-8574. 

Compounds sN6 was prepared by Dr. E. Johan Foster, but all characterisation was 

redone (1H and 13C NMR, MALDI-TOF MS, POM, DSC and variable temperature 

XRD). 
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5.1 Introduction 

The concept of forming elliptical mesogens by rigidly linking two disc-shaped 

molecules was introduced in Chapter 1, and a system in which such dimers are formed 

through modular hydrogen bonding was described in detail in Chapter 2. Attempts to 

form non-elliptical rigidly-linked dimers of discs through hydrogen bonding between the 

pyridine derivatives sP and the carboxylic acid derivatives tA were also presented, but 

phase separation occurred and the formation of hydrogen-bonded complexes was not 

observed.  

The carboxylic acid derivatives in series sA, whose solution self-assembly was 

discussed in the previous chapter, were targeted in an attempt to form rigidly-linked non-

elliptical dimers of disc-shaped molecules. The location of the acid groups could 

presumably have a significant impact on mesophase behaviour, since changing their 

position would dramatically alter the geometry of any resulting dimers. As shown in 

616HFigure 5.1, compounds in series sA could form non-elliptical hydrogen-bonded dimers. 

However, the position of the carboxylic acid substituent could allow intramolecular 

hydrogen bonding with the pyrazine nitrogen atom, as illustrated in 617HFigure 5.1. 

In Chapter 4, it was concluded that molecules in series sA form intramolecular 

hydrogen bonds in solution rather than hydrogen-bonded dimers. However, their 

behaviour in the liquid crystalline phase is not necessarily the same as in solution, hence 

all possibilities illustrated in 618HFigure 5.1 must be considered in the liquid crystalline 

phases. 
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Figure 5.1 Schematic representation of possible hydrogen bonding motifs in series sA: 
intramolecular hydrogen bonding with a pyrazine nitrogen atom, or carboxylic acid 
cyclic dimer formation. 

The research discussed in the present chapter focuses on the changes in phase 

behaviour caused by moving the carboxylic acid group from the top of the molecule in 

series tA to the side in series sA. In order to better understand the effects of hydrogen 

bonding on the properties of these compounds, a series of methyl ester analogues (series 

tE and sE) of similar size, shape and electronic properties, but without the capability to 

form hydrogen-bonded dimers, were also studied. 
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Figure 5.2 Carboxylic acid and methyl ester derivatives studied in this chapter. 

More broadly, while the nature of functional groups attached to the aromatic core 

of discotic mesogens has been shown to strongly influence liquid crystalline 

properties,24,30,108,109,111,183,184 the effect of substituent position has not been systematically 

investigated. Because clearing temperature has been shown to be correlated to the 

electron withdrawing ability of a substituent attached to the core, derivatives with a nitro 

group are expected to exhibit among the highest clearing temperatures within a series of 

mesogens that lack the ability to form hydrogen bonds. Compounds in series tN and sN 

were therefore also studied to provide benchmarks for comparison with both the ester and 
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acid derivatives described above. It was anticipated that the nitro and ester derivatives 

would provide insight into the effects of changing the position of non-hydrogen bonding 

functional groups on mesophase behaviour. 
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Figure 5.3 Nitro derivatives studied in this chapter.  

All these substituted disc-shaped molecules were prepared with a variety of alkyl 

chain lengths. It is well documented that increasing the alkyl chain length on a mesogen 

tends to lower phase transition temperatures.24 More interestingly, changing the chain 

length was observed to affect the nature of the phases formed in the case of elliptical 

dimers,87 as discussed in Chapter 2. It was also observed that increasing the chain length 

increased the nematic discotic phase range, which prompted the investigation of the 

properties of compounds having longer alkyl chains, namely tetradecyloxy chains, in 

order to verify if the previously observed trends would extend to longer chains. 
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5.2 Synthesis of the acid, methyl ester and nitro substituted compounds 

The compounds studied in this chapter were prepared by the previously described 

modular approach involving the condensation of the appropriate diamine with a 2,3,6,7-

tetrakis(alkoxy)phenanthrene-9,10-dione, as shown in 619HScheme 5.1. The synthesis of 

compounds in series sE and sA was reported in the previous chapter, while the 

characterisation of tA6 and tA10 was discussed in Chapter 2. Compounds tE6, 87 tE1087 

and tN6109 were previously reported. 

Attempts to synthesise tA14 by the direct condensation of 5.1c with 

3,4-diaminobenzoic acid 5.2c proved to be inefficient. Although crude tA14 was obtained 

in good yields by this method, its extremely low solubility made it very difficult to 

purify. In order to circumvent this problems, tA14 was prepared by hydrolysis of tE14, 

thus eliminating the need to separate the long chain carboxylic acid derivative from 

2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-dione 5.1c. 

All target compounds were studied by 1H and 13C NMR spectroscopy, 

MALDI-TOF mass spectrometry and elemental analysis. The 1H NMR spectra of the 

starting materials 5.1a, 5.1b and 5.1c exhibit characteristic peaks at approximately 

7.1 and 7.5 ppm integrating to two protons each and corresponding to the four aromatic 

protons present on the molecules. These peaks disappear in the final compounds.  
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Scheme 5.1 Synthesis of target compounds in series sA, sE, tA, tE, sN and tN. Compounds 
sA14 and tA14 were not isolated in good yield with this method, and were prepared 
using another route. Compounds tA6, tA10, tE6 and tE10,87 as well as compounds 
sN6185 and tN6109 were previously reported. 

Compound tA14 displayed a series of peaks between 7.7 and 9.1 ppm 

corresponding to the seven aromatic protons. Compound tE14 exhibited a series of peaks 

between 7.7 and 9.0 ppm corresponding to the seven aromatic protons, as well as a peak 
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at 4.1 ppm integrating to three protons corresponding to the ester group. For compounds 

sN6, sN14 and tN14, peaks corresponding to the seven aromatic protons were observed 

between approximately 7.5 and 9.2 ppm. The characterisation of molecules in series sA 

and sE was described in Chapter 4. For all of these compounds, mass spectrometry 

showed a peak corresponding to the mass of the target compound. 

The synthesis of diamines 5.2a and 5.2b was described in the previous chapter, 

5.2d was prepared according to a literature procedure for a similar compound,175 and 

diamines 5.2c, 5.3e and 5.3f were obtained commercially. Quinones 5.1a and 5.1b were 

synthesised as previously reported,111-113 and 5.1c was prepared following the same 

general procedure, as described in the previous chapter. 
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5.3 POM, DSC, XRD and IR spectroscopy results 

The phase behaviour of all new compounds was studied by differential scanning 

calorimetry (DSC) and polarised optical microscopy (POM). Typical liquid crystalline 

textures are shown in 620HFigure 5.4 and 621HFigure 5.5, and phase ranges are summarised in 

622HTable 5.1, 623HTable 5.2 and 624HTable 5.3. Liquid crystalline compounds were also examined by 

variable temperature X-ray diffraction (XRD) using the capillary furnace described in 

Chapter 3. XRD data and lattice parameters of all new compounds are summarised in 

625HTable 5.4 and 626HTable 5.5. 

 

Figure 5.4 Representative textures observed by POM for the new mesogenic acid and ester 
derivatives: a) Colh sA6 at 256 °C; b) Colh sA10 at 239 °C; c) Colh sA14 at 207 °C; 
d) N tA14 at 180 °C; e) Colr tA14 at 100 °C; f) Colh tE14 at 94 °C. 
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Figure 5.5 Representative textures observed by POM for the new nitro derivatives: a) Colh sN6 
at 172 °C; b) Colh sN14 at 109 °C; c) Colh tN14 at 131 °C. 

Table 5.1 Phase behaviour of the carboxylic acid derivatives 

Colh
210 (5)

207 (-5)
Cr I

Colr
154 (3)

150 (-3)
Cr N I

193 (1)

191 (-1)
tA14

Cmpd Phasea

Colh I
88(13) 260 (9)

256 (-9)
Cr

Colh
107 (26) 242 (6)

239 (-5)
Cr

Tt/oC (ΔH/J g-1)b
Phasea

I

sA6

sA10

sA14

Colh I
169 (69) 258 (18)

251 (-15)
Cr

Colr
127 (35) 196 (10)

192 (-10)
Cr N I

210 (1)

207 (-1)

tA6

tA10

85 (40)

41 (-51)

47 (39)

41 (37)
 

 a Cr: crystalline; Colh: hexagonal columnar; Colr: rectangular columnar; N: nematic; 
I: isotropic. b Phase transitions and enthalpies measured by DSC on first heating at 5 °C /min. 
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The DSC traces of sE6, sE10 and sE14 each exhibited a single peak both on 

heating and cooling, indicating that they melt directly from crystalline solids to isotropic 

liquids without the formation of liquid crystalline phases, as corroborated by POM. 

DSC investigation of tA14 revealed three phase transitions on both heating and 

cooling. Upon cooling from the isotropic liquid, tA14 displayed by POM a texture 

characteristic of a nematic phase (N) followed by a columnar phase at lower temperatures 

( 627HFigure 5.4), which was identified as a rectangular columnar phase by XRD. The X-ray 

diffractogram displayed two intense and two weaker low-angle peaks, which indexed to 

the (200), (110), (400) and (020) reflections of a rectangular lattice. Broad peaks were 

also observed corresponding to distances of approximately 4.5 and 3.5 Å, which were 

attributed to the alkyl chain halo and to the π-stacking distance, respectively. The 

presence of this latter peak is indicative of a degree of order within the columns. 
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Table 5.2 Phase behaviour of the methyl ester derivatives 

Cr

Colh
98 (2)

94 (-2)
Cr ItE14

Cmpd Phasea

Cr

Cr

Tt/oC (ΔH/J g-1)b
Phasea

sE6c

sE10c

sE14

Colh I
111 (39) 200 (5)

197 (-5)
Cr

Colh
98 (61) 137 (3)

132 (-3)
Cr I

tE6

tE10

110 (42)

87 (-53)

77 (46)

52 (-62)

158 (70)

129 (-79)

127 (78)

99 (-79)

I

I

I

 
 a Cr: crystalline; Colh: hexagonal columnar; I: isotropic. b Phase transitions and enthalpies 

measured by DSC on first heating at 5 °C /min. c Previously reported.87 

Table 5.3 Phase behaviour of the nitro derivatives 

Cr

Cmpd Phasea

Cr

Cr

Tt/oC (ΔH/J g-1)b
Phasea

sN6

sN14

tN6c

Colh I
136 (1)

131 (-1)
CrtN14

131 (67)

102 (-53)

132 (37)

78 (-40)

115 (41)

98 (-40)

Colh I
229 (8)

226 (-7)

Colh
I

109 (-2)

Colh I
175 (7)

172 (-7)

107 (66)

80 (-71)
 

 a Cr: crystalline; Colh: hexagonal columnar; I: isotropic. b Phase transitions and enthalpies 
measured by DSC on first heating at 5 °C/min. c Previously reported.109 



 

 182

Examination of sN14 by DSC revealed the presence of a single peak upon heating 

and two distinct peaks on cooling, indicative of the formation of a monotropic liquid 

crystalline phase. All remaining compounds (sA6, sA10, sA14, tE14, sN6 and tN14) 

displayed two peaks both on heating and on cooling. POM revealed that upon cooling 

from the isotropic liquid, these seven compounds displayed dendritic textures with 

approximately six-fold symmetric domains characteristic of hexagonal columnar phases 

( 628HFigure 5.4 and 629HFigure 5.5). The X-ray diffractogram of each of these compounds showed 

broad peaks corresponding to the alkyl chain halo and to the π-stacking distance 

(~ 3.5 Å), as well as an intense low-angle peak that was assigned as the (100) reflection 

of a hexagonal lattice. For all compounds except sN6, a second peak indexing to the 

(110) reflection was also observed, which confirmed the assignment of the (100) peak 

and the presence of a hexagonal columnar phase. For sA10, sA14, tE14 and tN14 further 

peaks indexing to the (200) reflection were also observed. 
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Table 5.4 X-ray diffraction data and lattice constants for the carboxylic acid derivatives 

 Temp.
(°C) 

d-spacing
(Å) 

Miller 
Index 
(hkl) 

Phase 
(Lattice 

Constants) 
 

sA6 

 
 

100 
 

 
17.0 
9.9 
4.3 
3.5 

 

 
(100) 
(110) 

alkyl halo
π- π 

 

Colh 
(a = 19.7 Å) 

 

sA10 

 
165 

 
20.6 
11.8 
10.2 
4.2 
3.5 

 

(100) 
(110) 
(200) 

alkyl halo
π- π  

 

Colh 
(a = 23.8 Å) 

 

sA14 

 
150 

 
23.1 
13.4 
11.6 
4.6 
3.5 

 

(100) 
(110) 
(200) 

alkyl halo
π- π  

 

Colh 
(a = 26.7 Å) 

 

tA6 

 
175 

 
16.6 
9.5 
4.2 
3.6 

 

(100) 
(110) 

alkyl halo
π- π 

 

Colh 
(a = 19.1 Å) 

 

tA10 

 
135 

 
22.8 
17.5 
11.6 
9.6 
8.9 
4.3 
3.5 

 

(200) 
(110) 
(400) 
(020) 
(220) 

alkyl halo
π- π  

 

Colr 
(a = 45.6 Å) 
(b = 18.9 Å) 

 

tA14 100 
 

27.0 
19.7 
13.7 
10.6 
4.2 
3.8 

 

(200) 
(110) 
(400) 
(020) 

alkyl halo
π- π  

 

Colr 
(a = 54.0 Å) 
(b = 21.1 Å) 
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Table 5.5 X-ray diffraction data and lattice constants for the mesogenic ester and nitro 
derivatives  

 Temp.
(°C) 

d-spacing
(Å) 

Miller 
Index 
(hkl) 

Phase 
(Lattice 

Constants) 
 

tE6a 

 
 

150 
 

 
17.3 
4.3 
3.5 

 

 
(100) 

alkyl halo
π- π 

 

Colh 
(a = 20.0 Å) 

 
tE10a 

 
140 

 
18.9 
4.4 
3.5 

 

(100) 
alkyl halo

π- π  
 

Colh 
(a = 22.4 Å) 

 

tE14 

 
75 

 
23.0 
13.3 
11.5 
4.5 
3.5 

 

(100) 
(110) 
(200) 

alkyl halo
π- π 

 

Colh 
(a = 26.6 Å) 

 

sN6 150 
 

17.0 
4.4 
3.5 

 

(100) 
alkyl halo

π- π 
 

Colh 
(a = 19.6 Å) 

 
sN14 

 
108 

 
23.1 
13.3 
4.3 
3.5 

 

(100) 
(110) 

alkyl halo
π- π 

 

Colh 
(a = 26.7 Å) 

 

tN6b 

 
150 

 
16.7 
9.3 
4.7 
3.5 

 

(100) 
(110) 

alkyl halo
π- π 

 

Colh 
(a = 19.2 Å) 

 

tN14 108 
 

23.1 
13.4 
11.6 
4.4 
3.5 

 

(100) 
(110) 
(200) 

alkyl halo
π- π 

 

Colh 
(a = 26.7 Å) 

 

 a Previously reported.87 b Previously reported.109 

Table 5.6 Position of the C=O stretches for the carboxylic acid and ester derivatives  

Cmpd. C=O stretcha (cm-1)

 
sE10 

 
 

1709 
 

tE10 

 
1727 

 
sA10 

 
1742 

 
tA10 1693 

 
 a Observed at room temperature. Alkoxy chain length does not affect this stretching frequency, 

hence results are representative of the entire series. 
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Compounds in series sE, tE, sA and tA were also studied by FT-IR spectroscopy. 

Almost no variation in peak positions was observed within each series with increasing 

alkoxy chain length. The carbonyl stretching frequencies of these compounds are 

summarised in 630HTable 5.6. 

Variable temperature FT-IR spectroscopy was used to further characterise sA6, 

sA10, sA14, sE10 and tA10 up to 250 °C, which spanned the Cr-LC-I transitions for 

sA10, sA14, sE10 and tA10. No major changes and no discontinuities were observed in 

any of the spectra with increasing temperature; most notably the carbonyl stretching peak 

was not observed to shift with temperature. Intensities fluctuated with increasing 

temperature because as fluidity increased, the films flowed and their thicknesses varied. 

FT-IR spectra were therefore normalised to facilitate comparison. 631HFigure 5.6a shows 

typical FT-IR spectra obtained upon heating for sA10. Furthermore, the spectra obtained 

at room temperature before and after heating showed no significant changes, as 

exemplified for sA10 in 632HFigure 5.6b. 

 

Figure 5.6 Normalised FT-IR spectra for sA10 a) at variable temperature, b) before and after 
heating up to 250 °C. 
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5.4 19BDiscussion and interpretation of the phase behaviour 

5.4.1 49BEffects of alkoxy chain length 

For each series examined in the present study, both the melting and clearing 

temperatures decrease with increasing chain length, which is consistent with the general 

trends observed for other series of discotic mesogens,24 as well as for series of 2,3,6,7-

tetrakis(alkoxy)dibenzo[a,c]phenazines,87 including the ones presented in Chapter 2. 

Within series tN, tE and sA, the clearing temperatures are typically lowered to a 

greater extent than the melting temperatures, which results in a narrowing of the liquid 

crystalline phase range. In series sN, increasing the alkoxy chain length from sN6 to 

sN14 causes the complete disappearance of the liquid crystalline phase on heating, 

leaving only a narrow monotropic phase observed on cooling.  

It was shown in Chapter 2 and in previously published work87 that changing the 

chain length has a dramatic impact on the phase behaviour of the elliptical dimers formed 

by compounds in series tA, with the type of mesophases observed changing with alkoxy 

chain length. It was also noted that increasing the chain length broadened the nematic 

phase range within this series. This trend continued for the longer chain derivative tA14 

prepared for the present study, which has a nematic phase that persists over a 39 °C range 

as compared to a range of only 13 °C for the nematic phase of tA10.  

The lowering of the melting temperatures was also very pronounced in the case of 

sA14 and tA14, where the liquid crystalline phases are observed close to room 

temperature. sA14 is liquid crystalline down to 41 °C on cooling although its melting 

temperature is considerably higher at 85 °C, while tA14 has a melting point of only 

47 °C, and also maintains its columnar phase down to 41 °C on cooling. 
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5.4.2 50BEffects of non-hydrogen bonding substituent position 

Before addressing the effects of functional group position on the phase behaviour 

of carboxylic acid derivatives, it is useful to examine the perturbations induced by 

relocating non-hydrogen bonding substituents.  

Moving a nitro group from the top of the molecule in tN6 to the side in sN6 leads 

to a dramatic lowering of the clearing temperature from 229 to 175 °C, whereas the 

melting temperature remains essentially unchanged. As a result, the hexagonal columnar 

phase of sN6 has a much narrower temperature range (42 °C) than that of tN6 (98 °C). A 

destabilisation of the columnar phase is also observed in the case of the longer chain 

derivatives, tN14 and sN14; the former has an enantiotropic hexagonal columnar phase 

from 107 to 136 °C, while the latter melts directly from a crystalline solid to an isotropic 

liquid at 115 °C, and forms only a narrow monotropic phase on cooling.  

The same trend was found for the ester derivatives in series tE and sE. Whereas 

tE6, tE10 and tE14 form hexagonal columnar phases, sE6, sE10 and sE14 are non-

mesogenic. This effect was also observed in the disc-shaped pyridyl derivatives tP and sP 

studied in Chapter 2. Although tP6 and tP10 exhibit stable hexagonal columnar phases, 

their isomers sP6 and sP10 are not liquid crystalline.  
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Figure 5.7 Pyridine derivatives presented in Chapter 2. 

109BPossible cause of the effects of substituent position  

As a general rule, it appears that moving an electron-withdrawing substituent 

from the top to the side of the molecule destabilises the liquid crystalline phases, which 

may provide key insight into the role of functional groups in the formation of these 

phases.  

Previous work in the Williams laboratory focusing on the effects of the nature of 

functional groups led to the suggestion that electron-withdrawing groups stabilise 

columnar phases by minimising π-π repulsions between aromatic cores and/or by 

maximising favourable dipole-dipole interactions.109 Several other groups have also 

rationalised the effects of substituents on the stability of columnar phases in terms of 

dipole-dipole interaction.26,27,186,187  

2,3,6,7-Tetrakis(decyloxy)dibenzo[a,c]phenazine derivatives such as the ones 

studied here have low symmetry compared to mesogenic triphenylene derivatives. In 

order to assemble into hexagonally ordered nanostructures, it is anticipated that these low 

symmetry molecules order antiferroelectrically, meaning that neighbouring molecules 
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within a column align antiparallel to one another, as shown in 633HFigure 5.8. This 

arrangement, which is consistent with the intercolumnar distances measured by XRD, 

should be favoured by a large dipole along the long axis of the core (µy).  

 

Figure 5.8 Schematic representation of the anti-parallel alignment of adjacent molecules 
favoured by a large dipole moment along the long axis of the molecule (µy). 

Molecules with an electron-withdrawing group on the top of the core (e.g. tN and 

tE) will have larger components of their dipole in the y-direction, as shown in 634HFigure 5.9, 

and will thus be more stabilised in an antiparallel orientation than isomers with 

substituents on the side of the core (e.g. sN and sE). The present observations therefore 

provide support for earlier suggestions that dipole-dipole interactions play a critical role 

in stabilising columnar phases.  
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Figure 5.9 Schematic representation of the effect of substituent position on molecular dipole. 

The same dipole effect can explain why liquid crystalline phases are observed for 

disc-shaped molecules having a nitro substituent on the side of the core (sN), but not for 

those having a methyl ester (sE) or the nitrogen atom of a pyridine ring (sP) at the same 

position, since the more electron withdrawing nitro group will lead to a larger dipole 

moment and will thus further stabilise columnar phases. This is in accordance with 

previously observed trends concerning the nature of functional groups, which had 

revealed that clearing temperatures increase with increasing electron-withdrawing ability 

of substituents.109 

5.4.3 51BPhase behaviour of the carboxylic acid derivatives 

110BEffects of carboxylic acid position 

The carboxylic acid derivatives in series tA and sA fail to follow the trends 

described above. Indeed, in some cases, mesogens with a carboxylic acid group on the 

side of the core (sA10 and sA14) actually have higher clearing temperatures than their 

isomers with the acid group in the top position, and in the remaining case (sA6 versus 

tA6), there is no significant difference between the clearing temperatures. In contrast to 
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mesogens with non-hydrogen bonding substituents, molecules sA also do not exhibit a 

narrowing of their mesophases relative to their isomers tA; sA6 and sA10 have broader 

liquid crystalline phase ranges than tA6 and tA10, respectively. 

These differences suggest that factors in addition to the dipole-dipole effects 

described above are contributing to the mesophase stabilities of molecules in series sA. 

This hypothesis is supported by the observation that members of series sA have 

considerably higher clearing temperatures than the corresponding sN compounds, even 

though nitro substituents are far more electron-withdrawing than carboxylic acid groups, 

and would therefore be expected to give rise to higher dipole moments. The most likely 

cause of the increased stability of the mesophases of compounds sA is the ability of a 

carboxylic acid group to act as a hydrogen bond donor and/or acceptor. 

A comparison of the acid substituted compounds tA and sA reveals differences in 

the types of phases formed. The acid derivatives in series tA having sufficiently long 

chains (tA10 and tA14) form both nematic and rectangular columnar mesophases. As 

detailed in Chapter 2, it is proposed that this behaviour results from the formation of 

elliptical hydrogen-bonded dimers.87 In contrast, the molecules in series sA exclusively 

form hexagonal columnar mesophases, regardless of chain length. The observed 

intercolumnar distances are consistent with columns formed by stacks of single 

molecules and closely agree with those measured for molecules in series tN, sN and tE, 

none of which can hydrogen bond on their own. The lattice parameters measured for 

molecules in series sA are therefore not consistent with columns formed by stacked 

hydrogen-bonded dimers. 
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IR spectroscopy to probe hydrogen bonding 

FT-IR spectroscopy was used to probe for the presence of hydrogen bonding 

within the liquid crystalline phases of the carboxylic acid substituted compounds. The 

methyl ester derivatives were also studied by IR spectroscopy to provide a basis for 

comparison.  

The bands that best reflect the presence or absence of hydrogen bonding in 

carboxylic acid derivatives are the hydroxyl and carbonyl stretches. The frequencies at 

which the stretches are observed are usually decreased by conjugation to an aromatic 

system. Since the magnitude of this decrease in frequency depends on the exact nature of 

the aromatic group and on the position of the acid or ester group, it is simpler to compare 

the measured stretches to those of saturated aliphatic molecules. 

In hydrogen-bonded dimers of saturated carboxylic acids, the hydroxyl stretch 

usually gives rise to a broad and intense band between 3300 and 2500 cm-1, usually 

centred near 3000 cm-1. In contrast, the vibration of a free hydroxyl group is located 

around 3520 cm-1. The carbonyl stretch of saturated carboxylic acids typically gives rise 

to an intense band located between 1720 and 1706 cm-1 in hydrogen-bonded dimers, or 

located near 1760 cm-1 in monomeric carboxylic acids. The carbonyl stretch arising from 

a saturated aliphatic ester group is usually situated between 1750 and 1735 cm-1.178 

No O-H stretch was clearly observed for any acid derivative. It is possible that the 

C-H stretching vibrations bury the O-H stretches since these molecules have four long 

alkoxy chains with between 52 and 113 C-H bonds involving sp3 hybridised carbon 

atoms compared to a single carboxylic acid group. If this were the case, then the O-H 

stretches would be located around 2900 cm-1, in the region corresponding to hydrogen-
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bonded OH groups. Furthermore, no absorption is observed for any of the carboxylic acid 

substituted molecules at frequencies near 3500 cm-1, indicating the absence of free 

hydroxyl groups.  

The position of the carbonyl stretch also gives valuable information about 

hydrogen bonding; C=O stretching frequencies for compounds in series tE, sE, tA and 

sA were summarised in Table 5.6. It is, however, important to remember that the position 

of carbonyl stretches is influenced not only by hydrogen bonding but also by conjugation 

to an aromatic system, and that moving the substituent to a different position on the core 

will cause a shift in the vibration frequency that may not be attributable to a change in 

hydrogen bonding.  

This effect can be more readily observed in the ester substituted molecules where 

hydrogen bonding is not involved. In this case, the C=O stretch shifts to lower frequency 

when the substituent is moved from the top to the side of the core, as seen in 636HFigure 5.10, 

indicating a greater conjugation effect in sE than in tE. Furthermore, conjugation causes 

both series of molecules to have carbonyl stretches at frequencies lower than the typical 

range for saturated esters (see 637HFigure 5.10). 



 

Figure 5.1 Position of the C=O stretch for molecules in series sE, tE, sA and tA. The typical 
position of this stretch for esters, free acids and hydrogen-bonded acids (in saturated 
molecules) are shown in gray.1 

An analogous shift would be expected in the acid substituted molecules if a 

change in the extent of conjugation with the aromatic core was also the main factor in 

determining the position of the carbonyl stretch. In other words, if changes in conjugation 

(rather than changes in hydrogen bonding) largely determined the relative positions of the 

carbonyl stretches in sA and tA, they would be expected to be at lower frequencies for 

molecules in series sA. The opposite occurs, the C=O stretch being shifted to higher 

frequency when the acid group is on the side of the core (see Error! Reference source 

not found. and Figure 5.1). This could be explained by the carbonyl groups in series tA 

serving as hydrogen bond acceptors, and those in series sA not being involved in 

hydrogen bonding, or at least to a much lesser extent.  
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the pyrazinyl nitrogen atoms that are suitably positioned to serve as hydrogen bond 

acceptors, as was shown in Figure 5.1.  

Alternatively, intermolecular hydrogen bonds may be formed in which the 

hydroxyl groups act as hydrogen bond donors, and the π-system of aromatic rings or the 

oxygen atoms in ether linkages of neighbouring molecules within the columns act as 

hydrogen bond acceptors. In this way, there could be hydrogen bonding up and down the 

columns without involvement of the carbonyl groups, which would explain the high 

stability of the columnar phases, the position of the C=O stretches and the measured 

intercolumnar distances.  

 

Figure 5.11 Schematic representation of the proposed three-centred hydrogen bonding 
(highlighted in gold) between anti-parallel π-stacked molecules within a column 
with hydroxyl groups as hydrogen bond donors, and both pyrazine nitrogen atoms 
(intramolecular bond) and π-system of aromatic rings (intermolecular bond) as 
hydrogen bond acceptors. The alkoxy chains have been removed for clarity. Oxygen 
is shown in red, nitrogen in blue, carbon in dark grey and hydrogen in pale gray. 

It is of course possible that both models, intramolecular and intermolecular 

hydrogen bonding, are occurring concurrently with the formation of three-centred 

hydrogen bonds involving hydroxyl groups as hydrogen bond donors, pyrazinyl nitrogen 
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atoms on the same molecule and oxygen atoms or π-systems of aromatic rings on 

neighbouring molecules as hydrogen bond acceptors. The proposed three-centred 

hydrogen bonds are illustrated in Figure 5.11 with π-systems of aromatic rings serving as 

hydrogen bond acceptors; the alternative possibility involving oxygen atoms as acceptors 

has not been represented, this structure would be geometrically similar to the one shown. 

The proposed network of hydrogen bonds in the liquid crystalline phase does not 

involve the formation of a cyclic carboxylic acid dimer, which is a commonly observed 

motif in the solid state.91,120 However, other binding modes are known, especially in the 

presence of competing hydrogen bond acceptors.120 Formation of catemer structures, in 

which carboxylic acids hydrogen bond into infinite chains rather than dimers, have also 

been observed in a number of cases.188-190 

The proposed structure involves intra-columnar hydrogen bonding, which has 

been observed in other systems and has been found to enhance the attractive interactions 

that promote columnar ordering.191-194 In a system studied by Ivanov and co-workers, 

hydrogen bonding between neighbouring molecules within a column led to π-stacking 

distances as small as 3.2 Å, an attractive feature since short π-π contacts lead to high 

charge carrier mobilities.192 The π-stacking distances measured in the present system are 

larger, but it is interesting to note that the distances are slightly shorter for sA6, sA10 and 

sA14 (3.5 Å in all cases) than for tA6, tA10 and tA14 (3.6, 3.5 and 3.8 Å, respectively). 

This small reduction in π-stacking distances may be an additional indication that there are 

weak intermolecular hydrogen bonds within the columns. 
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5.4.5 Comparison with solution self-assembly 

The model developed in this chapter to explain the self-assembly of compounds in 

series sA in the liquid crystalline state is remarkably similar to the one developed in the 

previous chapter while studying their solution self-assembly. Both studies led to the 

conclusion that the molecules self-assemble through anti-parallel offset π-stacking, as 

shown in Figure 5.11 for mesophases and in Figure 5.12 for solution self-assembly. 

 

Figure 5.12 Proposed structure of sA dimers in solution: antiparallel offset π-stacked dimers. 

In the mesophases, the formation of three-centred hydrogen bonds between the 

hydroxyl groups and both a pyrazinyl nitrogen atom on the same molecule and the 

π-system of an aromatic ring or the oxygen atom of an ether linkage on a neighbouring 

molecule is proposed to be an important factor in increasing the stability of the columnar 

phases, leading to high clearing temperatures. It is expected that within the columnar 

phases, each molecule forms a single hydrogen bond with each of its neighbours as 

illustrated in Figure 5.11, thus allowing hydrogen bonding to extend along the columns. It 

is likely that similar hydrogen bonding interactions play an important role in the 

formation of self-assembled structures in solution. However, it appears that only dimers 

are formed in solution, which is perhaps not surprising given the greater entropic cost of 

assembling more extended structures under these conditions. 
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5.5 Conclusion 

The molecules studied herein provide insight into the effects of the position of 

functional groups on mesogenic properties, which may prove useful to the rational design 

of liquid crystalline materials. It was demonstrated that moving a substituent to the side 

of the core of a 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-dione generally reduces the 

stability of columnar liquid crystalline phases, most likely due to a reduction of dipole-

dipole interactions that favour antiferroelectric alignment within the columns. This effect 

was not observed, however, in the case of carboxylic acid groups. 

When a carboxylic acid group was placed near the top of the core of a disc-shaped 

molecule, elliptical dimers were formed giving rise to nematic and columnar rectangular 

liquid crystalline phases. Moving this group to the side of the core appears to eliminate 

hydrogen-bonded dimers in favour of hydrogen bonding along the (001) direction, in 

other words along the long axis of the columns, leading to hexagonal columnar liquid 

crystalline phases having remarkably broad phase ranges and high clearing temperatures. 

These carboxylic acid derivatives had also been observed to self-assemble in solution in a 

geometry very similar to that of the columnar phases, forming anti-parallel offset 

π-stacked dimers.  

The use of long alkoxy chains (n = 14) also gave rise to potentially useful 

characteristics, such as a dramatic broadening of the nematic phase range for tA14 and a 

lowering of the liquid crystalline phase range close to room temperature for tA14 and 

sA14. Increasing the length of the alkyl chains on a discotic mesogen typically depresses 

the transition temperatures and leads to narrower liquid crystalline phase ranges.24 

Although lowering the melting point may be an attractive design strategy for room 
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temperature columnar phases, progressive narrowing of the phase ranges is clearly not 

desirable.  

In contrast, while the acids in series tA exhibit a trend towards lower melting 

points with increasing chain length, the columnar phase range of tA14 is actually broader 

than that of either tA6 or tA10. Likewise, whereas the mesophase ranges in series sA do 

become narrower with increasing chain length, this effect is far less pronounced than for 

other series (e.g. tE, tN or sN), and sA14 exhibits a columnar phase over a 125 °C 

temperature range. Thus, both series of acid derivatives (tA and sA) appear to be 

promising candidates for future investigations into derivatives having even longer alkoxy 

chains. 
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5.6 Experimental 

5.6.1 Materials and method 

For general materials and methods, see Chapter 2. For general variable 

temperature XRD procedure using the capillary furnace, see Chapter 3. 

4-nitro-1,2-phenylenediamine and 3,4-diaminobenzoic acid were purchased from 

Aldrich and used without further purification. 3-Nitro-o-phenylenediamine was 

purchased from Fluka and used without further purification.  

2,3,6,7-Tetrakis(hexyloxy)phenanthrene-9,10-dione and 2,3,6,7-tetrakis-

(decyloxy)phenanthrene-9,10-dione were prepared according to previously published 

methods,111-113 while 2,3,6,7-tetrakis(tetradecyloxy)phenanthrene-9,10-dione was 

prepared as described in Chapter 4. The synthesis of all compounds in series sA and sE 

was described in Chapter 4. Compounds tA6, tA10, tE6, tE10 and tN6 were previously 

reported.87,109 The synthesis of compound sN6 was previously reported,185 and its 

characterisation is given below. 

Infrared spectroscopy was carried out on a Thermo Nicolet Nexus 670 FT-IR 

E.S.P. spectrometer and performed on thin films drop cast on NaCl windows. Variable 

temperature IR spectroscopy was carried out using a Specac P/N 21525 variable 

temperature cell controlled with a Specac 3000 series high stability temperature 

controller with RS232 control. 
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5.6.2 Synthesis  

Methyl-3,4-diamino benzoate (5.2d) 

Modified from a literature procedure for a similar compound.175 

3,4-Diaminobenzoic acid 5.2c (0.255 g, 1.67 mmol) was dissolved in methanol (8 mL) 

and concentrated sulphuric acid was added (0.2 mL). The mixture was heated to reflux 

overnight, then concentrated under reduced pressure to remove methanol, poured on 

saturated sodium carbonate solution (5 mL), and extracted with ether. The combined 

extracts were washed with brine, dried with magnesium sulphate, filtered and evaporated 

under reduced pressure to afford crude methyl 3,4-diaminobenzoate 5.2d as a beige solid 

(0.182 g, 65% yield) that was used without further purification.  

1H NMR (500 MHz, DMSO-D6) δ (ppm): 3.70 (s, 3H), 4.66 (s, 2H), 5.28 (s, 2H), 

6.49 (d, J = 8.1 Hz, 1H), 7.08 (dd, J = 1.9, 8.1 Hz, 1H), 7.14 (d, J = 1.9 Hz, 1H). 

Methyl 2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-11-carboxylate (tE14) 

2,3,6,7-Tetrakis(tetradecyloxy)phenanthrene-9,10-dione 5.1c (0.102 g, 

0.10 mmol) and methyl 3,4-diaminobenzoate 5.2d (0.048 g, 0.29 mmol) were suspended 

in acetic acid (7 mL) and the mixture was heated to reflux overnight before being poured 

on ice; the precipitate was collected by vacuum filtration. The resulting solid was purified 

by column chromatography (silica gel, 10% ethyl acetate 90% hexanes as eluent) then 

recrystallised from a mixture of acetone and dichloromethane to afford methyl 2,3,6,7-

tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-11-carboxylate tE14 as a yellow solid 

(0.095 g, 83% yield). 
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1H NMR (500 MHz, CDCl3) δ (ppm): 0.87 (t, J = 6.9 Hz, 12H), 1.19-1.49 (m, 

approx. 80H), 1.50-1.68 (m, approx. 8H), 1.92-2.03 (m, 8H), 4.06 (s, 3H), 4.25-4.37 (m, 

8H), 7.70 (s, 2H), 8.33-8.40 (m, 2H), 8.77 (s, 1H), 8.78 (s, 1H), 9.04 (d, J = 1.4 Hz, 1H). 

13C NMR (150 MHz, CDCl3) δ (ppm): 14.12, 22.70, 26.18, 29.31, 29.32, 29.38, 29.55, 

29.69, 29.72, 29.75, 31.93, 52.48, 69.04, 69.09, 69.49, 69.56, 106.10, 106.25, 108.59, 

108.84, 123.30, 123.41, 126.54, 127.09, 128.06, 129.28, 129.88, 132.14, 140.46, 142.66, 

143.13, 143.30, 149.33, 149.43, 151.94, 152.22, 166.74. FT-IR νmax (cm-1): 2951, 2919, 

2870, 2849, 1727, 1608, 1504, 1467, 1389, 1347, 1269, 1250, 1177, 1075, 875, 827, 770, 

751, 722. MALDI-TOF MS: m/z 1188 (M + 1). Elemental analysis calculated for 

C78H126N2O6: C 78.87; H 10.69; N 2.36; found: C 78.60; H 10.94; N 2.09%. 

2,3,6,7-Tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-11-carboxylic acid (tA14) 

Methyl 2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-11-carboxylate tE14 

(0.093 g, 0.08 mmol) was dissolved in warm dioxane (25 mL). A solution of sodium 

hydroxide (0.033 g, 0.83 mmol) in distilled water (5 mL) was added, inducing the 

formation of a precipitate. The mixture was heated to reflux overnight; it was then 

allowed to cool slightly before adding hydrochloric acid (6 N, 1.5 mL). Once it had 

cooled to room temperature, the precipitate was collected by vacuum filtration. The 

resulting solid was purified by trituration with dichloromethane to afford 2,3,6,7-

tetrakis(tetradecyloxy)dibenzo[a,c]phenazine-11-carboxylic acid tA14 as a yellow solid 

(0.089 g, 97% yield). 

1H NMR (600 MHz, CDCl3) δ (ppm): 0.85-0.90 (m, approx. 12H), 1.16-1.40 (m, 

approx. 80H), 1.40-1.47 (m, approx. 8H), 1.94-2.02 (m, approx. 8H), 4.22-4.43 (m, 

approx. 8H), 7.72 (s, 2H), 8.33-8.44 (m, 2H), 8.79 (s, 2H), 9.09 (s,1H). Due to the 
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extremely low solubility of this compound, no 13C NMR spectrum was obtained. FT-IR 

νmax (cm-1): 2953, 2921, 2871, 2851, 1693, 1608, 1504, 1468, 1389, 1347, 1269, 1178, 

1056, 872, 827, 772, 751, 721. MALDI-TOF MS: m/z 1174 (M + 1). Elemental analysis 

calculated for C77H124N2O6: C 78.79; H 10.65; N 2.39; found: C 78.49; H 10.69; 

N 2.29%. 

10-Nitro-2,3,6,7-tetrakis(hexyloxy)dibenzo[a,c]phenazine (sN6) 

Synthesised as previously reported.185 

1H NMR (600 MHz, CDCl3) δ (ppm): 0.94-0.99 (m, 12H), 1.37-1.49 (m, 16H), 

1.56-1.67 (m, 8H), 1.92-2.02 (m, 8H), 4.16-4.33 (m, 8H), 7.50 (s, 1H), 7.52 (s, 1H), 7.75 

(app. t, J = 7.9 Hz, 1H), 8.18 (d, J = 7.4 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H), 8.50 (s, 2H). 

13C NMR (150 MHz, CDCl3) δ (ppm): 14.05, 14.08, 22.66, 22.67, 25.82, 25.86, 25.90, 

29.19, 29.26, 29.27, 29.31, 31.69, 31.74, 68.78, 69.00, 69.27, 69.39, 105.72, 105.76, 

108.50, 108.73, 122.46, 122.79, 123.70, 126.19, 126.93, 127.07, 133.10, 133.86, 140.93, 

142.61, 142.95, 146.62, 149.17, 149.38, 152.27, 152.49. MALDI-TOF MS: m/z 726 

(M+1). Elemental analysis calculated for C44H59N3O6: C 72.80; H 8.19; N 5.79; found: 

C 72.59; H 8.11; N 5.58%. 

10-Nitro-2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine (sN14) 

2,3,6,7-Tetrakis(tetradecyloxy)phenanthrene-9,10-dione 5.1c (0.049 g, 

0.05 mmol) and 3-nitro-1,2-phenylenediamine 5.2e (0.028 g, 0.18 mmol) were suspended 

in acetic acid (5 mL) and the solution was heated to reflux overnight. Upon cooling, 

water (150 mL) was added and the mixture was extracted with dichloromethane. The 

extracts were combined, washed with water, dried with MgSO4, filtered, and evaporated 
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under reduced pressure. The resulting solid was purified by column chromatography 

(silica gel, dichloromethane as eluent) then recrystallised from a mixture of acetone and 

dichloromethane to afford 10-nitro-2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine 

sN14 as a red-orange solid (0.049 g, 90% yield). 

1H NMR (500 MHz, CDCl3) δ (ppm) 0.87 (t, J = 6.8 Hz, 12H), 1.18-1.50 (m, 

approx. 80H), 1.55-1.64 (m, approx. 8H), 1.92-2.03 (m, 8H), 4.26-4.36 (m, 8H), 7.70 (s, 

1H), 7.72 (s, 1H), 7.83 (app. t, J = 8.1 Hz, 1H), 8.25 (d, J = 7.4 Hz, 1H), 8.53 (d, 

J = 8.7 Hz, 1H), 8.74 (s, 2H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.12 ,22.70, 26.19, 

29.22, 29.38, 29.56, 29.72, 29.75, 31.93, 68.90, 69.11, 69.42, 69.51, 106.01, 108.70, 

108.95, 122.63, 122.95, 123.79, 126.34, 127.09, 127.25, 133.22, 133.91, 141.05, 142.81, 

143.13, 146.74, 149.33, 149.52, 149.53, 152.43, 152.61. MALDI-TOF MS: m/z 1175 

(M + 1). Elemental analysis calculated for C76H123N3O6: C 77.70; H 10.55; N 3.58; 

found: C 77.61; H 10.61; N 3.80%. 

11-Nitro-2,3,6,7-tetrakis(tetradecyloxy)dibenzo[a,c]phenazine (tN14) 

2,3,6,7-Tetrakis(tetradecyloxy)phenanthrene-9,10-dione 5.1c (0.075 g, 

0.07 mmol) and 4-nitro-1,2-phenylenediamine 5.2f (0.044 g, 0.29 mmol) were suspended 

in acetic acid (6 mL) and the mixture was heated to reflux overnight before being poured 

on ice; the precipitate was collected by vacuum filtration. The resulting solid was purified 

by column chromatography (silica gel, dichloromethane as eluent) then recrystallised 

from a mixture of acetone and dichloromethane to afford 11-nitro-2,3,6,7-tetrakis-

(tetradecyloxy)dibenzo[a,c]phenazine tN14 as an orange solid (0.067 g, 80% yield).  
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1H NMR (500 MHz, CDCl3) δ (ppm): 0.87 (t, J = 6.9 Hz, 12H), 1.21-1.40 (m, 

approx. 72H), 1.40-1.49 (m, 8H), 1.56-1.64 (m, 8H), 1.93-2.03 (m, 8H), 4.27-4.37 (m, 

8H), 7.71 (s, 2H), 8.41 (d, J = 9.2 Hz, 1H), 8.55 (dd, J = 2.5, 9.2 Hz, 1H), 8.76 (s, 2H), 

9.23 (d, J = 2.5 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ (ppm): 14.12, 22.70, 26.19, 

26.21, 29.31, 29.34, 29.39, 29.56, 29.70, 29.76, 31.94, 69.07, 69.11, 69.42, 69.49, 105.82, 

105.95, 108.56, 108.57, 108.92, 121.75, 122.71, 125.66, 126.81, 127.55, 130.37, 139.57, 

143.48, 143.84, 146.78, 149.34, 149.48, 152.38, 152.77. MALDI-TOF MS: m/z 1175 

(M + 1). Elemental analysis calculated for C76H123N3O6: C 77.70; H 10.55; N 3.58; 

found: C 77.34; H 10.59; N 3.69%. 

5.6.3 Variable temperature IR spectroscopy 

Variable temperature FT-IR spectroscopy was used to characterise sA6, sA10, 

sA14, sE10 and tA10. A background spectrum was taken at room temperature after 

which spectra were obtained in 10 °C increments up to 250 °C (sA6, sA10, sA14 and 

tA10), the maximum temperature of the heater, or up to 150 °C (sE10) at which point the 

compound had melted to an isotropic liquid. Spectra were then taken every 20 °C (sA6, 

sA10 and tA10), 25 °C (sA14) or 10 °C (sE10) down to room temperature. The 

compounds were allowed to equilibrate for approximately 5 minutes at each temperature 

prior to acquisition. 



CHAPTER 6: CONCLUSIONS AND 
FUTURE WORK 
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The preliminary studies aiming towards rigidly-linked dimers of disc-shaped 

molecules through an amide linkage mentioned in section 6.2.1 were performed by 

Ms. Laura Stusiak. The previous work concerning pyrazo[g]quinoxaline derivatives as 

analogues of anthracenes mentioned in the same section was conducted by Maître Muriel 

Rakotomalala, while the work currently underway on this system is being carried out by 

Mr. Oliver Calderon (summer 2008). 
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6.1 Summary 

This thesis described studies concerned with structure-property relationships in 

discotic and elliptical mesogens. The main focus was on developing rigidly-linked dimers 

of discs to modify the shape of mesogens, but these studies also provided insight into the 

effects of other structural characteristics on liquid crystalline properties, such as the 

presence and position of a nitrogen atom in the core, the location of functional groups, 

the overall symmetry of the mesogen, and the length of the alkoxy chains. These studies 

were facilitated by the capillary furnace developed for variable temperature X-ray 

diffraction presented in Chapter 3, which allowed simpler and more precise 

characterisation of liquid crystals than the previously used system. 

Two of the systems studied appear to form elliptical mesogens through hydrogen 

bonding, either through carboxylic acid dimerisation in the case of series tA, or through 

modular hydrogen bonding between carboxylic acid and pyridine moieties in the case of 

binary mixtures tA-tP. It was found that elongation of the mesogen shape from a disc to 

an ellipse promotes the formation of nematic and rectangular columnar phases, as well as 

supercooling of the columnar phases resulting in columnar ordering at room temperature. 

Furthermore, it was observed that lowering the symmetry of these elliptical mesogens 

broadens the phase range of the nematic mesophases.  

The formation of non-elliptical dimers of discs was attempted in two different 

ways, first through modular hydrogen bonding with the tA-sP binary mixtures, then 

through carboxylic acid dimerisation with series sA. In both cases, rigidly-linked dimers 

of discs failed to form in the liquid crystalline state, however, there is no clear evidence 

that this effect is caused by inherent incompatibility of the obtained shape with the 
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formation of liquid crystalline phases. In the first case, it was speculated that steric 

hindrance, poor hydrogen bond acceptor abilities of the nitrogen atom, or incompatibility 

between the phase transition temperatures of the two components could impede the 

formation of complexes. In the second case, the possibility of forming an intramolecular 

hydrogen bond appears to effectively compete with the formation of dimers, leading to a 

geometry favouring hydrogen bonding within the columns rather than dimer formation. 

Molecules in series sA were found to exhibit hexagonal columnar phases stable 

over remarkably broad temperature ranges, which appears to be the result of hydrogen 

bonding within the columns. Furthermore, solution studies have led to the conclusion that 

these molecules also self-assemble in solution in a manner very similar to their mode of 

assembly in the mesophases, forming anti-parallel offset π-stacked dimers. These dimers 

appear to be further stabilised by intermolecular hydrogen bonding, possibly as three-

point hydrogen bonds between a hydroxyl group, a nitrogen atom on the same molecule, 

and the π-system of an aromatic ring on a neighbouring molecule.  

The study of this system also led to insight about the effects of the position of 

non-hydrogen bonding substituents through the investigation of ester (sE, tE) or nitro 

(sN, tN) substituted mesogens, showing that increasing the component of the dipole 

moment along the long axis of the molecules promotes the formation of columnar phases 

in these low-symmetry discs that pack in an anti-parallel manner. A similar effect was 

caused by the presence and position of a single nitrogen atom in the aromatic core of a 

discotic mesogen, whereby members of series tP were mesogenic, but not members of 

series sP or Phen.  
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The trend towards lower transition temperatures and narrower mesophase ranges 

with increasing alkoxy chain length was also observed in the systems studied, yet in the 

two series bearing a carboxylic acid substituent, tA and sA, the presence of tetradecyloxy 

chains led to columnar phases stable close to room temperature and over broad 

temperature ranges.  
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6.2 Future work 

The work presented in this thesis leads to many possible avenues for further 

research, such as new strategies for the creation of elliptical and non-elliptical dimers of 

discs, further exploration of the hybrid character of the elliptical shape, and studies 

towards the development of mesophases stable at room temperature and over broad 

temperature ranges.  

6.2.1 New strategies for the creation of ellipses 

Modular ellipses have been assembled through hydrogen bonding between a 

carboxylic acid and a pyridine moiety. Although this strategy proved efficient, it could be 

interesting to construct modular ellipses through double or triple hydrogen bonds, in 

order to force the two discs in a coplanar geometry. This could help confirm that the discs 

are indeed coplanar in the systems described in Chapter 2.  

Triple hydrogen bonds were used in one of the first reported modular hydrogen-

bonded mesogens,102 as outlined in the introduction. They could also be used to rigidly 

link two disc-shaped molecules, for example in the system illustrated in Figure 6.1. Both 

components of this system have been synthesised with hexyloxy and decyloxy chains 

through the condensation of a 2,3,6,7-tetrakis(alkoxy)phenanthrene-9,10-dione with the 

appropriate diamine, as described throughout this thesis. However, the extremely low 

solubility of these molecules, particularly of the diamines, greatly complicates their 

purification. Studies on these systems are currently in progress. 
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Figure 6.1 Potential elliptical dimer of discs assembled through triple hydrogen bonding. 

Hydrogen bonding proved to be a rapid and simple way to construct elliptical 

mesogens; it is however a relatively weak interaction. Exploiting stronger interactions 

would afford more certainty regarding the structure of the mesogens and would perhaps 

help gain a deeper understanding of the precise structure of the mesophases formed by 

elliptical complexes. 

Coordination chemistry has been previously used to assemble a wide variety of 

mesogens.195,196 For example, one simple approach is to form complexes between 

palladium and pyridine derivatives, as has been done in some calamitic or polycatenar 

systems.197,198 The same strategy could be used to assemble dimers of discs, as shown in 

Figure 6.2. Such complexes have the advantage of being relatively straightforward to 

prepare and of being neutral, thus avoiding the presence of a counter ion. Furthermore, 

they can be prepared from the mesogens in series tP described in this thesis.  



 

 213

N N

N

RO

RO OR

OR

Pd Cl
Cl

NN

N

OR

ORRO

RO

 

Figure 6.2 Potential elliptical mesogen formed through the complexation of pyridine and 
palladium. 

Preliminary results demonstrated that these complexes have very high transition 

temperatures and are thermally unstable, decomposing before their clearing point when 

short alkoxy chains are employed. Increasing the chain length was found to decrease the 

transition temperatures and to allow the observation of the clearing point, although the 

compound still decomposed near this transition temperature. These preliminary results 

suggest the possibility of preparing and studying such complexes incorporating longer 

alkoxy chains. 

Finally, dimers of discs could be assembled through covalent chemical bonds. 

Although this approach is more synthetically involved, it could facilitate the study of the 

obtained compounds, especially compared to the characterisation of hydrogen-bonded 



 

 214

complexes, and thus afford mesogens having a better-known structure, which would 

facilitate the understanding of the exact structure of the mesophases.  

A number of approaches could allow the rapid coupling of two disc-shaped 

molecules starting from known 2,3,6,7-tetrakis(alkoxy)dibenzo[a,c]phenazine 

derivatives. Preliminary studies have been conducted in the Williams laboratory aiming 

towards the coupling of a carboxylic acid derivative (tA) or the corresponding acid 

chloride with an amino substituted discotic mesogen obtained through the reduction of 

the corresponding nitro substituted compound (tN) to yield the elliptical rigidly-linked 

dimer of discs shown in Figure 6.3. This system has the advantage of allowing the 

assembly of two different disc-shaped molecules, thus permitting the construction of 

ellipses having different alkoxy chain length on either ends. 
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Figure 6.3 Potential covalently bound elliptical mesogen assembled through the coupling of a 
carboxylic acid or acid chloride and an amine. 
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Another strategy currently under investigation in the Williams laboratory 

stemmed from previous work concerning pyrazo[g]quinoxaline derivatives as analogues 

of anthracene derivatives, for which a 2,3,7,8-tetrakis(3,4-bis(alkoxy)phenyl)-

pyrazo[2,3-g]quinoxaline was prepared.199 Cyclisation of this compound could lead to the 

elliptical complex shown in Figure 6.4a. This strategy has the advantage of leading to a 

rigid planar core that does not include any single bonds allowing rotations. This target 

compound is structurally similar to the tetrabenzanthracene derivatives synthesised by 

Artal and co-workers81 presented in the introduction (Figure 6.4b), but has a considerably 

more elongated core incorporating two additional six-membered rings. It is anticipated 

that the target compound will display a more varied mesomorphic behaviour compared to 

the previously reported compound, which had an only slightly elongated shape and 

displayed exclusively hexagonal columnar mesophases. 
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Figure 6.4 a) Potential elliptical mesogen and b) previously reported structurally similar 
compound.81 

A further possibility would be to construct imine linkages, as is commonly done 

to assemble polycatenar mesogens.67 An amino functionalised discotic mesogen obtained 

through the reduction of the corresponding nitro substituted compound (tN) could be 

reacted with p-phthalaldehyde to obtain the elliptical compound shown in Figure 6.5. 
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This compound has a roughly elliptical shape with a much more elongated core than the 

ones previously studied, which could conceivably lead to the formation of smectic-like 

lamellar phases. However, this structure would possess a considerable amount of 

rotational freedom compared to the compounds shown in Figure 6.4, which might allow 

it to adopt a non-elliptical geometry. 

N

N

OR
RO

RO
OR

N

N

N

OR
OR

OR
OR

N

 

Figure 6.5 Potential elliptical mesogen assembled through an imine linkage. 

6.2.2 Ellipses as hybrids between calamitic and discotic mesogens 

Polycatenar mesogens are considered to have a shape intermediate between those 

of calamitic and discotic mesogens. In some cases, both smectic and columnar phases 

were observed within the same series of compounds simply by changing the length of the 

alkyl chains. Such intermediate behaviour was generally obtained for polycatenar 

mesogens bearing four alkyl chains, whereas those bearing six chains generally form 

exclusively columnar phases, and those having only two chains are by definition 

calamitic mesogens.66,67,69 A similar observation was made for two series of roughly 

elliptical metallomesogens (see Figure 1.14 in Chapter 1), which were found go from 

columnar to lamellar mesophases upon a reduction in the number of alkyl chains.72,73 
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It is possible that reducing the number of alkyl chains on the elliptical mesogens 

created by rigidly linking two discs would lead to a similar shift in phase behaviour from 

columnar to smectic phases. For instance, two discs bearing only two alkoxy chains each 

could be rigidly-linked, either through hydrogen bonding or through covalent bonds, 

leading to an ellipse bearing a total of four alkoxy chains instead of eight. Ellipses 

surrounded by six alkoxy chains could be obtained by linking a disc bearing two chains 

with one bearing four. 

3,6-Bis(alkoxy)dibenzo[a,c]phenazine derivatives would be good targets since 

they could be obtained through the modular condensation between a 3,6-bis(alkoxy)-

phenanthrene-9,10-dione and a diamine, allowing the synthesis of derivatives bearing a 

variety of alkyl chains and functional groups. The synthesis of 3,6-dimethoxy- 

phenanthrene-9,10-dione has been previously reported.200 This material could provide a 

simple route to the desired 3,6-bis(alkoxy)phenanthrene-9,10-dione and 3,6-bis(alkoxy)-

dibenzo[a,c]phenazine derivatives, as shown in Scheme 6.1. Depending on the choice of 

diamine used in the last step, a wide variety of derivatives could be obtained, allowing 

the formation of rigidly-linked dimers through the various strategies described in the 

preceding section. 
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Scheme 6.1 Proposed synthetic pathway for the preparation of 3,6-bis(alkoxy)dibenzo-
[a,c]phenazine derivatives. 

6.2.3 New strategies for the creation of non-elliptical dimers of discs 

The two attempts presented in this thesis for the formation of non-elliptical dimers 

of discs were inconclusive. Further attempts to create such structures should concentrate 

on covalently linking two discs in order to reliably obtain the desired dimers and thus be 

able to examine their phase behaviour.  

Some of the strategies presented for the creation of ellipses could apply to non-

elliptical dimers. For example, two discs could be assembled through an amide linkage as 

shown in Figure 6.3, but starting from molecules bearing a functional group on the side 

of the core, such as sA or sN. A compound assembled through imine linkages analogous 

to the one shown in 655HFigure 6.5 could also be prepared using m-phthalaldehyde instead of 
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p-phthalaldehyde, leading to a non-elliptical dimer of discs, or starting from molecules in 

series sN instead of tN. A few examples are shown in 656HFigure 6.6. 
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Figure 6.6 Examples of potential dimers of disc-shaped molecules assembled starting from 
a) molecules in series tA and sN leading to a non-elliptical shape; b) molecules in 
series sA and sN leading to a roughly elliptical shape; c) molecules in series tN and 
m-phthalaldehyde. 

6.2.4 56BStudies towards room temperature applications 

Two strategies outlined in this thesis could potentially contribute to the 

development of room temperature applications. Firstly, it was found that elliptical 

mesogens tend to supercool rather than crystallise, leading to a highly ordered though 

non-fluid columnar arrangement at room temperature. It would be interesting to measure 

the conductivity within both these supercooled states and the columnar mesophases to see 

if the increased ordering observed on cooling leads to increased conductivity at room 
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temperature, since anisotropic conductivity is arguably one of the most appealing 

properties of columnar phases for the purpose of developing applications.  

Secondly, it is proposed that further elongation of the alkoxy chains in series tA 

and sA could lead to room temperature mesophases. Typically, increasing the alkyl chain 

length on a discotic mesogen depresses the transition temperatures and leads to narrower 

liquid crystalline phase ranges.24 Although lowering the melting point to below room 

temperature is clearly desirable for the development of room temperature applications, 

narrowing of the phase ranges is an important setback and often means that columnar 

mesophases disappear with increasing chain length. 

In contrast, it was observed that carboxylic acid derivatives in series sA and tA 

maintain broad temperature ranges even when they are decorated with tetradecyloxy 

chains. Furthermore, these phases occur close to room temperature. These two series are 

therefore promising candidates for investigating the effect of even longer alkoxy chains. 
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6.3 20BConclusions 

The work presented in this thesis has led to an improved understanding of 

structure-property relationships in discotic and elliptical mesogens, ranging from the 

effect of shape and overall symmetry to the effect of the presence and location of 

heteroatoms, the position of functional groups and the length of alkoxy chains. This 

knowledge could potentially help in the rational design of liquid crystalline compounds 

having specific desired characteristics.  

Most notably, it was proposed that elongating a discotic mesogen to obtain an 

elliptical shape promotes the formation of rectangular columnar phases as well as discotic 

nematic phases, which are relatively rare. Furthermore, it appears that the nematic phase 

ranges can be broadened by lowering the symmetry of the elliptical mesogens. The 

strategy developed for the construction of hybrid-shaped elliptical liquid crystals through 

the formation of rigidly-linked dimers of discs was proven to be successful and efficient, 

and warrants further study. 

Although no hydrogen-bonded dimers were observed for disc-shaped molecules 

bearing a carboxylic acid moiety on the side of their aromatic core, this system was found 

to exhibit interesting properties both in solution and in the liquid crystalline state, with 

the formation of dimers in solution and of highly stable columnar mesophases.  

Finally, the capillary furnace presented herein will greatly improve and simplify 

the characterisation of liquid crystals in the Williams laboratory. The furnace design also 

has the potential to be used in other establishments, particularly in small research 

institutions or undergraduate laboratories where cost-efficient instruments are essential. 
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