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Abstract

Molecular glasses are a novel class of chemical compounds that have gained an increasing
amount of attention in the development of functionalized thin film materials. The small size, low
molecular weight, and monodisperse nature of these compounds lead to easier purification and
characterization compared to traditional materials. Our research group has designed a class of
compounds based on a mexylaminotriazine core that can readily adopt glassy phases and
incorporate glass-forming properties into other molecular functionalities. The development of
molecular glass coordination complexes could be used to form amorphous thin films for solid-state
applications such as opto-electronics and heterogeneous catalysis. The goal of this research thesis
is to develop a viable strategy for incorporating glass-forming properties into coordination
complexes. Herein, the synthesis of a number of mexylaminotriazine-functionalized ligands and
the subsequent preparation and characterization of a variety of corresponding coordination
complexes is presented.

Glass-forming salen derivatives incorporating mexylaminotriazine glass-forming moieties
were synthesized. Symmetric and asymmetric glass-forming salen ligands were synthesized with
ethylene and cyclohexane backbones, while, a mono-functionalized version was synthesized with
a phenylene backbone. A number of first-row transition metal complexes were prepared from the
asymmetric ligands and incorporate Mn(lll), Fe(lll), Co(ll), Ni(ll), Cu(ll), and Zn(Il) metal
centres. Differential scanning calorimetry (DSC) demonstrated the glass-forming properties of
most complexes, with the Co(Il) complex being the only complex without a clear glass transition.
As expected, the glass transition temperatures (Tg) of the coordination complexes were found to be
higher than that of their respective ligands. The proposed cause is the loss of molecular mobility
associated with the coordination of metal centres to these ligand structures. In addition, T4 values
varied between metal complexes incorporating analogous ligands.

An acetylacetone ligand incorporating a mexylaminotriazine substituent was also
successfully synthesized. DSC was used to demonstrate the glass-forming properties and determine
the Ty of this ligand. Attempts to prepare a variety of homoleptic and heteroleptic transition metal
complexes with Zn(ll), Ni(ll), and Cu(ll) metal centres were unsuccessful. Subsequent
experiments suggest that the ligand was too labile, resulting in hydrolysis during the purification
of the coordination complexes.

Lastly, a mexylaminotriazine-functionalized phenanthroline ligand was synthesized. This
ligand was subsequently used to prepare a number of heteroleptic lanthanide complexes from
lanthanide(l1) metal salts and two different B-diketones. The ligand and all corresponding
complexes demonstrated glass transition temperatures and glass-forming properties via DSC. A
lower T4 was observed amongst the resulting coordination complexes. The loss of hydrogen
bonding interactions formed from the heteroaromatic nitrogen atoms of the phenanthroline moiety
are the proposed cause. The Ty values were consistent amongst most complexes; however, the
lanthanum(l11) complexes in both series demonstrated higher T4 values. The optical properties of
these complexes were found to be consistent with crystalline analogues. Furthermore, the two
europium(l11) complexes were observed to luminesce when irradiated by UV light. Similar
properties have been reported in non-glass forming europium(lll) complexes. This project has
demonstrated that a library of mexylaminotriazine-functionalized ligands and their respective
homoleptic and heteroleptic coordination complexes can be synthesized to incorporate novel glass-
forming properties while maintaining the properties of their non-glassy analogues.



Résumé

Les verres moléculaires organiques sont une famille de composés chimiques qui ont suscité
un intérét croissant pour le développement de matériaux fonctionnels en couches minces. La petite
taille, la basse masse moléculaire, et la nature monodisperse de ces composés facilitent leur
purification, leur caractérisation et leur mise en oeuvre par rapport aux matériaux traditionnels.
Notre groupe de recherche a congu, synthétisé et caractérisé une classe de composés chimiques a
base de mexylaminotriazine qui peut facilement adopter des phases vitreuses et induire la
formation de verres dans d'autres composés. Le développement de complexes de coordination
vitreux pourrait étre utilisé pour fabriquer des couches minces amorphes pour certaines
applications a 1'état solide comme 1’optoélectronique et les catalyseurs hétérogénes. Le but de cette
these de recherche est de proposer une stratégie pour concevoir et synthétiser des complexes de
coordination capables de former des phases vitreuses. Dans cette thése sont présentées la synthése
de divers ligands contenant des groupes mexylaminotriazine, ainsi que la préparation et la
caractérisation de divers complexes de coordination correspondants.

Des ligands salen incorporant le groupe mexylaminotriazine ont été synthétisés et leur
capacité a former des verres a été confirmée. Des ligands symétriques et asymétriques possédant
des propriétés de formation du verre ont été synthétisés avec des ponts éthyléne et de cyclohexyle,
tandis qu'une version mono-fonctionnalisée a été synthétisée avec un pont phényléne. Plusieurs
complexes de de métaux de transition de la premiere rangée ont été préparés a partir des ligands
asymétriques et comprennent des centres de métaux Mn(lll), Fe(lI1), Co(ll), Ni(ll), Cu(ll) et
Zn(ll). Les propriétés de formation de verre ont été démontrées par calorimétrie différentielle a
balayage (DSC), le complexe de Co(ll) étant le seul complexe sans signal apparent de transition
vitreuse. Comme attendu, les températures de transition vitreuse (Ty) des complexes de
coordination sont plus élevées que celles des ligands respectifs. La perte de mobilité moléculaire
associée a la coordination des centres métalliques est une cause possible. De plus, les mesures de
Tg ont varié entre les complexes métalliques de ligands analogues.

Deuxiémement, un ligand acétylacétone incorporant un substituant mexylaminotriazine a
également été synthétisé. La Ty du ligand et ses propriétés de formation du verre ont été démontrées
par DSC. La préparation de plusieurs complexes de coordination homoleptiques et hétéroleptiques
a été tentée avec des centres de métaux Zn(Il), Ni(ll) et Cu(ll) mais les tentatives se sont avérées
futiles. Des expériences subsequentes ont suggerées que les complexes s’hydrolysent en présence
d’eau lors du procédé de purification.

Enfin, un ligand de phénanthroline contenant une chaine mexylaminotriazine a été
synthétisé. Par la suite, plusieurs complexes de coordination hétéroleptiques ont été préparés a
partir de sels métalliques de lanthanides(l11) et de deux B-dicétones différentes. Le ligand et tous
les complexes correspondants ont montré la capacité a former des verres par DSC. Une transition
vitreuse inférieure a été observée parmi les complexes de coordination. La perte d'interactions de
liaison hydrogéne associées au fragment phénanthroline est la cause la plus plausible. Les
températures de transition vitreuse étaient constantes parmi la plupart des complexes, a 1’exception
des complexes de lanthane(lll) qui présentaient des valeurs de T4 plus élevées. Les propriétés
optiques de ces complexes de lanthanides étaient compatibles avec des analogues cristallins. Les
deux complexes d'europium(lll) présentent une luminescence lorsqu'ils sont irradiés par une
lumiére UV. Des propriétés similaires ont été rapportées dans des complexes d'europium(l11) qui
ne forment pas de verre.



Ce projet a démontré gu'une classe de ligands fonctionnalisés par la mexylaminotriazine et
leurs complexes de coordination homoleptiques et hétéroleptiques respectifs peuvent étre
synthétisés pour incorporer de nouvelles propriétés de formation de verres tout en maintenant les
propriétés de leurs analogues cristallins.
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1. Introduction

1.1. Scope of Research

Coordination compounds often possess a diverse range of properties normally unachievable
by organic compounds. This is the result of the intricate structure of the organic ligands and the
electronic nature of the metal atoms. This interplay allows chemists to tune and exploit the
properties, such as magnetism, conductivity, and luminescence, in these coordination complexes.!
Many of the properties of coordination complexes are desirable for various solid-state applications,
such as opto-electronics, sensors, solid-state catalysis, and pharmaceuticals. However, for effective
use in many solid-state applications, these compounds require some form of support.

Amorphous materials lack the predictable and defined molecular structure that is
characteristic of crystalline solids while still possessing a higher degree of intermolecular
connectivity than liquids. This fundamental difference results in the two materials exhibiting very
different properties. Amorphous materials exhibit what is known as isotropic behaviour. This
means that the materials’ physical properties, such as electrical and thermal conductivity, do not
depend on orientation. For example, electrical current will move in all directions of the material at
the same speed.? In addition, some amorphous solids, called glasses, exhibit a unique phase
transition known as the glass transition. This reversible transition describes the change in a
material’s properties as it transforms from a rigid or glassy solid into a flexible or rubbery solid as
the temperature increases beyond the glass transition temperature (T).2 This phenomena can be
exploited to fabricate nanometer to micrometer scale thin film materials that are hard and strong
below their Tg.* The incorporation or support of functionalities on thin films is a desirable strategy
for the development of materials destined for various solid-state applications such as optical
storage devices, optical coatings, magnetic storage materials, and other electronic components.*

One of the most common ways of producing thin films for solid-state applications is by
generating functionalized polymers. Both inorganic and organic polymers are capable of forming
high quality thin films. However, the large molecular size and polydisperse nature of these
materials present problems concerning synthesis, purification, and characterization. In addition,
polymer materials exhibit variations in composition from one sample to the next.* Small organic
molecules present an alternative type of material and exhibit a number of advantages. Their small
size makes these materials easier to purify and characterize, while their monodisperse nature leads
to behaviour that is more homogeneous between different samples. Furthermore, small molecules
are less sensitive to the effects of chain entanglement and other rheological phenomena associated
with polymer based thin films.> However, most small molecules possess the disadvantage of
crystallizing more rapidly than polymers because of their unhindered mobility.® For this reason, it
is difficult for small molecular materials to access the glassy state outside of special processing
techniques such as quenching with liquid nitrogen. Even in amorphous samples, crystallization
readily occurs upon heating, or on standing over long periods of time.

Small molecules designed for thin-film applications must therefore possess molecular
structures specifically engineered to resist crystallization. Such compounds are called molecular
glasses, or amorphous molecular materials. Molecular glasses are small organic compounds that
are capable of forming solid amorphous phases.” The Lebel group has published a class of
compounds based on the mexylaminotriazine core that are capable of adopting amorphous glassy
phases and exhibit a high resistance to crystallization.2** Through various studies, structural



parameters have been identified that facilitate the formation of glassy phases while resisting
crystallization. Examples of these structural characteristics include irregular shapes, non-planarity,
and conformational equilibria.}®!>® The synthesis of these compounds is relatively
straightforward and the step-wise substitution steps allow for a high level of synthetic control and
tailorability. Subsequently, the synthesis of mexylaminotriazines incorporating reactive groups led
to the functionalization of compounds such as chromophores and semiconductors in order to
introduce glass-forming properties to novel compounds.?%1117

Despite a great deal of development in the field of molecular glasses, several knowledge
gaps have been identified. At present, there is limited information regarding the synthesis of glass-
forming coordination complexes with low molecular weights and discrete structures. In some of
these cases, the complexes themselves are capable of glass formation, but not the ligands.*® Lastly,
there is currently no strategy for the synthesis and introduction of glass-forming abilities in metal
complexes. It is proposed that a family of glass-forming ligands could be synthesized for the
purposes of introducing glass-forming properties to their respective coordination complexes. The
mexylaminotriazine class of glass formers represents the best strategy for introducing glass-
forming properties across a wide range of ligand systems.

1.2. Objectives of Research

The mexylaminotriazine class of glass formers represents an appealing strategy for
introducing glass-forming properties across a wide range of coordination complexes. The goal of
this project is to prepare coordination complexes bearing the mexylaminotriazine glass former that
maintain the chemical and structural properties of both parent compounds while demonstrating
novel glass-forming capabilities. To achieve this goal, this project will consist of three objectives.

1. The first objective is to design and synthesize several novel glass-forming derivatives
of established ligand frameworks. Mexylaminotriazine glass formers will be covalently
bound to candidate ligands in order to incorporate novel glass-forming properties. The
ligands selected to be functionalized with the glass former have been well-researched,
possess the ability to be altered sterically or electronically, are capable of supporting a
number of metal centres, and possess some value in terms of proposed application in
which the properties of both parent components, the glass former and chelating ligand,
complement each other.

2. The second objective of the project is the preparation of coordination complexes from
glass-forming ligands. Various metal centres will be used to generate libraries of
coordination complexes from first-row transition and lanthanide metals. It is expected
that the preparation of these complexes will be closely related to that of the parent
ligands.

3. The final objective will be the characterization and investigation of the structural,
thermal, and optical properties of the aforementioned ligands and complexes. The
structures of the synthesized ligands and respective complexes will be characterized
using nuclear magnetic resonance spectroscopy (NMR), high-resolution mass
spectroscometry (HRMS), Fourier-transform infrared spectroscopy (FTIR), and
magnetic susceptibility. Following these characterization techniques, thermal
properties will be measured in order to determine the glass-forming abilities of the
complexes by thermogravimetric analysis (TGA), differential scanning calorimetry



(DSC), as well as their ability to form thin films. Ultraviolet-visible spectroscopy (UV-
Vis) will also be used to investigate the optical properties of several complexes.

1.3. Thesis Organization

Herein, we report the synthesis of salicylaldehyde diimine, acetylacetone and
phenanthroline derivatives incorporating mexylaminotriazine moieties, along with the preparation
of their respective complexes with a variety of metals. These common ligands have been identified
as ideal candidates for an initial study of molecular glass coordination complexes according to the
criteria outlined above. This thesis will contain seven chapters, as listed below. The three chapters
dealing with the formation of novel glassy ligands and their complexes (chapters 4-6) are written
in a manuscript style and include their own introduction, results and discussion, and experimental
sections.

Chapter 2 will cover the relevant background information on amorphous molecular
materials, the design of molecular glass materials, their application as an emerging class of
compounds in materials sciences, as well as the necessary information regarding coordination
complexes, and the current state of development for molecular glass coordination complexes.

Chapter 3 outlines the theory, selection, and procedures for major experimental procedures.

Chapter 4 will examine the synthesis of glass-forming salicylaldehyde diimine (salen)
ligands, the subsequent complexation of these ligands to select first row transition metals followed
by their characterization, and lastly, the determination of these complexes’ glass-forming and
optical properties.

Chapter 5 will discuss the synthesis and characterization of an acetylacetone (Hacac) ligand
functionalized with mexylaminotriazine glass-forming substituents, the preparation of the
corresponding metal complexes, and their characterization.

Chapter 6 will describe the synthesis of a phenanthroline ligand incorporating a
mexylaminotriazine glass-forming moiety, preparation of heteroleptic lanthanide coordination
complexes, and their subsequent characterization.

Chapter 7 will summarize the findings and outcomes of this research project. Future work
and recommendations for the application of this research will also be presented in this chapter.



2. Literature Review

2.1. Glasses

2.1.1. Amorphous Solids

Solid materials can be subdivided into two classes, crystalline, and amorphous solids.
Crystalline solids possess a definite and ordered arrangement that consists of predictable, repeating
structures, thereby giving them well-defined structures at the molecular level.*®* Amorphous solids
display a high degree of intermolecular connectivity like crystalline solids; however, they lack the
predictable and defined long-range positional and directional order characteristic of crystalline
solids.?’ Figure 1 shows the organizational differences between crystalline and amorphous solids
at the molecular level.?! The nature of these two forms of solid materials is vital for the
development of specific materials.

Crystalline Amorphous
Figure 1: Microscopic Arrangement of Crystalline and Amorphous Solids.?*

The structures of crystalline and amorphous materials lead to distinct properties in terms of
the hardness, density, conductivity, solubility, and transparency of the material.> Amorphous solids
may appear to possess similar characteristics on a larger scale; however, their unique undefined
supramolecular structure gives them many fluid-like properties.* Amorphous materials combine
many desirable properties of both solids and liquids leading to their widespread use in industry.?
Understanding the structural and organizational differences between crystalline and amorphous
solids aids in understanding the other differences in their properties and ultimately their
application. The differences between these two types of solids can be illustrated by the production
of candy.? Candies are typically made from supersaturated solutions of sucrose. When the solution
is cooled slowly, the molecules of sucrose have time to arrange in an ordered crystalline fashion,
producing many types of hard candies. Alternatively, if the solution is cooled quickly, the
molecules will have less time to organize, leading to a disordered structure and the formation of
an amorphous solid. Faster cooling produces softer and more malleable candies. By manipulating
the cooling process the same compound, sucrose, can be manipulated to form either crystalline or
amorphous solids with very different properties. For example, these two types of solid materials
exhibit drastically different conductive properties. This is because crystalline solids are anisotropic
whereas amorphous materials are isotropic. This relates directly to the orientation of the atoms in
the materials. The ordered supramolecular structure of crystalline solids leads to differences in the



conductivity as charges can travel faster in certain directions than others. In amorphous materials,
the absence of an ordered structure results in charges moving at equal speeds in all directions. As
a result, amorphous materials are often prized for conductive materials in a number of applications
as they exhibit more homogeneous behaviour. Other properties such as refractive index and
thermal conductivity also exhibit this behaviour. Similarly, amorphous and crystalline solids
possess different dissolution rates. While the solubility of similar materials in the contrasting
phases may be the same, amorphous materials have increased molecular mobility, permitting them
to dissolve more readily. In addition, amorphous materials are more kinetically favoured. As such,
the free energy of dissolution is often more favourable for the individual molecules rather than the
bulk material, so dissolution happens quickly. The unique properties of amorphous compounds
have lead to their widespread use as building materials, decorations, components in electronics
like cellphones, computers, and other technological products, and in pharmaceuticals.

Many polymers, nanostructured materials, gels, and thin films are classified as amorphous
solids. Interestingly, some amorphous solids can be further sub-divided into a class of materials
called glasses, glassy materials, and are frequently described as a “frozen liquid”.? In a broad
sense, glass is a term used to describe all solids that are amorphous and exhibit a glass transition.
Many examples of glasses exist in natural forms, such as proteins, peptides, and some sugars.?*
Among the many natural materials capable of adopting a glassy state, sugars have received the
most attention. Sugars such as sucrose and trehalose are capable of adopting glassy phases that can
serve as protective materials when organisms experience particularly dry or cold environmental
conditions over an extended period of time.?® These glasses are effective at preventing the
denaturation of proteins as well as the formation of crystalline aggregates that can damage and
destroy cells.?® Disaccharides can also be used as glassy matrices to stabilize proteins and cellular
components for spectroscopic studies and research.?® The study of the glass transition temperature
and degree of crystallinity of sugar mixtures is also important for the food industry. The texture of
many food products, such as candies and cookies, depends on the behaviour and state of sugars
used in their production.?’

Glasses are also found in other natural forms such as mineral-based glasses. Mineral glasses,
such as the volcanically formed obsidian and pumice, as well as thin glass tube fulgurites that are
formed from sand melted by lighting, are commonly found in nature.?® In fact, the use of glassy
materials such as these predates human fabrication of glasses themselves.?® Many examples of
glass artifacts from early humans have survived because of the robust nature and corrosion resistant
properties of these particular glasses. Obsidian, a glassy material formed from granite melted by
volcanic activity, has been found as sharpened shards in the shapes of arrowheads and knives.
Examples of obsidian tools have been found in early human settlements as early as 75,000 B.C.?®
Human production of glasses is a bit of an ambiguity. Some of the oldest dated glass artifacts come
from Egypt around 2600 B.C; however, stories placing the fabrication of glass to 5,000 B.C. have
been suggested.?® Regardless, humans have been producing glasses for a variety of purposes for
thousands of years and today they still find novel use in a myriad of industries.

Generally, the glassy state in synthetic materials is induced by one of several methods, such
as vapour condensation, super-cooling, or precipitation from solution. The most commonly found
glasses are primarily fabricated from silica compounds like silicon dioxide and additives like soda
(Na2COs) and lime (CaO) for use in windows, glazed glasses, and containers.?® These applications
are often related to their distinct optical properties such as their ability to transmit, reflect, and
refract light. Additionally, glasses are quite strong and durable to corrosion and other stressors



despite being brittle. As a result, they have been employed as various household objects and can
even be used as additives for polymers to increase their structural strength. Many other materials
that fit the definition of a glass exist such as inorganic glasses and polymers. Inorganic glasses
include materials such as silicate glasses, which can be doped with various metals such as
aluminum and lead.?® Polymers are large molecules composed of many repeating subunits.?® Many
polymers can adopt glassy phases, crystalline phases, or semi-crystalline phases. Polyethylene and
polypropylene for example, often form semi-crystalline phases, which contain both amorphous
and crystalline domains. Polymer glasses of acrylic, polycarbonate, and polyethylene terephthalate
in particular are frequently used as glassy materials.?® The commonality of all glassy materials is
what is known as the glass transition.

2.1.2. Glass Transition and Properties

Under certain conditions, glasses will undergo a reversible transition, called the glass
transition, from a rigid or glassy solid into a flexible or rubbery solid as the temperature increases
beyond their glass transition temperature.® The T4 describes the nature of an amorphous material
at various temperatures. At the glass transition, the material does not melt but it does experience a
change in heat capacity as well as different structural properties. At temperatures below the glass
transition temperature, the molecules do not possess enough energy to move, and are locked into
a rigid structure. As heat is applied and the temperature rises above the glass transition, the
molecules gain enough energy and begin to move around freely in a flexible state. Figure 2 depicts
an example of a glass transition of an amorphous material. It can be seen that the material heats at
different rates depending on whether it is above or below its glass transition. Understanding glass
transition is important for determining a material’s viability in different industries and applications.
Below the Tg, the material has a lower heat capacity, a rigid structure, and strong physical
properties. In this solid or “glassy” state, materials possess higher strength in resisting
compressive, tensile, and shearing forces. Above the glass transition, materials are said to be in the
rubbery or viscous state and are softer, more elastic, and exhibit higher flexibility. This is useful
for applications such as epoxy and silicone materials which need to maintain mobility when stress
is applied.®

Heat Capacity (mW)

\T

g

Temperature (°C)

Figure 2: Heat flow as a function of temperature in an amorphous material.



The glass transition is a reversible transition and as glassy materials are cooled, they
transition from the viscous state back to a glassy state.®® This shift must be fast enough that the
standard first order phase transition toward a crystalline phase is circumvented.*® Compared to the
first-order phase transition demonstrated when a material melts, the glass transition appears to
exhibit a “pseudo” second-order nature. The transition itself is a complex process that is affected
by numerous factors, including the material’s heat capacity, expansion coefficients, heating rate,
aging history, morphology, and molecular weight. The glass transition is not a strictly
thermodynamic transition as it is defined simply as “the temperature below which the material has
become too viscous to flow on a ‘reasonable’ time scale.”* The precise mechanics of the glass
transition are not fully understood and several theories exist which attempt to explain this question.
For example, kinetic-based theories consider the glass transition to be dynamic in nature. The
vitrification of the material occurs as the molecular movements slow to the point that they are
effectively frozen. According to these theories, when a material is heated from its glassy state it
will eventually reach its glass transition where the molecules receive enough energy to begin
moving again. This increase in the speed of molecular movements brings with it a number of
properties that are different from those exhibited in the glassy state. While many theories attempt
to describe the glass transition, none have adequately explained or modeled the properties and
behaviour exhibited by the many types of glass materials.

The nature of the glass transition is important for researchers and those that work with
glasses and amorphous materials. As described, materials exhibit very different properties whether
they are above or below the glass transition. Being highly viscous, soft, and rubber-like above T,
while hard, strong, and glassy below T, each of these states is of interest in different fields.*
Neither higher nor lower glass transitions are better as the suitability of the transition is subjective
to the application of the material. For example, a high Ty may be sought when the materials are
used in electronics and technologies such as a cellphone. In these applications, the material must
remain below its glass transition to resist crystallization or transitioning to a rubbery state when
subjected to the heat produced by these devices. Alternatively, some polymer products require a
very low glass transition. Rubber gloves for example, are glassy amorphous materials with a low
Tg. These materials need to be flexible and malleable in order to properly cover and protect the
wearer’s hands while working. Below Ty, these materials would not function properly and would
break due to their increased brittleness. Each field and industry will have appropriate standards for
the glass transition that is necessary for a material to function properly according to the operating
temperature to which it will be subjected. Understanding the glass transition is vital to the
development and function of amorphous materials for each application.

In terms of accessing the glassy phase, several general rules can be used to determine what
makes the characteristics of a good glass former. A better or worse glass can be determined by
measuring the crystallization kinetics of the material. The critical cooling rate of a material is one
such measurement. The critical cooling rate of a glass-forming material is the slowest rate at which
a compound can be cooled without demonstrating crystallization. Glasses that can be formed with
slower rates are said to have better glass-forming ability. Alternatively, differential scanning
calorimetry (DSC) can be used to measure or quantify the glass-forming properties by determining
if a compound or material crystallizes upon heating past its T4. This is because a material is more
mobile above its T4 and will reorganize more easily, leading to crystallization. Lastly, the
crystallization of a material on standing or sustained heating can be monitored using polarized
light optical microscopy. The development of crystalline aggregates from prolonged periods of
time or sustained heating can also be observed visually. The ability for a material to resist



crystallization while resting or from heating is known as the glass stability. Connecting these terms
to the glass transition, a glass with a higher T is generally observed to crystallize more slowly if
not resist it completely. This is because of the large difference between ambient temperatures and
the material’s Tq; however, the two are not necessarily related due to the complex nature of the
glass transition.

2.1.3. Molecular Glasses

Molecular glasses, also known as low molar mass glasses or amorphous molecular
materials, are small, low molecular weight organic compounds that are capable of forming solid
amorphous phases. A small molecule has a discrete structure in which there are no iterations of
repeating units. What is classified as a “small molecule” is incredibly subjective and relative to
independent fields. For example, in pharmaceutical applications, molecules below 900 daltons are
classified as small. This criterion is accepted, as molecules below this size are generally considered
capable of diffusing across cell membranes. Regardless, this range is highly subjective between
types the fields and even across various applications within a field.3>3* Compared to many other
glass materials, molecular glasses offer the advantages of greater synthetic control and purity. As
a result, the development and application of these materials has grown greatly.

2.1.3.1. Design of Molecular Glasses

The study of molecular glasses has grown considerably in the past several years.
Researchers have dedicated their energy towards the design of molecular glass materials and the
enhancement of a material’s propensity to adopt glassy phases. This research is of particular
interest due to the potential to produce thin films from these materials.* A thin film is a layer of
material ranging from the nanometer to the micrometer in scale.* Thin films have current as well
as proposed applications in fields including photonics, electronics, and sensors. The amorphous
state is ideal for the production of thin films due to the ability to easily apply a homogeneous layer
to an entire surface.*

While polymers can be used to form thin films, their polydisperse molecular structures can
yield inconsistent behaviour and properties between different samples. Moreover, adding selected
functional groups on polymers can also be challenging, especially with partial functional group
loading.* Small molecules, on the other hand, are easier to purify, characterize, and process because
of their discrete structure and small size. The precise and detailed synthesis of small molecules
allows for control over many structural factors and subsequent control of a wide range of
properties.® The ability to tailor and readily alter the molecular structure for various applications
is of great benefit for many fields. Furthermore, molecular glasses form thin films that are more
consistent and possess fewer imperfections. Minimizing the occurrence of imperfections is
particularly important as these can hinder the effectiveness and lifetime of thin films.* However,
not all small molecules can readily form amorphous thin films under ambient conditions.
Furthermore, these materials have a tendency to crystallize with time and exposure to stressors
such as heat.®34

In recent years, studies have been conducted on the design of glass-forming small molecules
and the induction of glassy phases. The results found that the greatest factor in favouring the
formation of glassy phases was the shape of the molecule, with irregularly shaped molecules
having a greater propensity to form glasses. As such, substituents with specific characteristics that
promote these irregular shapes and prevent crystallization must be introduced into the molecular



structures of proposed glass-forming materials.®® The strategy adopted in the design of glass-
forming molecules relies on the synthesis of molecules that pack inefficiently and crystallize more
slowly. Factors such as integrating long and branched alkyl chains, increasing the number of
structural conformations, designing globular shapes, and reducing molecular symmetry allow
chemists to more predictably synthesize compounds that form glasses.'° Developments in the field
of molecular glass research will be outlined in the following sections.

2.1.3.2. Star-Shaped n-Conjugated Molecular Glasses

Star-shaped molecules are a class of amorphous molecular materials that have been
pioneered by Shirota et. al.®° Shirota et al. incorporated conjugated arms in order to impede the
close packing of molecules, consequently inducing the formation of amorphous phases.***! The
symmetrical shape that gives star-shaped molecular glasses their name induces the ability to adopt
glassy phases in the new compounds. Either substitution reactions or coupling reactions were
employed to synthesize the star-shaped molecular glasses from simple precursors. These materials
can be classified into families based on structural components that are characteristic to each of the
series synthesized. Derivatives based on components such as aryl hydrazones,* triphenylamine,
1,3,5-triphenylbenzene,*” =8 and triphenylborane® are examples of sub-classes of these star-shaped
molecules. The central structural components on which these molecules are based, N,N-
diphenylhydrazine, triphenylamine, 1,3,5-triphenylbenzene, and triphenylborane, are not capable
of forming glassy phases and readily crystallize. Scheme 1 depicts examples from several series
of compounds synthesized and described by Shirota et al. Table 1 shows the thermal properties
and phase changes of a number of star-shaped molecules based on aryl hydrazones (1-3),
triphenylamine (4-5), triphenylbenzene (6-7), and triphenylborane-based compounds (8-11)
synthesized by Shirota et al.36-%
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Scheme 1: Examples of aryl hydrazone (1-3)%, triphenylamine (4-5), triphenylbenzene (6-7),%"3®
and triphenylborane (8-11)* based star-shaped molecules synthesized by Shirota et al.

The aryl hydrazine-based compounds exhibited the lowest Ty values followed by the
triphenylamine, triphenylbenzene, and triphenylborane compounds, respectively. The addition of
small n-conjugated systems around a molecular core that is incapable of forming glassy phases on
its own, as is the case in compounds (1-3), results in compounds capable of glass formation.
However, such glasses demonstrate low T values and are not morphologically stable, as they will
crystallize over time. In the case of compound 1, an amorphous phase is only formed if the
compound is cooled from its melted form with liquid nitrogen. Furthermore, the resulting glass
will crystallize within one week if left at ambient temperature.® The functionalization of non-glass



forming central cores with longer n-conjugated functional groups, capable of rotating around their
axis, resulted in more stable glasses with higher T (4-11).3-% The increase in Tq and glass stability
is the outcome of the greater number of possible conformations that the molecules can adopt. In
addition, the geometry of the arms around the central core minimizes cohesion between molecules
and improves glass formation.**-* This leads to less efficient and more disorganized packing,
greatly increasing the glass-forming ability and stability of these compounds.

While the conjugated arms are a common feature in this family of materials, they are not
limited to trigonal geometries. Rather, many central components can be used and attached to the
conjugated arms in various geometries. Shirota et al. also investigated the effects of replacing the
trigonal central cores with larger cores. Several examples of tetrahedral and spirocyclic terfluorene
compounds were synthesized (Scheme 2).4%4! Table 1 also depicts the thermal properties and phase
changes of these compounds. The authors hypothesized that this would increase the size, volume,
and steric demand of the compounds by adding an additional branch, further decreasing the
propensity to crystallize.*’ This factor was explored and demonstrated in compounds 12-14, which
incorporated tetrahedral core moieties. The tetrahedral core geometry in compounds 12-14, led to
higher Tg, particularly in compounds with longer conjugated arms, which were shown to be more
stable in glassy states and have higher T4 values. This because the tetrahedral central cores changed
the geometrical conformations and subsequently affected the Ty Although changing the core
modifies the Ty, the main factor affecting glass formation appears to be the number of
conformations as well as length of the conjugated substituents around the core.*
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(12) C(+-BuSSB), (14) Ad(+BuSSB),
(13) Si(+BuSSB),

(15) (16) (17)R1,R2,R3, R4 =H
(18) R1, R4 = Ph
R2,R3=H
(19) R1, R2, R3, R4 = Ph
Scheme 2: Examples of tetrahedral (12-14)* and spirocyclic (15-19)* star-shaped molecular

glasses.

Among the compounds synthesized by Shirota et al., those functionalized with spirocyclic
derivatives 15-19 formed the most stable glasses with the highest T4 values (above 200 °C).** The
integration of m-conjugated substituents and spiro-shaped structures led to an increased propensity
of compounds to form glasses and greatly increased their stability in the glassy state. Spiro
derivative 19 possessed the highest T4 (296 °C) of the entire series as a result of several factors:
its large molecular weight, bulky center, globular molecular shape, and the configuration of
aromatic rings. It was determined that incorporation of rigid moieties led to the formation glassy
phases, with greater stability, and higher glass transitions. This observation contrasted a commonly
accepted guideline for the design of amorphous molecular glasses. Increasing the degrees of
freedom of a molecule generally improved glass formation; however, in this case the rigid central
component possesses an irregular shape that prevents the close packing of the molecules. As a
result, the molecules cannot converge towards a closely packed and regular arrangement that

11



would yield a crystalline material. Alternatively, greater molecular size of the central moiety was
linked to the ability of these compounds to resist crystallization and remain in stable glassy
phases.® The incorporation of rigid and sterically demanding spirocyclic groups into the core of
the star-shaped compounds became one of the most effective strategies adopted by the Shirota
group for inducing glass formation. In general, larger, more complex molecular structures correlate
with a higher Ty and greater glass stability. However, these benefits come at the expense of
complex and costly synthetic procedures. Furthermore, the introduction of large, bulky groups
results in large increases in molecular weight due to redundant groups that may be superfluous.

Table 1: Glass transition (Tg), crystallization (Tc), and melting (Tm) temperatures of star-shaped
compounds 1-19.374

Compound T4(°C) Tc(°C) Twm(°C) | Compound T4(°C) Tc(°C) Tw(°C)
1 8 60 90 11 183 261 298
2 50 - 162 12 190 - 246
3 35 103 171 13 165 - -
4 76 117 260 14 191 - -
5 132 168 - 15 112 - -
6 109 154 279 16 170 - 427
7 121 196 269 17 225 - -
8 63 - - 18 275 328 452
9 127 174 264 19 296 - -
10 163 - -

The work done by Shirota et al.**! was key in developing the field of molecular glass
design. By incorporating substituents with specific characteristics such as irregular shapes to
prevent crystallization, it is possible to induce glass-forming properties into a number of
compounds.® Furthermore, they demonstrated that the incorporation of such substituents was a
viable strategy for the design of glass-forming compounds that pack inefficiently and thereby
crystallize more slowly.X® A number of structural components and factors can thus be exploited to
frustrate the packing of molecules and prevent crystallization. Exploiting these factors allowed
Shirota to propose the design of a number of amorphous molecular materials, ultimately pioneering
the star-shaped class of polyaromatic compounds.®

2.1.3.3. Mexylaminotriazine Molecular Glasses

Mexylaminotriazine molecular derivatives synthesized by the Lebel group are another class
of long-lived glass-forming compounds. Scheme 3 shows 2-methylamino-4,6-bis(mexylamino)-
1,3,5-triazine (20), a representative mexylaminotriazine glass.** Compound 20 has been shown to
be one of the most stable glass-forming organic compounds synthesized by the group. This
compound has been shown to withstand heating above T, for 3 weeks as well as shear forces up to
60000 rpm at temperatures above T4 without signs of crystallization.'? These molecules have been
cleverly designed to be smaller and structurally simpler than previously reported molecular glasses
by taking advantage of numerous intermolecular forces to enhance glass formation.'?
Intermolecular interactions such as hydrogen bonding allow these compounds to form glassy
aggregates which interact poorly with each other.!> The mexylaminotriazine structure hinders
crystallization through a number of mechanisms: 1) it prevents the close and efficient packing of
molecules through 3,5-disubstituted aryl groups, 2) hydrogen bonds limit the molecular mobility
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of molecules, and 3) several different conformations of the mexylaminotriazine core exist, each
with similar energies and high energy barriers that impede interconversion.*? These compounds
have been ingeniously synthesized to take advantage of these factors for the formation of stable
glassy phases.

HN

Y

LA
Q

Scheme 3: Example of a mexylaminotriazine molecular glass, 2-methylamino-4,6-
bis(mexylamino)-1,3,5-triazine (20).*

NH

The impact and role of the mexylaminotriazine structure on glass formation and stability
has been further investigated to develop a clear picture of the mechanisms at work in these
compounds. Mexylaminotriazine compounds consist of three major functional units, one head unit
and two tail groups, one of which is usually a mexylamino group. It has been shown that the nature
of these various elements within the structure of the molecule play a role in the glass-forming
properties of this class of compounds by altering intermolecular non-covalent interactions. These
forces in turn help to prevent the efficient packing of molecules and lead to the formation of glassy
phases. For example, the incorporation of mexylamino tail moieties has been shown to produce
some of the most stable mexylaminotriazine glasses, giving way to its respective use in the naming
of these compounds.'* Factors that are generally associated with the promotion of crystallization
in small, rigid molecules can also be exploited to promote the formation of glasses.® The
incorporation of nonplanar elements has traditionally been cited as a major factor promoting glass
formation and incorporation of nonplanar elements is often used as a strategy to increase the glass-
forming ability of various compounds. However, mexylaminotriazine compounds can adopt planar
geometries, seemingly in conflict with previously held beliefs. Similarly, hydrogen bonding often
promotes crystallization; however, in mexylaminotriazine molecules, hydrogen bonds formed
between the mexylamino groups and the head-groups contribute greatly to favour glass formation
and inhibit crystallization. The hydrogen bonds promote the formation of many small aggregates
which pack poorly and cannot easily reorganize, a process necessary for crstyallization.'® In order
to develop the use of mexylaminotriazines as glass-forming moieties, the structure and impact of
a number of structural components has been investigated.

2.1.3.3.1. Influence of the Head-Group

Each component of the mexylaminotriazine structure plays a role in the compound’s ability
to adopt the glassy state. The functional group at the 2-position of the triazine ring (the head-
group), has the most pronounced effect on the compound's thermal properties.*?** This functional
group was identified as a key component in numerous molecular phenomenon such as hydrogen
bonding, conjugation with the triazine ring, and tautomerism; all of which in turn influence the
molecule’s rotation, symmetry, planarity, and subsequently its glass-forming properties. The use
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of various head groups at the 2-position and their impact on glass formation was studied by
synthesizing a series of compounds, in which mexylamino groups were substituted at both the 4-
and 6-positions. The mexylaminotriazine was then substituted using a variety of functional groups
at the head position. Additionally, many of these functional groups were further altered using a
variety of linear and branched alkyl chains as well as aryl groups. For example, several
mexylaminotriazines were synthesized with carboxyl functional groups at the 2-position. These
carboxyl groups were substituted with hydrogen, methyl, ethyl, propyl, iso-propyl, butyl, and iso-
butyl alkyl chains. The resulting library of mexylaminotriazine compounds were then investigated
for their propensity to form stable glassy phases.™® Scheme 4 depicts the general structure of the
mexylaminotriazine compounds synthesized to investigate the role of the head group on glass-
forming properties.*

R

R = Cl, CO,R, CONHR,
NHR, NR,, OR, SR, R

Scheme 4: Mexylaminotriazine derivatives synthesized for the evaluation of the head group’s
role in glass formation.** All functional groups were further varied by synthesizing derivatives
with varying alkyl chain lengths.

The thermal properties of these compounds were determined and measured using DSC.
Thermal analysis demonstrated that most of the synthesized compounds were capable of glass
formation and resisted crystallization, with most demonstrating T4 values ranging from 26-97 °C.%4
Of the compounds synthesized in this study, the highest T4 values were measured for the amine-
functionalized compounds for their respective chain lengths. For example, the compounds
substituted with secondary amines demonstrated glass transitions ranging from 65 °C to 94 °C.
Comparatively, the series with tertiary amines exhibited a range of Ty values between 26 °C and
65 °C, the carboxamide-functionalized series demonstrated a glass transition range of 59 °C to 84
°C, the ether series exhibited glass transitions from 43 °C to 58 °C, and the ester-functionalized
compounds had Ty values measuring from 34 °C to 75 °C. Interestingly, the symmetric
tris(mexylamino) substituted compound did not form a glassy phase, further highlighting the
unique role of the head-group in frustrating crystallization. Several other head-groups did not
promote glass formation, including an unsubstituted hydrogen, chloro, hydroxyl, thiol, primary
carboxylic acid and carboxamide group.** These head-groups are believed to promote the close
packing of molecules and subsequently crystallization of the materials by way of their small size
(H, CI), strong hydrogen bonding (CO.H, CONH,, OH, SH), high molecular symmetry
(mexylamino), or tautomerism (OH, SH).*® The head-group was determined to be necessary for
the formation of short-range aggregates that do not pack well with each other and prevent
crystallization of the material. It is observed that functional groups that participate in hydrogen
bonding facilitate glass formation. This is supported by the amine and amide functionalized series,
which exhibit the highest T4 ranges compared to compounds containing functional groups that do
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not partake in these interactions. Contrarily, several functionalized compounds that participate in
hydrogen bonding interactions did not form a glass. It is suggested, that the hydrogen bonding in
these compounds is too strong. The role of the attached alkyl chain has been suggested as a factor,
providing necessary steric forces that serve to compete with hydrogen bonding interactions,
optimizing the propensity of certain compounds to pack poorly and adopt glassy phases.
Enthusiastically, it should be emphasised that nearly all of the functional groups could be
incorporated into mexylaminotriazine glass formers, with 31 of the 43 compounds synthesized for
this experiment forming glassy phases. This highlights the suitability and versatility of the
meXxylaminotriazine core as a structure for promoting glass formation.

As suggested in the previous paragraph, the length of the head group’s alkyl chain can also
influence the thermal properties of the glassy compounds. For each respective functional group,
there is an optimal chain length. Depending on the head group, alkyl chains that are too short or
too long demonstrate poorer glass-forming ability and lack the stability necessary to resist
crystallization compared to other compounds. For example, of the mexylaminotriazines
functionalized with alkyl chains, the highest glass transition was exhibited by the methyl-
substituted chain at 59 °C.1* Alternatively, the unsubstituted mexylaminotriazine did not exhibit a
glass transition at all, while it was observed that increasing the alkyl chain length caused a decrease
in T, relative to the methyl derivative.'* For example, increasing the alkyl chain length from a
methyl to an ethyl resulted in a T4 of 41 °C, a decrease of 18 °C.%* Furthermore, with the exception
of the ester-functionalized mexylaminotriazines, branched alkyl chains of the same size tend to
show T4 values 8-12 °C higher than corresponding linear chains. The alkyl chains affect glass-
forming properties because of their contribution of weak London forces. Chains that were too
short led to crystallization by not contributing the necessary steric forces, while chains that are too
long result in stronger London forces, which can become strong enough to promote the
reorganization of molecules into more ordered configurations also leading to the crystallization of
the material.!* This outlines the role as well as the need to optimize the length of alkyl chains in
the head group in order to facilitate glass formation.

2.1.3.3.2. Influence of the Tail Groups

The chemical and structural properties of the functional groups at both the 4- and 6-positions
of the triazine ring (the tail groups or ancillary groups of the triazine structure) have a profound
influence on the properties of the molecule. Similar to the head groups, altering one of the ancillary
groups can affect the polarity, symmetry, non-covalent interactions, and molecular weight of the
molecule, subsequently altering the glass-forming properties. In order to understand the impact of
the tail group, the Lebel group performed a number of studies that sought to identify the effects of
modifying these substituents on Ty, glass formation, and glass stability. This was done in two
studies, the first investigated the glass-forming properties of singly substituted ancillary groups,
the second observed the effects of replacing both tail groups.

One study conducted by Eren et al. sought to establish the effect of various functional groups
in tail positions on the properties of the molecule.™ Subsequently, they aimed to predict the glass-
forming ability of mexylaminotriazine analogues from the presence of various functionalized tail
groups. A series of derivatives were synthesized in which the head group and one of the two tail
groups were kept constant as methylamino and mexylamino groups, respectively. The remaining
ancillary group was functionalized using various arylamino and cycloalkylamino groups.'! The
mexylaminotriazine derivatives were synthesized by a series of substitution reactions from
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cyanuric chloride and the amine groups were added in succession in order to control the directing
effects and final configuration of the molecule (Scheme 5).

NH,
H H
N (1.2-1.5 equiv.) X
H | THF or Dioxane,A H H

Yield = 20 - 97%

R = Ph, MeC¢H,, Me,CgHj, Me;CgH,, FCgH,, CIC¢H,, BrCeH,
ICgH,, (OH)CgH,, (SH)CgH,, (OMe)CgH,, (NH,)CgH,,
(NO,)CgH,, Cy

Scheme 5: Synthesis and general structure of some molecular glasses synthesized by Eren et.
al.t

This study led to a number of conclusions regarding the effects of functionalized aryl tail
groups on the glass-forming ability and T, of mexylaminotriazine compounds. All derivatives
synthesized for this experiment were able to form amorphous glass phases and demonstrated T
values from 52-131 °C. Furthermore, all compounds synthesized for this experiment remained
stable in a glassy phase, with the exception of one derivative substituted with a 2,4,6-
trimethylphenyl group, which crystallized when subjected to heating at a rate of 5 °C/min.
Functional groups on the various substituted ancillary groups affected the T4 of the compounds.
Functional groups on the aryl moieties with the ability to participate in hydrogen bonding such as
OH, NH;, CONH,, and CO;H tended to be associated with higher T4 values. The position of
substituents on substituted aryl tail groups also affected the T4 of derivatives. The presence of
substituents affected the Ty in the following order, ortho < meta < para. The researchers
hypothesized that the para-substituted compounds exhibit higher symmetry whereas ortho
substituents obstruct hydrogen bonding. Lastly, it was observed that symmetrical tail groups were
not required and that arylamino or alkylamino groups could replace one of the mexylamino groups
without inhibiting the glass-forming properties of the mexylaminotriazine core. This is an
interesting and exciting observation that suggests one tail group can be functionalized for a number
of purposes while maintaining glass-forming properties.

A subsequent investigation was performed by the Lebel group to investigate the substitution
of both mexylamino groups and the subsequent effects on glass-forming ability and stability.'3
Two series of compounds were synthesized, one series possessing a methylamino head group and
another series with an ethyl head group. Earlier work identified that the methylamino head group
resulted in extremely stable glasses whereas the ethyl head group was only associated with
mediocre glass-forming ability.!! The two series were identical with the only exception being the
varied head groups. These series consisted of a number of tail groups that were both substituted.
Tail groups selected for this study included alkyl chains, as well as a number of functionalized
arylamino groups. Synthesizing two series of compounds allowed for conclusive analysis
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regarding the precise effects of the tail groups on glass-forming ability. Both series of compounds
were synthesized by reacting either 2-methylamino-4,6-dichloro-1,3,5-triazine or 2-ethyl-4,6-
dichloro-1,3,5-triazine with an excess of two equivalents of the respective aniline substituent under
reflux conditions in THF (Scheme 6).1

- HN-R =
N)w (2.2 equiv.) N)w
CH\N/)\Q THF or Dioxane, H H

A R

Yield = 22 - 94%

X =NH or X = CH,

R = Ph, MeCgH,, Me,CgH;, Me;CgH,,
F,CgH3,Cl,CgH3, Br,CgHa, 1,CgH,
(OMe),CgHs,(OMe);CgH,,
(tBu),CgH3, /Pr, Bu, Cy

Scheme 6: Procedure for the synthesis of some molecular glasses with di-substituted tail
groups.®

It was determined that compounds bearing identical tail groups exhibited very similar
thermal behaviour when compared to analogues with asymmetric tail groups.*® As such, one of the
tail groups could be substituted without inhibiting glass formation. Additionally, it was observed
that mexylamino tail groups were not necessary for glass formation. Although, among those
utilized for this study, the 3,5-disubstituted aryl moieties, particularly the mexylamino substituent,
were identified as being the best tail groups in terms of glass-forming properties. For example,
iodide or bromide 3,5-disubstituted aryl moieties also demonstrated glass formation, with T4 values
of 94 °C and 128 °C, respectively, and good glass stability. This study was useful in determining
which tail groups produced the most stable glasses. The study further highlighted the influence
played by the head group at the 2-position on the glass-forming ability, and glass stability of
mexylaminotriazine compounds. The entire series of compounds synthesized with an NHMe head
group were capable of adopting glassy-phases with Ty values ranging from 22 to 129 °C.
Furthermore, several of these compounds formed very stable glasses and resisted crystallization
despite being subjected to a number of stressors. Alternatively, the series containing an ethyl head
group had a much poorer capacity for glass formation with 6 of 21 compounds being unable to
form glasses. Of those that did demonstrate glass transitions, T4 values ranged between 19 °C and
96 °C. Additionally, all compounds consisting of ethyl head groups were shown to be significantly
less stable. The majority of compounds possessing the ethyl head group crystallized within 1-3
days of standing at room temperature in the laboratory. The systematic differences between the
two series is due to the nature of the head groups. The NHMe functional group aids glass formation
and stability for a number of reasons: 1) it can participate in hydrogen bonding interactions, and
2) it is conjugated with the triazine ring, limiting the motion of the molecule and preventing
crystallization.*® In conclusion, this study highlighted which tail groups were most effective for
producing stable mexylaminotriazine glasses. The report also demonstrated that the
mexylaminotriazine compounds could accommodate a high degree of tailorability, with regards to
the ancillary groups, while maintaining glass-forming properties.
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Another factor that was explored was the effect of aryl and alkyl tail groups on the glass-
forming abilities of mexylaminotriazine compounds.® Aryl ancillary groups were linked to
compounds exhibiting glass formation with the highest T values. This is due to the rigidity of the
aryl groups, leading to poor molecular mobility and an inability to pack in an ordered fashion.
Compounds bearing alkyl tail groups at both positions showed poor glass formation. Those
compounds with alkyl groups that could demonstrate glass transitions also had the lowest T4 when
compared to the arylamino-substituted compounds. In the case of this particular study, compounds
with alkyl ancillary groups only formed glassy phases in the series using the methylamino head
group. The planar nature of arylamino groups compared to the alkyl and cyclohexyl groups was
suggested as one factor that could facilitate glass formation by causing the molecules to pack more
poorly. Furthermore, it was suggested that weak n-w interactions, which occur with aryl-substituted
compounds, could play a role in the glass formation of mexylaminotriazines.

In 2017, an additional study by the Lebel group sought to uncover the role of these n-n
interactions.'® Also known as donor-acceptor interactions, these non-covalent interactions play a
key role in the design of many materials.*** Two types of 7- interactions exist, weaker edge-to-
face m-n interactions and stronger face-to-face n-m interactions. In order to investigate how these
n-m interactions affect glass formation in mexylaminotriazines, two series were synthesized, one
incorporating 2,3,4,5,6-pentafluorostilbene and the other possessing the non-fluorinated
derivative. The 2,3,4,5,6-pentafluorostilbene moieties are known for their propensity to form face-
to-face m-m interactions with electron-rich non-fluorinated aryl groups. Of the synthesized
compounds, all demonstrated the ability to form glasses; however, those compounds incorporating
2,3,4,5,6-pentafluorostilbene demonstrated crystallization whereas the non-fluorinated derivatives
could not be crystallized. This study subsequently found that face-to-face n-n interactions favoured
crystallization. These interactions were shown to display a competition with the strong hydrogen
bonding interactions that increase a compounds propensity to form glassy phases. The n-n
interactions were found to utilize a higher van der Waals surface of the molecules, subsequently
forcing the molecules into specific conformations, while hydrogen bonds use a smaller van der
Waals surface that extends laterally, permitting many conformations of the molecules.®
Contrarily, edge-to-face m-m interactions are believed to contribute similarly to hydrogen bonds.
These interactions are weaker, use a smaller proportion of the molecules’ van der Waals surface,
and permit a number of directional conformations.*® This hypothesis could not be confirmed in the
study as the compounds could not be crystallized and subsequently analyzed. Interestingly, the
star-shaped molecular glasses (1-19), described in section 2.1.3.2, also contain groups that enhance
weak ©-m interactions similar to the Lebel group’s mexylaminotriazines. The aromatic functional
groups in these molecular systems may interact across a number of planes and orientations. As a
result, the n-m interactions do not arrange themselves in uniform directions and can exist in a
multitude of planes, contributing to the formation of glassy phases.* The presence of aryl groups
in these systems is not coincidence, rather they are vital to the ability to form and remain in a
glassy phase among these series of chemicals. This study ultimately highlighted the selection of
substituents as an important factor for balancing the myriad of competing intermolecular forces.
The relationship between these interactions along with the rigid irregular molecular structure
prevents the ordered close packing of molecules leading to the formation of amorphous materials
(Scheme 7).
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Scheme 7: Graphical representation of the interactions between molecules, preventing ordered
close-packing of the mexylaminotriazine molecules.*

2.1.3.3.3. Mexylaminotriazine Functionalized Compounds

The previous sections have described a number of the interactions and phenomenon that
imbue various small organic molecules with the ability to adopt and remain in a glassy phase. The
synthetic routes and structure of mexylaminotriazine compounds allow for a greater degree of
variability, and control over the properties of this class of chemical compounds. Furthermore, these
sections have alluded to several advantages that the mexylaminotriazine glasses have over star-
shaped molecular glasses:

1) Head and tail groups can be substituted in succession by exploiting the synthetic
procedures;

2) The sequential synthesis allows for the easy introduction of asymmetric ancillary groups
(relative to the star-shaped class of glass formers); and

3) A large variety of ancillary groups can be used while maintaining glass-forming ability.

In short, the mexylaminotriazine class of glass-forming compounds can be easily altered
and tailored. The tailorability allows researchers to study the compounds to develop a better
understanding of the interactions that result in propensity of mexylaminotriazine compounds
adopting such stable glasses. Understanding the roles of -7 interactions, hydrogen bonding, and
conformational equilibria in the glass formation of mexylaminotriazines allows chemists to
optimize materials for various applications. Furthermore, the ability to alter the ancillary groups
suggests that mexylaminotriazine derivatives may be used to impart glass-forming properties to
compounds that would not exist in the glassy state on their own. Compounds that are used for
applications such as semiconductors, dyes, fluorophores, or ligands for transition metals may
effectively be functionalized using a mexylaminotriazine group in order to form molecular
glasses.®

An example of a compound functionalized with a mexylaminotriazine unit is that of
tetraphenylporphyrin (TPP). The Lebel group synthesized this compound in order to establish
whether glass formation of the TPP core could be induced, despite the parent compound readily
crystallizing.® The compound was prepared by the reaction of tetrakis(4-aminophenyl)porphyrin
with cyanuric chloride, 3,5-dimethylaniline, and methylamine. The reaction was conducted as a
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one-pot procedure and obtained the desired compound in a yield of 54% (Scheme 8). The product
was analyzed using DSC in order to determine if the compound exhibited a glass transition.
Excitedly, the T4 was measured and found to be 205 °C. Furthermore, despite heating above the
Ty, the compound did not crystallize and remained stable. These observations for the thermal
behaviour of the product are in stark contrast with that of the parent TPP compound which
crystallizes readily and melts at 444 °C.°
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Scheme 8: Synthesis of a tetraphenylporphyrin derivative functionalized with
mexylaminotriazine moieties.®

Despite these exciting results, the product contained four mexylaminotriazine groups, which
unproductively increased the compound’s molecular weight and decreased the compound’s
solubility in many solvents.®° This research ultimately established that mexylaminotriazine
moieties could be used to imbue glass-forming properties to compounds that are typically unable
to access the glassy state. Subsequently, a number of mexylaminotriazine glasses were synthesized
to include reactive functional groups capable of being used as covalent linkers to other compounds.
A sample of mexylaminotriazine glasses capable of being reacted and covalently bonded with
other compounds are depicted below in Scheme 9.1* Compounds 21 — 24 are mexylaminotriazines
functionalized with reactive groups. These compounds are vital to establishing straightforward,
single-step methods for introducing mexylaminotriazine components, and therefore glass-forming
abilities to a variety of compounds.
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Scheme 9: Examples of mexylaminotriazine glasses containing functional groups to permit
covalent bond linkages to other compounds.

In order to demonstrate the use of these functionalized mexylaminotriazine derivatives,!* a
novel glass-forming azobenzene was synthesized. Disperse Red 1 (DR1), an azo-dye that is unable
to adopt a glassy phase, was covalently linked to a mexylaminotriazine functionalized with an
alkylamino linker (21). The glass-forming azobenzene was synthesized by the reaction of Disperse
Red 1 (DR1) with N,N-carbonyldiimidazole (CDI), the intermediate product was then reacted with
the functionalized glass precursor to obtain the desired product in a high yield (94%) (Scheme 10).
Despite a significant departure from the structure of the DR1 parent compound, the glassy DR1
derivative maintained the photomechanical and photophysical properties of the parent complex
while possessing new thermal properties such as glass transition.’
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Scheme 10: Synthesis of Azo DR1 compound functionalized with a mexylaminotriazine
derivative.'’

Mexylaminotriazines are a particularly exciting class of molecular glasses. As discussed,
these compounds readily and predictably form stable, long-lived glasses. Furthermore, when
compared to the star-shaped molecular glasses, these compounds present greater opportunity to
control and tailor the structure and properties of the molecules. The high degree of synthetic control
and modular approach to the synthesis of mexylaminotriazines has allowed researchers to better
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understand the factors and phenomena that make mexylaminotriazines such great glass formers.
Lastly, it has been shown that glass-forming abilities can be imparted to other chemical compounds
by the introduction of mexylaminotriazine functional groups. As a result of these characteristics,
meXxylaminotriazines offer one of the most promising strategies for the induction of glass-forming
abilities to a number of compounds for the fabrication of thin film materials.

2.1.4. Application of Molecular Glasses

Molecular glasses have caught the attention of researchers in many fields. Their unique
thermal properties, simple production, ease of purification, low cost, low molecular weight, and
ability to be processed into a wide array of devices and thin films are but a few of the characteristics
that have made this class of chemicals so attractive. With applications in pharmaceuticals and
electronics, the use and application of molecular glasses is steadily growing.*® The utility of
molecular glass materials and their application to several fields will be explored in the following
sections.

2.1.4.1. Pharmaceuticals

The role of amorphous molecular glasses in pharmaceutical developments and research is
of particular importance due to properties such as their solubility, and molecular stability. For
example, amorphous solids have increased molecular mobility, resulting in faster dissolution rates
compared to crystalline solids. The solubility and associated kinetics of amorphous materials is of
particular interest, as the dissolution of medications in the gastrointestinal system is often the
limiting step for many medications to be absorbed and become biologically available to the
body.*"*8 It is these unique properties of amorphous materials that make them desirable in the
pharmaceutical industry. A great deal of research effort is devoted to improving the mechanism of
action of pharmaceuticals. Improved dissolution rates are one factor that can be improved upon.
The development of glassy materials and the induction of glass-forming properties is one strategy
that could be employed to achieve better dissolution. As such, research is devoted to better
understanding the mechanisms of glass formation in a myriad of small molecules.*® Unfortunately,
the incorporation of desirable properties can also be accompanied by many undesirable properties,
such as the compound’s stability in a glassy state.

The second factor of molecular glass that is of great interest for those in the field of
pharmacology is the stability of the compounds. Pharmacology is a highly regulated field, which
requires medications to be highly stable, both chemically and morphologically, in a number of
environmental conditions in order to remain effective and safe despite potentially long-term
storage in pharmacies, homes, and warehouses. While enjoying higher dissolution rates,
amorphous solids typically exhibit much lower stability, both chemically and physically, relative
to crystalline solids.*” The nature of amorphous solids leads to a greater degree of molecular
mobility. Many molecular glasses are obtained through methods such as liquid cooling,
condensation, or evaporation of solvents. As a result, the materials are kinetically frozen as they
are cooled below the T4 and the molecular motions slow. The problem lies in the thermodynamic
properties of the material, in which molecular glasses are thermodynamically pushed towards
crystallization.*® The synthesis of compounds with a high degree of stability, both physically and
chemically, is vital for applications in the pharmaceutical industry. As such, the observations
obtained through the study of mexylaminotriazine glasses could be used to further the development
of other glass-forming compounds in other fields.
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2.1.4.2. Electronic and Optoelectronic Applications

In recent years, amorphous organic compounds have found numerous applications in the
fields of electronics and optoelectronics. Known as amorphous organic charge transport materials,
these compounds have been employed as semiconducting materials in electronic and
optoelectronic devices. Applications of these materials include organic light emitting diodes
(OLEDs), organic field-effect transistors (OFETS), organic photovoltaic cells (OPVs), in
photochromic materials, and nanolithography.*®

2.14.2.1. Molecular Glasses in Organic Light-Emitting Diodes

Organic light-emitting diodes (OLEDs) are one technology that depend greatly on
amorphous organic materials. OLEDs consist of a number of organic materials layered between
electrodes and subsequently sealed. The use of organic materials is necessary for the charge
transporting or conductive layer, as well as the hole transporting or emission layer.*® When a
current is passed through the system, a potential develops and is distributed between the
conduction and emission layers. Ultimately, excitons, molecules in an electronically excited state,
are formed from the combination of electrons and holes. During the process of deactivation, these
excitons must lose energy. This is done through the emission of light by fluorescence or
phosphorescence.® Figure 3 depicts the structured layers and their interaction in an OLED device.
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Figure 3: Graphical representation of the general structure and mechanism of function for OLED
devices.

When designing materials for OLEDs, several properties are required. First, the materials
must be capable of being processed into uniform homogeneous thin films. Secondly, the materials
must be physically and thermally stable to maintain performance and function. Lastly, they must
have appropriate electronic properties such as electron affinity and ionization potentials in order
to allow the passage of charge carriers from the electrodes to adjacent layers. Furthermore, in
addition to these general requirements, materials need to possess other characteristics or
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tailorability in order for them to be utilized in specific roles such as hole transport, electron
transport, charge blocking, and light emission.*® Possessing, or permitting the facilitating the
incorporating of the necessary properties, molecular glasses are ideal for the synthesis of
compounds for these applications. In fact, molecular glasses have already been developed to serve
as candidates in OLED technologies, specifically as charge carrying layers, allowing electrons and
holes to flow through the devices.®® Several of the star-shaped molecular glass compounds
described earlier possess these abilities and have been utilized in OLEDs. Star-shaped derivatives
used for OLED applications include triphenylamines (4-7), tetraphenylmethanes (12, 13),
spirobifluorense  (15-19), triazines, triphenyltriazines, benzenes, triphenylbenzenes,
tetraphenylsilane, 1,3,4-oxidiazoles (25), triazoles (26),%? phenanthrolines (27),%** quinoxalines
(28),% anthrazolines (29),% boron-containing oligothiophenes (30),>” and silole derivatives (31).5®
Several of these charge carrying star-shaped compounds are shown below in Scheme 11.

28

31

Scheme 11: Structures of star-shaped molecular glass compounds (25-31) synthesized as charge
carrier materials.5-®
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2.1.4.2.2. Molecular Glasses in Organic Field-Effect Transistors

While primarily incorporating crystalline materials, organic field-effect transistors
(OFETS), are another potential electronic application of molecular glasses. These devices are used
in flexible integrated circuits and displays as charge carrier devices. OFETSs consist of three
electrodes (a source, drain, and gate), an insulator, and an organic semiconducting or channel layer.
These transistors function according to the conductivity of the channel layer, which is dependent
on the potential applied to the gate electrode. A small insulator also exists between the source
electrode and the semiconducting layer in order to create a polarization between these two
components. In the “on” configuration, a potential is applied to the gate creating a depletion layer
in the channel. This also increases the conductivity of the layer and allows the transfer of electrons
between the source and channel. As electrons are injected from the source, they are transported
through the organic semiconductor and into the drain electrode. In the “off” state, no potential is
applied to the gate, the conductivity of the semiconductor is diminished, and no injection of
electrons from the source electrode is possible. Subsequently, no current is passed between the
source and drain electrodes.“® Figure 4 shows the structure and orientation of the components in
an OFET device. Generally, organic compounds such as oligothiophene derivatives, tetracene,®
pentacene,®® and fullerenes® are used in OFETs. These compounds exist in a crystalline state;
however, promising results have also been reported using triphenylamine star-shaped glass-
forming compounds possessing carbazole or fluorene functionalized conjugated arms (32, 33).52
These glass-forming compounds are depicted below in Scheme 12.
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Figure 4: Graphical representation of OFET devices employing organic semiconductors.
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Scheme 12: Triphenylamine star-shaped molecular glasses incorporating carbazole (32) and
fluorene (33) groups for OFET technologies.5?

2.14.2.3. Molecular Glasses in Organic Photovoltaics

An organic photovoltaic (OPV) is a device that is capable of converting solar light energy
into electrical energy.®® The first step in the functioning of an OPV is the absorption of light by a
photoactive layer. This absorption results in the production of excitons in the material, which then
diffuse. The diffusion generates charge carriers, electrons and holes, which are carried through the
material towards their respective electrodes, ultimately separating the carriers and generating an
electrical potential.®® Two main types of OPV devices are in existence, Schottky-type and bulk
heterojunction-type. The Schottky-type OPV utilizes a single organic layer between the two
electrodes. In this system, the absorption, production of excitons, diffusion of excitons, and
transport to electrodes occurs in the same material. Alternatively, the most effective type of these
devices are called bulk heterojunction OPVs, consisting of a nanometer scale blended layer of
donor and acceptor materials. Drop casting or spin coating of the blended materials is used to form
an interpenetrating network of the materials connecting the two electrodes. In the active layer,
either the donor material or both the donor and acceptor materials may capture photons. From
these materials, the charge carriers are passed through the device to the corresponding electrodes.
Due to the double duty played by this single organic layer, the thickness and dispersion of the
materials of the organic layer must be carefully controlled. This is to ensure adequate photon
absorption while allowing for the rapid diffusion of excitons to their respective electrodes. Most
examples of these blended materials are composed of two compounds, a conjugated compound for
donor components and fullerene compounds for acceptor materials, although several other
compounds have been explored as acceptor materials.®*% Additionally, ternary blends
incorporating additional compounds have been used for either charge transfer, energy transfer, or
parallel linkage interfaces.®

Organic materials are attractive to those in the field of photovoltaics due to the tailorability
of the compounds as well as the subsequent ability to tune the properties of the material.%®
Compounds such as copper phthalocyanine and Cqo,%"%® tetracene,®® and pentacene " have been
used as semiconductors in OPV devices; however, these compounds are incapable of adopting
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glassy phases. The use of molecular glass compounds would be ideal for the design of OPV
technologies due to their low cost, low molecular weight, high purity, ease of purification and the
ability to produce thin films. Several types of molecular glasses have been used in OPV
technologies. Star-shaped molecular glass 32 was employed as the organic layer between indium
tin oxide (1TO) and aluminum electrodes in a Schottky-type device.”* Compound 32 has also been
applied for electron donor layers with tris(8-hydroxyquinolinato)aluminium as the electron
acceptor.”

Additionally, mexylaminotriazines have been synthesized to incorporate a number of
compounds for use in OPV technologies, such as diketopyrrolopyrrole (DPP),% perylenediimide
(PDI),% and squarylium cyanine (SQ)% derivatives. DPP and PDI derivatives are promising as
non-fullerene acceptor materials while the SQ derivatives serve as donor materials.8#% These
compounds were also investigated for use in a number of blended materials. While early attempts
to produce molecular glass derivatives of these compounds yielded modest efficiencies, they did
demonstrate much more consistent behaviour and efficiencies comparable to some non-glass
forming organic compounds used for OPV devices.5*54% For example, the novel DPP-
mexylaminotriazine was compared to a crystalline analogue and subsequently shown to
consistently yield higher efficiencies.®* The greater efficiencies obtained were attributed to the
fewer defects and higher homogeneity of amorphous thin films.% These reports highlight the
advantages of glass-forming small-molecules for the production of acceptor materials for OPV
devices. Thin films of these materials can be more easily processed and prepared in comparison to
their crystalline counterparts while inducing fewer defects. As a result, mexylaminotriazines
functionalized for acceptor materials are promising compounds for the fabrication of high-
performance OPV devices.®

2.14.2.4. Molecular Glasses in Photochromic Technologies

Another application of molecular glasses is in the design of photochromic materials.
Photochromism describes the reversible transformation of a chemical species on exposure to
electromagnetic radiation. The change results in two different forms of the material, each
possessing different absorption spectra and subsequently displaying different colours.” A common
example of a photochromic material is in eyeglasses that change tint according to lighting
conditions. Photochromic materials are utilized for other applications in image formation, optical
data storage, and optical switching.>® The nature of these applications requires the materials to be
processed into thin films. While photochromic materials have been successfully dispersed and
bound to polymer mediums capable of forming thin films, this strategy has its challenges, including
ensuring dispersal, purity, and molecular control.*® Amorphous molecular glass materials
functionalized with photochromic groups are an excellent alternative for the formation of
photochromic thin films. In fact, the synthesis of star-shaped photochromic molecular glasses has
been demonstrated, including compounds based on azobenzene chromophores such as 4,4'-
bis[bis(4'-tert-butylbiphenyl)amino]azobenzene.® It was shown that this glass-forming
azobenzene derivative exhibited reversible photoisomerization from trans- to cis-isomers when
irradiated with alternating 450 and 550 nm light. Despite significant alterations to the molecular
structure, the presence of glass-forming substituents did not affect the photochromic behaviour of
the azo dye.®

Dithienylethene-based compounds are another series of compounds which have been
studied for their photochromic properties in solution.”* While dithienylethene compounds do not
readily form thin films, several star-shaped compounds have been synthesized by Shirota et al. to
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include diarylamino substituents that can form a glassy phase.®*® One compound of these star-
shaped molecules was subsequently shown to exhibit both the photochromic and glass-forming
properties of the two parent compounds. Excitedly, these new compounds exhibited photochromic
properties similar to the parent compound in both solution and thin film phases.” Irradiation with
360-580 nm light gives the photocyclized form, leading to a coloured product. Contrarily, the
colourless product can be restored by treatment with visible light above 580 nm, thereby causing
the opening of the ring.”

Mexylaminotriazines have been wused to synthesize glass-forming photochromic
compounds. First reported in 1952, spiropyrans are a class of photochromic materials that have
been employed for applications such as optical memory, sensors, photoswitches, and holography
because of their reversible photoisomerization. Irradiating spiropyrans with UV light breaks the
C-0O bond, resulting in a ring opening and rearrangement to a coloured product.” The Lebel group
successfully synthesized and characterized a novel spiropyran that incorporated a
mexylaminotriazine glass-forming moiety (34).” Similar to other mexylaminotriazine analogues,
the resulting compound was shown to form stable glassy phases that resisted crystallization when
subjected to both heating and long periods at ambient conditions. The mexylaminotriazine-
functionalized spiropyran was further shown to undergo the reversible ring-opening to the
coloured product (34a).” Scheme 13 depicts compound 34 and its photochromic transformation
to 34a.
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Scheme 13: Glass-forming spiropyran compound 34 and the photochromic changes induced by
treatment with 365 nm light to produce a coloured compound 34a and the thermally reversed
ring closure to 34.747

2.1.4.2.5. Molecular Glasses in Lithography

Lithography is a printing technique in which three-dimensional images are formed from the
transfer of patterns of media from one surface onto a substrate.” Nanolithography simply refers to
lithographic patterning methods used to generate features smaller than 100 nm.”® In semiconductor
lithography, the patterns are traditionally made using light-sensitive polymers. When exposed to
light, a cross-linking reaction occurs, transferring the media to the substrate. The use of a mask
blocks regions from being exposed to the light treatment, subsequently generating areas where no
media is transferred, and hence the intended patterns.’® Molecular glasses are a viable alternative
to the polymer media traditionally used. Glass-forming compounds that do not crystallize within
the time scale of the application’s use can be used to generate patterns with higher quality
resolution.”” The nature of the synthetic procedures employed to produce polymers results in
materials that consist of a range of molecular weights and thus many physical properties of the
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polymer are a summation or composite value of the molecular weight distribution. Contrarily,
molecular glasses are monodisperse and homogeneous, typically smaller, and have a lower free
volume, leading to constant dissolution rates, lower residual stress swelling, and no chain
entanglements. Novel low molecular-weight organic materials synthesized for nanolithography are
expected to be amorphous molecular compounds for the benefits described above. Like their
polymer counterparts, these materials are employed in a mixture with a cross-linking agent and a
photoacid generator applied to a substrate. Irradiation of the mixture produces a photoacid in the
exposed regions. This acid catalyzes cross-linking reactions between functional groups on the
molecular glass molecules and the cross-linking agents, forming a new oligomer in exposed
regions. The newly formed cross-linked oligomers typically form insoluble network patterns.
Following irradiation, the material is treated with a solvent that is used to develop the resist by
removing the un-irradiated mixture, leaving behind the desired patterns.” Several examples of
amorphous compounds have been reported and evaluated for nanolithographic application, such
as 1,3,5-tris[4-(4-toluenesulfonyloxy)phenyl]benzene (TsOTPB) 35, 4,4 47-
tris(allylsuccinimido)triphenylamine ~ (ASITPA)  36,” and  C-4-hydroxyphenyl-calix-
[4]resorcinarene (37)7° (Scheme 14). Compounds 35 and 36 were found to produce high resolution
features and resists with line patterns smaller then 150 nm.”” Compound 37, in particular, was
shown to be capable of forming features around 30 nm in size.™

35 36 37
R =H, CO,tBu

Scheme 14: Molecular glass compounds (35-37) used for nanolithographic applications.””"

2.1.4.3. Catalysis

A promising future application where molecular glasses are not yet used is in the field of
catalysis. Catalysis is an acceleration or retardation of the rate of a chemical reaction due to the
addition of another substance, known as a catalyst, to the reaction media.®’ Some catalysts are also
capable of influencing the selectivity or specificity of the products from a reaction. These aspects
of catalytic activity can translate directly to energy savings, less pollution, fewer side products,
lower production costs, and greater overall efficiency.

Catalysts can be described and classified according to their phase relation with the chemical
reactants being used. Homogeneous catalysts are present in the same phase as reactants and
products (generally in solution), while heterogeneous catalysts are found to be in a different phase
(typically a solid catalyst interacting with reactants in a gas or liquid phase).® Each class of catalyst
possesses its own intrinsic advantages and disadvantages concerning their application and use. As
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a whole, homogeneous catalysts provide single active sites generating greater control and
selectivity of products, while heterogeneous catalysts are important to industry for their ease of
separation and recyclability. Homogeneous catalysts, while typically transition metal complexes,
can also be organic compounds.® Many heterogeneous catalysts incorporate organic or inorganic
structures, which support various catalytically active sites. Some examples of heterogeneous
catalysts include transition metals, transition metal oxides, zeolites, and silica- and alumina-based
compounds.®® Despite a great deal of control over the catalysts structure, homogeneous catalysts
often require continuous addition to reactions and may be difficult to separate. Alternatively, a
challenge associated with many heterogeneous catalysis is the number of wasted active sites. The
heterogenization of single-site homogeneous catalysts is of particular interest. This concept allows
for the amalgamation of the respective advantages of both types of catalysts: the recyclability,
processability, and easy separation of heterogeneous catalysts with the selectivity and structural
tunability of homogeneous catalysts. For example, the use of homogeneous catalysts in biphasic
systems or by fixation on support systems is technique that is being used to bridge the gap between
the two forms of catalysts. This emerging field of research is sometimes known as “semi-
heterogeneous” catalysis. Research regarding the ability to attach homogeneous catalysts to a solid
support material has been a topic of particular interest for nearly twenty-five years.8&

Many heterogenization techniques utilize highly porous materials to bind and support
catalysts; however, these techniques often lead to many valuable active sites being isolated within
the interior structure of these materials. This can render many sites useless and unable to interact
with the reactants of a given reaction or process. While these techniques are suited for packed
columns or reactors, they are not suited to produce active coatings on the surface of other
substrates. One proposed solution to address this gap is the suspension or dispersion of catalytically
active materials onto the surface of the support system to limit waste and cost.®!

Due to the limitations of many current catalytic materials, there is a requirement for a novel
class of chemical catalyst capable of a high degree of specificity, while possessing the necessary
processability desired for heterogeneous applications. A thin film material is particularly desirable
to achieve the processability objectives. By depositing thin layers of catalytic materials onto a
surface, thin films can be used to produce catalytic materials that are more flexible, adopt various
shapes or forms, and cover a variety of surfaces within reactors. Additionally, these materials can
be more cost-effective as they are relatively simple to apply, fabricate, and they minimize the
number of active sites lost to the internal structure of many traditional bulk materials. As such, the
development of thin film catalytic materials could address the requirements of a heterogeneous
catalyst. The design of compounds and materials that adopt stable glassy phases are ideal for the
fabrication of thin films. In terms of developing catalytic thin film materials, homogeneous
catalysts, such as coordination compounds utilized for a variety of applications, could be
functionalized with substituents that promote glass formation. This proposed class of glass-
forming catalytically active coordination complexes could help to bridge the gap between
homogeneous and heterogeneous catalysis.

2.2. Coordination Chemistry

A coordination complex consists of a central atom or ion (usually a metal), called the
coordination centre, and a surrounding array of bound molecules or ions, called ligands.
Coordination complexes display interesting properties in terms of electronic absorption spectra,
magnetic properties, and many more that would be difficult to achieve with all-organic
compounds.! Coordination complexes play a vital role in many chemical and biological systems,
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an example of which is the green magnesium complex known as chlorophyll. Chlorophyll (38), a
compound found in plants and vital to the survival of all life on earth, is involved in the process of
photosynthesis. In chlorophyll, the coordination of an organic molecule to a magnesium centre
allows plants to absorb visible light from the sun and harness its energy to produce other valuable
chemicals in the form of sugars used by the plant as energy.! The energy converted and stored
from the sun is the base of all food energy in ecosystems. All oxygen-breathing organisms also
utilize coordination compounds known as cytochromes, which contain a heme-group. Heme is an
organic compound containing a porphyrin ring, which binds iron atoms, a few heme analogues
exist. Heme-groups are directly responsible for the transport of oxygen throughout the circulatory
system. Oxygen is necessary for most organisms to produce their own energy from the molecules
and nutrients absorbed from food.! The core of these compounds, an Fe(ll) center, is capable of
performing oxidation and reduction reactions that are central to many processes. Scheme 15 shows
the structure of the two aforementioned coordination complexes, chlorophyll (38) and heme B
(39), the most common analogue of heme.

39

Scheme 15: Structures of two biological coordination complexes, chlorophyll (38) and heme B
(39).

Furthermore, many transition-metal coordination complexes are catalytically important. As
discussed earlier, many catalysts possess active sites containing metallic atoms.® These catalysts
can activate substrates, accelerate reactions via various mechanisms, and are efficient in promoting
a number of reactions and processes.® Although many organic-based catalysts exist, these have
often been surpassed in efficiency and application by the success of transition-metal complexes.®’
The nature of many transition-metal complexes and their coordinated ligands allows for a high
degree of selectivity, efficiency, and tailorability. Many transition metal complexes are used for
catalytic purposes; however, the range of applications for metallic complexes is extremely
extensive.!® The interaction between the organic ligands and the metal centres is important to the
application of these complexes. Various ligands have been identified for particular uses and fields.
The alteration of these ligands enhances the steric and electronic properties of these complexes,
allowing them to adopt many desirable properties and behaviours.

Metals possess the ability to form unique compounds with distinct properties that can be
tuned by modifying the chemical groups to which they are bound. These chemical groups, which
are known as ligands, can be either neutral or charged, and are generally organic, containing Lewis
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base atoms (like N or O). These atoms bind to a metal center by donation of a lone pair of electrons,
thereby creating a coordination complex.! The formation of a complex results in changes to the
steric and electronic properties of both the metal centre and the ligands.® These properties are
altered by the presence of groups on the ligand that surround the metal centres and can change the
way that electrons are donated or shared between the metal and ligands.

For the purposes of application, a class of ligands for proposed coordination complexes is
often selected as the result of a number of factors. First, selecting well-studied ligands is helpful
for researchers who wish to develop a well-defined picture of the ligand’s properties, coordination
chemistry, as well as the applications and capabilities of a class of ligands before investigating
further. Additionally, optimization of a complex’s structure and electronic properties is frequently
required. As such, selecting ligands that permit the variation of a number of substituents can be
desired. Next, the ligand’s ability to coordinate with a variety of metals, in a myriad of oxidation
states, is an important factor for the ligand’s utilization in a number of roles. Lastly, the use of
ligands that are difficult to procure or synthesize possess more limited use and application. As
such, it is ideal to utilize ligands that are relatively simple and straightforward to synthesize from
commercially available reagents and starting materials.

2.2.1. Molecular Glass Metal Complexes

Coordination complexes exhibit interesting optical, electronic, and catalytic properties that
have proposed applications in many fields. Typically, these materials exist as crystalline solids and
while they can be used in solution or supported on substrates such as polymers, the preparation of
glass-forming coordination complexes could expand the use of these materials to many novel
applications. Despite recent advances in the synthesis of glass-forming organic compounds, only
a few glass-forming coordination complexes with discrete structures have been reported. In 2004,
the lida group published a study introducing glass-forming yttrium(I11) complexes.'® The study in
guestion synthesized a number of coordination complexes based on the structure of
tris(octadecanoato)lanthanide complexes.'® These water-insoluble compounds are used in drying,
curing, waterproofing, and lubricating processes.®® Six complexes were prepared of which two;
tris(N-hexanoyl-DL-alaninato)yttrium(lll) and tris(N-octanoyl-DL-alaninato)yttrium(lIl), were
described as easily adopting a stable glassy phase through the evaporation of a methanol solution.
The remaining complexes demonstrated an array of glass-forming behaviour in which complexes
with mixed crystalline-glassy phases were obtained, as well as complexes that were only capable
of forming crystalline phases.*® Additionally, lida et al. recognized the role of ligand structures on
the glass-forming properties. Primarily, they noticed that the alkyl chain length of the ligands was
a factor and that shorter chain lengths were associated with a higher propensity to form glasses.®
Ultimately, the work of lida et al. demonstrated the successful preparation of a number of
molecular glass metal complexes; however, the ligand structures utilized in this report are unable
to adopt glassy phases themselves.'® While the authors reported the preparation of several metal
complexes that exhibited glass formation, the intention of the authors was not to design or develop
a strategy to prepare molecular glass complexes.'® In order to prepare and design molecular glass
coordination complexes with any degree of predictability, a strategy must be developed and
employed. Instead, a series of ligands that demonstrate a strong propensity to form glassy phases
could be synthesized, from which a library of corresponding coordination complexes could be
prepared.
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At present, there is limited information regarding the synthesis of glass-forming chelating
ligands or the preparation of glass-forming coordination complexes. As described in section
2.1.3.3.3, the Lebel group has published a class of compounds based on the mexylaminotriazine
core that are capable of reliably adopting amorphous glassy phases.*® The synthesis of these
compounds is relatively straightforward and the synthesis via step-wise substitution reactions
allows for a high level of synthetic control and tailorability. Additionally, it has been demonstrated
that the mexylaminotriazine class of glass-forming compounds can be used to functionalize other
compounds in order to induce glass-forming properties.2®11" Several compounds were
synthesized to include the glass-forming functional group and were shown to maintain the
properties of their parent compounds while demonstrating new glass-forming properties and the
ability to be processed into thin films.2® It is thus proposed that this family of glass-forming
compounds could be functionalized in such a way as to design compounds that readily form stable
glassy phases while possessing novel chelating capabilities.
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3. Methods

3.1. Thermogravimetric Analysis (TGA)

TGA measures the mass of a sample as the temperature is increased, the resulting
thermogram plots mass as a function of temperature and provides both qualitative and quantitative
information. The apparatus for TGA is comprised of a high-precision balance, which suspends a
sample pan, a furnace, along with a data recorder and auxiliary equipment to provide the inert
atmosphere. By knowing the initial mass of the sample, information about the constituents may be
inferred by the resulting decrease in mass as temperature is increased. Primarily, this technique is
used to determine the decomposition temperatures of the compounds and can provide additional
insight about decomposition mechanisms by monitoring the mass fraction of the gases released at
given temperatures. This information is also necessary for safely analyzing the compounds via
differential scanning calorimetry, which has sensitive sensors and where decomposition must be
avoided, especially when it is accompanied by the evolution of gas. Thermogravimetric analysis
for glass-forming ligands and their respective complexes were performed on a TA Instruments
TGA Q50 thermogravimetric analyzer to determine the decomposition temperatures of the
compounds. The temperature was increased from ambient temperature to a maximum temperature
of 450 °C to 600 °C at a rate no greater than 10 °C/min.

3.2. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that looks at how
a material’s heat capacity (Cp) is altered by temperature. The glass transition temperature (Tg) is
the temperature at which amorphous materials undergo a transition from the glassy state to the
rubbery (or viscous) state. As a glass is heated, its heat capacity increases and it adsorbs more heat.
The apparatus increases the temperature in the chamber at a specific rate, known as the baseline
increase. At the glass transition, enough energy is available in the material that it becomes mobile.
Unlike a melting transition, which is a first order transition and therefore accompanied by a change
in enthalpy, the glass transition is the result of a variation in heat capacity between the glassy state
and the viscous state. DSC plots the change in heat flow (W/g) as a function of the temperature
(°C) of the system. The glass transition appears as a step change in the instrument baseline. It
occurs over a wide temperature range, typically on the order of 10 °C, and is generally reported at
half the height of the heat capacity change or the inflection point of the function through this range.
In contrast, the melting point will occur very suddenly and appears as either a sharp dip or peak
depending on the orientation of exothermic changes in the software. This is because the material
will not continue to increase in temperature until all of the molecules have reached the same
temperature and melted. This is due to the first order nature of the melting point phase transition.

The apparatus consists of two pans, one containing a sample of known mass to be analyzed
and another empty pan as reference. The pans are placed on separate heaters and enclosed in a cell.
The apparatus consists of a high precision heating chamber, a computer with special software that
controls the furnace, sensors, and auxiliary equipment that provides an inert atmosphere. Analysis
is controlled by the software, which begins to increase the temperature of the heaters at a specific
rate. More importantly, the computer ensures that the pans are heated at the same rate. As a result
of the extra material in the sample pan, the sample pan heats at a different rate. The computer
tracks the changing heat capacity and heat flow in the cell. This allows the detection of transitions
such as glass transitions, phase changes, and curing. DSC was used in this research project to
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measure the glass transition temperature and determine if any other phase changes in the ligands
and subsequent complexes occurred. DSC measurements were made using a TA instruments Q20
differential scanning calorimeter. In this experiment, all T4 values reported herein were recorded
after an initial heating-cooling cycle in which the materials were melted and residual solvents were
removed. Samples were heated at a rate of 5 °C/min to approximately 250 °C, unless otherwise
noted. T4 values reported in this report are the average of two runs. Standard deviations for the two
runs are noted in parentheses in the appropriate tables. The selected heating rate is slow enough to
allow for the monitoring of crystallization processes.

3.3. Spin Coating

Thin films of appropriate samples were prepared by spin-coating samples on pieces of
silicate glass. Spin-coating was performed by preparing solutions of the corresponding complexes
in CH2Cl; (8 mg of solute in 1 mL solvent). Several drops were placed on a piece of substrate,
which was then spin-coated at 1500 rpm for 20 seconds. This process was repeated two additional
times for each sample to prepare uniform thin films.

3.4. UV-Vis Spectroscopy (UV-Vis)

UV-Vis spectroscopy measures the absorption in the ultraviolet-visible region of the
electromagnetic spectrum. Absorption of visible and ultraviolet radiation is associated with the
excitation of electrons from lower to higher energy levels in both atoms and molecules. For
example, if the sample is irradiated with the appropriate level of energy, electrons may be excited
from a bonding (o, 7), or non-bonding (n) orbital into an empty higher energy anti-bonding orbital
(o*, #©*). UV-Vis spectrometers measure the absorbance of radiation in this region of the
electromagnetic spectrum. A source produces light, which is passed through a sample contained
in a quartz cuvette. After passing through the sample, the light is passed through a lens and a small
slit. After this, the light is dispersed into a diode array by a holographic grating. The intensity of
light from a sample are compared to a blank (l,), consisting of a quartz cuvette containing the
solvent in which the sample will be dissolved. The blank sample is run prior to analyzing the
sample solutions. This is done to account for any scattering, reflection, or absorption that can be
caused by the cuvette or solvent. Next, the light passing through the sample (1) for each wavelength
is also measured. If the light passing through the sample is less than that of the blank, then
absorption has occurred. Absorbance of the sample (A) is related to | and |, by the equation:

~

A= logio ®

The light is then converted by the detector into a current, proportional to the intensity of the
light. Typically, a plot of absorbance against wavelength is then generated. The concentration of
the analyte (c) can then be related to absorbance according to the Beer-Lambert Law, which is

expressed according to the equation:
A= ecl 2)

Where A is absorbance, ¢ is the concentration of the analyte in mol-L?, | is the optical path
length of the cell (cm), and ¢ is the molar extinction coefficient (L-mol™*-cm), which is constant
for a particular substance at a particular wavelength. Consequently, UV-Vis spectroscopy has been
employed for a variety of applications. In the present work, it was used to measure the absorbance
of the prepared glass-forming metal complexes. UV-Vis spectroscopy measurements were taken
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using a Hewlett Packard 8453 UV-Visible spectrophotometer. Spectra were taken from 200 nm to
1100 nm, using a 1.000 cm path length, in quartz cuvettes. Samples were prepared by dissolving
1 mg of solute in the appropriate amount of CH2Cl. required (usually 50 mL) to achieve an
absorbance value below two absorbance units. Samples of known concentration were used to
calculate an extinction coefficient (¢) based on each samples maxima absorbance using equation
2.

3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

The section of the electromagnetic spectrum known as the infrared region comprises
wavelengths ranging from 0.78 um to 1000 um, or in wavenumbers from 12,800 — 10 cm™. This
section is further sub-divided into near, middle, and far-infrared radiation for the purposes of
application and instrumentation. Infrared spectroscopy has been extensively implemented in the
identification of pure organic compounds, as the numerous maxima and minima of a spectrum give
rise to a theoretically unique spectrum for each compound, barring optical isomers.*® The
absorbance pattern recorded from infrared spectroscopy correlates to specific resonant frequencies
for a molecular structure. Absorbance occurs when the frequency of vibration of a given bond
aligns with that of the irradiating radiation. The absorbance at a given frequency is inferred from
the measured transmittance. As the energy of a given bond is dependent on its neighbouring atoms,
the vibration patterns for bonds found within many common chemical groupings, such as
functional groups, have been well documented. For this work, spectra were recorded using a Perkin
Elmer FT-IR System Spectrum GX spectrometer (4000-500 cm™). Samples were prepared for
analysis by forming thin films of the respective ligands and complexes from the evaporation of
CH,CI; solutions on KBr windows.

3.6. Magnetic Measurements

Electrons are charged particles, which possess angular momentum coming from both
spinning around their axes and orbiting about atoms. A charged spinning object generates a
magnetic dipole, where the two poles are of opposite polarity. This means that when an external
magnetic field is applied to electrons, torque will be exerted on them; where a competition exists
between the thermal tendency towards randomness of the spins and the field’s capacity to force
alignment. The magnetic dipole moment of an electron is a vector whose directionality is from the
“south” to “north” pole of a magnet and whose magnitude is proportional to the magnetic field of
the electron. Paired electrons are of equal and opposite spin, and therefore their magnetic moments
negate one another, referred to as diamagnetism. However, unpaired electrons lack this inter-
electron counter balancing and subsequently act as magnets, referred to as paramagnetism. They
may align themselves as parallel or anti-parallel to a magnetic field. A parallel orientation is more
energetically favourable; however, the transition to anti-parallel may be observed when an
appropriate external electromagnetic frequency is applied to the sample. In the absence of an
external field, the individual molecular moments are randomized by thermal motion.
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The magnetic field inside a substance that is placed in an external magnetic field will depend
not only on the magnitude of the applied field but also upon the ability of that substance to produce
its own field, which will add to (paramagnetic) or subtract from (diamagnetic) the applied field.
The magnetic induction of the field within the substance, B, is given by equation 3, where H, is
the intensity of the applied field, and | is the intensity of magnetization of the substance.

B = Ho + 4nl ©)

The ratio I/Ho is a measure of the susceptibility of the substance to interact with an applied
field and is called the volume susceptibility, X..

Xy = (4)

The volume susceptibility is usually converted to susceptibility per gram of substance by
dividing by its density, d, in g/cm?®. This value is called the mass susceptibility, X4, and can be
calculated by equation 5;

X, =% 5)

The magnetic susceptibility per mole of substance, Xm, is of most value for chemical
applications. It is obtained by multiplying Xy by the molecular weight, MW, of the compound to
obtain the susceptibility per mole. This is shown in equation 6 below;

Xy = Xy MW (6)

The molar susceptibility, X, is positive if the substance is paramagnetic and negative if it
is diamagnetic. The X, of a compound is the sum of the susceptibilities of both the paramagnetic
electrons in the complex and of the diamagnetic contributions of the other groups and ligands
present. This concept is summarized and depicted by the relationship in equation 7.

Xm = paramagnetic contributions + diamagnetic contributions @)

The paramagnetic contributions of the complex are primarily from the metal atom, more
specifically the unpaired d electrons, while the diamagnetic contributions originate from the many
other components of the complex. As such, a corrected susceptibility of only the unpaired
electrons, X’m, can be determined by using the additive relationship of this phenomenon. Equation
8 demonstrates a rearranged method to calculate for the corrected paramagnetic contributions;

X’m = Xm + Xmdia. (8)

In equation 8, the last term, Xm dia, is the sum of the diamagnetic contributions of the paired
electrons of the inner core of the metal, the ligands, and the counter ions, and is a negative value.
Thus, in order to determine the magnetic susceptibility of the unpaired electrons in the complex, it
is necessary to correct for the diamagnetism of the other groups. It is known that susceptibilities
of diamagnetic groups change very little with their environment; hence, it is possible to calculate
the diamagnetism of a molecule by adding the diamagnetic contributions of structural components
of the molecule. There are many reports that provide the diamagnetic corrections for some ligands,
metal centres, and counter ions.?:%2
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For a paramagnetic metal ion, it is customary to quote the magnetic moment, pefr, rather than
the corrected molar susceptibility X’n. This value is reported in Bohr magnetons, a physical
constant and natural unit for expressing the magnetic moment of an electron. These two values are
related via the following equation, equation 9. Where N is Avogadro’s number, K is Boltzmann’s
constant, T is temperature (K), and Ug is Bohr magneton.

3kT X1, 7
Herr = [Tyu 2t = 2828(T* X'y, 9)

In order to correctly calculate pe, it is therefore necessary to determine the temperature
dependence of X'n. Temperature has a randomizing effect on the magnetic moments in a
compound. A temperature dependence study requires equipment that is more sophisticated. As
such, we will assume that X’ follows the Curie Law, which states that the magnetization of a
paramagnetic material is inversely proportional to the temperature of the material for a fixed field.
This is a safe assumption and common for this type of analysis as at normal temperatures and in
moderate magnetic fields, the paramagnetic susceptibility is small. It is at very low temperatures
(<100Kk) that a more drastic variation would be observed and more likely to influence results. By
assuming that all compounds obey Curie’s law, the e is independent of temperature, which
simplifies the calculation.

The per can then be used to determine the number of unpaired electrons in a complex. In
compounds containing unpaired electrons, both the spin angular momentum and the orbital angular
momentum of the electrons can contribute to the observed paramagnetism. However, for
complexes of transition metal ions, the orbital contribution is largely quenched by the field due to
the surrounding ligands. In this case, we can use the spin-only formula, equation 10, to determine
the number of unpaired electrons, where n = the number of unpaired electrons and Ug is the bohr
magneton. Through a number of calculations, it is possible to determine the number of unpaired
electrons in the complex. This allows for the determination of many properties such as the
geometry, magnetic properties, and characterization of a particular complex. This information is
extremely helpful in characterizing various complexes. Common values of e as a function of n
are reported in the literature.®

Herr = + [n(n+2)] Ug (10)

For the present work, magnetic susceptibility measurements were performed on a Johnson
Matthey MSB MKk1 magnetic susceptibility balance. Several sources were consulted in order to
calculate the diamagnetic contributions by Pascal constants.®-%? The diamagnetic contributions for
components such as ligands can also be determined using the balance by measuring the magnetic
susceptibility of the uncoordinated ligand. Supplier procedures for the preparation of samples and
the subsequent measurement of mass susceptibilities is described in the instruments operator
manual.®> Measurement with a mass susceptibility balance allows one to calculate the mass
susceptibility, Xq, through equation 11.

1 (Cga
Xg= (B2« (R=Ry) + Xy qir 4) (11)

m\ 10°

In this equation, C is the constant of proportionality, R is the reading obtained from the
sample filled tube, R, is the empty tube’s reading, | is the length of sample in the tube (cm), m is
the mass of the sample (g), A is the cross-sectional area of the tube, and Xy is the volume
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susceptibility of the displaced air. For powder samples, the air correction term, X, air * A, can be
ignored. C, the constant of proportionality, is related to the calibration constant of a given balance.
This can then be used to solve the equations described earlier in order to calculate the number of
unpaired electrons, determine a number of properties, and characterize the metal complexes. In
this report, the wer will be utilized for characterization of the metal complexes and their geometry,
as the number of unpaired electrons depends on the geometry of the metal center and the
differential between electronic energy levels of the d orbitals. Several other methods exist for
measuring magnetism and determining the structure of metal complexes; however, these analytical
techniques typically require crystalline products. Mexylaminotriazine compounds have been
specifically designed to resist crystallization and as such, many of these methods are not viable.
Rather, a magnetic susceptibility balance such as the one described can analyze the magnetism of
both amorphous and crystalline materials. The subsequent s that is calculated can be used as a
piece of a larger puzzle to explore, describe, and determine the structure of these metal complexes.
This is further validated by comparing the results from the glass-forming complexes to non-glass
forming analogues in the literature.

3.7. Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a widespread characterization
technique used in the structural determination of organic and coordination compounds that
examines the frequency at which spin state separation of a specific set of nuclei occurs in an
externally applied magnetic field. Samples are measured in a solution of a deuterated solvent, such
as DMSO-ds or CDCls. This information can then be used to characterize the nature of the chemical
environment surrounding that nucleus. 'H, °F, heteronuclear single quantum coherence
spectroscopy (HSQC), and *C NMR spectra were recorded at room temperature with a Bruker
Avanceé 400 MHz spectrometer, unless otherwise noted.

3.8. Mass Spectrometry

High resolution mass spectrometry (HRMS) is a technique frequently used for the
identification and quantification of molecules according to their mass-to-charge ratio (m/z). This
technique can be employed for determining the molecular weight of compounds which can be then
used to elucidate the likely elemental composition. The technique functions by generating charged
particles from a chemical substance that can then be analyzed by separating the various ions in an
electric or magnetic field according to their mass-to-charge ratio. Although there are many
different types of mass spectrometers, all instruments of this type consist of an ion source which
ionizes the chemical species to be analyzed, a mass analyzer which separates the ions by mass in
an electric or magnetic field, and an ion detector which produces a signal from the separated ions
that is used for interpretation. The technique for ionization can vary drastically based on the type
of spectrometer, the type of data desired, as well as the physical properties, such as the molecular
weight and phase, of the sample to be analyzed. Three common ionization techniques were utilized
in the analysis of the complex molecules in this report. Electron ionization (EI) is a technique in
which a beam of electrons is passed through a sample in the gas phase. lons are formed when an
electron collides with a neutral analyte molecule, forming molecular ions or fragment ions. This
technique is good for small volatile molecules, but the formation of fragment ions can sometimes
be undesirable, and occasionally the molecular ion’s signal can be weak or absent. Electrospray
ionization (ESI) produces ions by spraying a solution of sample across a high potential from a
needle to form an ionized aerosol. Heat and gas are used to desolvate the aerosol, leaving the ions
behind. This technique is good for producing ions of large compounds that are charged, polar, or
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basic without causing fragmentation. Additionally, this technique is frequently employed as it
permits the detection of mass-to-charge ratios that are within the capabilities of most spectrometers
while producing limited background interference. While this method avoids any fragmentation;
however, this technique can produce multiple-charged ions that often require more intensive
interpretive  and  mathematical transformation to analyze. Matrix-assisted laser
desorption/ionization (MALDI) is the third technique utilized. MALDI produces ions by
irradiating a mixture of the sample in a solid matrix such as sinapinic acid or dihydroxybenzoic
acid which absorbs the radiation, forming a plasma that results in vaporization and ionization of
the analyte. MALDI is a fast, convenient, and simple technique that produces singly charged ions
which can be highly desirable for reporting accurate molecular masses of large, non-volatile
molecules. However, the matrix can result in interferences and requires a mass analyzer that is
compatible with pulsed ionization techniques. lonization of the molecules results from the loss or
gain of an electron. The charge received enables the mass analyzer to accelerate some ions through
the system, separating them based on their mass-to-charge ratio.

In this report, HRMS has been used to confirm the structure of the synthesized ligands and
complexes. Samples were sent to an accredited laboratory for analysis. The appropriate techniques
were selected by qualified personnel at the analytical laboratory according to the expected
molecular weight and chemical properties of each sample. The corresponding technique used for
each respective sample is indicated along with mass spectrometry results in the appropriate
experimental sections later in this report.
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4, Salen-Functionalized Molecular Glass Complexes

4.1. Introduction

Thin film materials are utilized in a variety of fields for applications such as heterogeneous
catalysts, sensors, and various optoelectronic devices.* Compared to the traditional method of
using polymers to produce functionalized thin films, small molecules offer easier purification and
characterization. Additionally, their homogeneous dispersion leads to more predictable behaviour
and properties through the materials and between different samples.* Undesirably, small molecules
tend to have difficulty adopting glassy phases without the use of special processing techniques,
such as quenching with liquid nitrogen, and exhibit poorer stability in the amorphous phase as they
generally crystallize when heated to temperatures above their glass transition, or upon standing for
prolonged periods of time.® Molecular glasses, or amorphous molecular materials, are a class of
small molecules that have been specifically designed to resist crystallization. Integrating structural
characteristics such as irregular shapes, non-planarity, or conformational equilibria allows for the
synthesis of compounds that readily form glassy phases and resist crystallization despite stressing
the material or allowing it to rest.*

The Lebel group has designed a class of compounds utilizing mexylaminotriazine moieties
to reliably synthesize small organic molecular materials that readily form glassy phases and exhibit
a high resistance to crystallization.****> The formation of various conformers of similar energy
with high interconversion barriers and hydrogen bonds that limit the molecular mobility of these
compounds in the solid-state increase the propensity of mexylaminotriazines to form glassy
phases. A number of mexylaminotriazine molecular glasses have been further functionalized with
reactive groups in order to covalently attach other functionalities, such as chromophores or
semiconductors.5%1164758 Thijs allows the subsequent compounds to retain the properties and
characteristics of both parent compounds. Using this strategy, it is hypothesized that several
ligands can be synthesized in order to form corresponding coordination complexes that are capable
of glass formation.

First described in 1864, Schiff-bases are ideal for the preparation of libraries of coordination
compounds and for many applications because of their tailorability, simple preparation from
commercially available starting materials, as well as their ability to stabilize various metals. These
factors allow chemists to control the performance of the subsequent coordination complexes for
numerous purposes.®® This allows for the extensive study of new classes and derivatives of these
compounds, building an understanding of the factors that can alter their properties. The term Schiff
base is used to describe imine compounds bearing an alkyl group on the nitrogen atom.%* These
compounds possess the general chemical formula R,C=NR’.% One of the most important classes
of Schiff-bases, based on the structure of the bisimine compound, N,N’-
bis(salicylidene)ethylenediimine, are colloquially known as salen ligands or salens.*® Salens are
derived from the condensation reaction between aromatic aldehydes (typically salicylaldehyde)
and either an alkyl- or aryldiamine.® Salen ligands have been dubbed “privileged ligands™® for
their: simple preparation; ability to bind a myriad of metals in various oxidation states; ability to
incorporate a variety of substituents for the purposes of altering the chirality, steric, and electronic
properties of the complexes; and their application as catalysts for many chemical
transformations. %’
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The ability to form transition metal complexes from salens has led to their use across a
number of fields as ligands for coordination complexes. With four coordinating sites and space for
two additional axial ligands on the metal center, the structure of the salen class of ligands greatly
resembles, and in fact was inspired by, the structure of heme-containing enzymes such as the P-
450 porphyrin rings found in nature.® Salens are a class of tetradentate, di-anionic ligands that can
bind metal ions through four sites. These ligands coordinate to metal atoms through the two
nitrogen atoms of the imine moieties as well as through two functional groups on the aldehyde
substituents, usually aryloxides.®* This results in a ligand that is ideal for the coordination of
transition metals with a high level of stability.%® In particular, the catalytic applications of these
compounds are of interest because of their chemoselectivity, enantioselectivity, and high catalytic
activity.93,95,99,100

Unlike the naturally-occurring porphyrin family, salens are easier to synthesize with
significantly higher yields, and tend to display higher solubility in a variety of solvents.® Salen
ligands are formed by an uncatalyzed condensation reaction between diamines and
salicylaldehydes.® This particular condensation reaction, in which the diamine is converted to two
imine groups connecting the salicylaldehydes, can be carried out in numerous reaction conditions
and solvents.®® Scheme 16 depicts the general synthetic route used to prepare salen ligands through
the condensation reaction between salicylaldehydes and diamines. Furthermore, the structures of
salens are much more easily tuned to induce changes in their steric and electronic properties.®
This ability is invaluable for designing salen ligands for various applications.®® The steric bulk of
the ligand around the metal can be altered by changing the size of the substituents on the phenyl
rings, particularly those in the ortho-positions. For example, adding t-butyl groups to the
salicylaldenyde moieties will increase the steric hindrance of the ligand. These changes could
affect the catalytic activity of corresponding complexes by blocking coordination sites or making
new coordination sites available on the metal. Alterations can also be made by substituting the
ethylenediamine group for 1,2-phenylenediamine, or 1,2-diaminocyclohexane groups, changing
the planarity of the ligand and therefore altering the geometry around the metal. Additionally,
chiral components can be integrated into the structures of salen ligands. This can be achieved by
using enantiomerically pure diamines such as 1,2-diaminocyclohexane or 1,2-diphenylethylene-
1,2-diamine.® Chiral salens, along with binapthyls and bisoxazolidines, are the most effective
ligands for the synthesis of metal complexes to be used in asymmetric catalytic applications.%
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Scheme 16: General synthetic route and molecular structure of salen ligands.

Salen ligands are actively studied for their versatility with many transition metals.%
However, the choice of metal centre and reaction conditions during synthesis are particularly
crucial for the application of these complexes.®® Salen complexes have been reported for nearly all
transition metals.*® Coordination of the salen ligands to various metal atoms is typically performed
using simple metallic salts.*® There are numerous methods employed to produce salen complexes.
For example, many salen metal complexes are prepared by treating the corresponding salen with
metal salts containing built-in bases, such as metal acetates, amides, or alkoxides. These
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procedures typically involve refluxing a solution of ligand in the presence of a corresponding metal
salt. This method is particularly effective for the preparation of Co, Ni, and Cu complexes.®® Salen
complexes are also often synthesized through another method involving ligand exchange of the
deprotonated salen with metal halides under reflux.®® This permits the use of the salen complexes
under a broad array of reaction conditions including wet solvents and aqueous phases.*® Although
several other methods exist to synthesize salen coordination compounds, these two methods are
the most widely employed.

The geometry around the metal of the salen complexes is often described as distorted square
planar or square pyramidal depending on the presence of spectator ligands.® Distorted octahedral
and trigonal bipyramidal geometries have also been suggested for the intermediates of salen
catalysts in various reactions.® The distortion of these geometries is greatly influenced by the
nature of the diamine backbone of the compounds. More rigid backbones, like the ones derived
from aryl diamines, are associated with square planar, square pyramidal, and octahedral geometries
whereas more flexible diamines can give trigonal bipyramidal structures.®®

The tailorable nature of the salen complexes allows for a great deal of variation in the
structure and properties of this class of compounds. This allows for a diverse range of applications
for these complexes. In particular, salen complexes have been shown to produce high catalytic
turnovers and enantiomeric excesses (e.e.) in many types of chemical reactions.® Table 2 shows a
summary of the most common reactions in which salen complexes are employed as catalysts, many
of these reactions can also be performed using chiral catalysts to achieve enantioselectivity of the
reaction products. It should be noted that this table offers a summary of many common reactions,
with the most common metal centres employed for those specific reactions. This table is not
intended to be all-encompassing.
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Table 2: Summary of the reaction types catalyzed by salen complexes.® Many of these reactions
can be made enantioselective using chiral ligands.
Metal Reaction
Mn | Alkene epoxidation®
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Metal Reaction
Ru | Cyclopropanation®®
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* Et
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Some of the most highly utilized salen complexes are those containing Mn(lll) centres.
Manganese-containing salen complexes have been extensively studied for their use as catalysts in
the epoxidation of alkenes, in a process known as the Jacobsen-Katsuki epoxidation.!*® Reports
were first published in 1990 by Jacobsen and Katsuki regarding the effectiveness of manganese-
based salens in asymmetric epoxidation reactions.®*101:116-121 jacobsen continued to publish work
in which the effects of various chiral diamines and modified aldehydes were investigated.
Ultimately, N,N'-bis(3,5-di-t-butylsalicylidene)-1,2-cyclohexanediaminomanganese(l1l) chloride
(40), also known as Jacobsen’s catalyst (Scheme 17), was identified as one of the most promising
manganese-based salen complex for the asymmetric epoxidation of a library of alkenes.%3101.116-121
This catalyst is known for its ability to enantioselectively transform prochiral alkenes into
epoxides. Furthermore, Jacobsen was able to demonstrate that a number of unfunctionalized
alkenes could be epoxidized by this catalyst. This was a significant breakthrough in the field of
asymmetric catalysis at the time. Prior to Jacobsen’s research, the epoxidation of alkenes required
specific directing groups to be present on substrate molecules.!?>126 The simple preparation of the
ligand and subsequent transition metal complex has allowed Jacobsen’s catalyst to become
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commercially available and widely used for synthetic preparations. For example, it is used in the
synthesis of the anti-cancer drug Taxol.*°

Scheme 17: Molecular structure of Jacobsen’s catalyst (40).

The commercial production of enantiomerically pure products has grown considerably in
recent years.?"128 Asymmetric catalysis is one of the most attractive means to generate a single
enantiomer; however, the use of asymmetric catalysts in commercial production has not matched
the demand for products.®® One reason for this is that homogeneous catalysts often require
expensive separation techniques in order to remove them from the reaction mixture.*® One field
that shows great potential for solving this problem and furthering the industrial application of these
materials is the heterogenization of enantioselective metal complexes.®® One of the simplest
methods for the heterogenization of catalysts is to support the active catalysts by binding them
onto or into an insoluble support. Salen-functionalized polymers, inorganic solids, and porous
solids have been reported in attempts to bridge this divide and heterogenize these complexes.!?
The fabrication of thin films from amorphous molecular materials as support systems may provide
several advantages over other support strategies due to their discrete structure, consistency, and
ease of processability. The use of small-molecules to form catalytically active thin film surfaces
presents a novel strategy that may address some of the shortcomings of homogeneous catalysts
and several other heterogenization techniques alike. The mexylaminotriazine unit developed by
our group has been shown to readily form glasses and permit the formation of thin films.1-14
Furthermore, mexylaminotriazines present a method of introducing glass-forming properties to
other molecules.®384758 |n the following sections, we report the synthesis of salicylaldehyde
diimine derivatives functionalized with mexylaminotriazine glass-forming substituents as well as
the preparation of their respective glass-forming complexes. The salen ligand is an ideal ligand for
the study and synthesis of glass-forming ligands due to their propensity to form stable metal
complexes and permit a high degree of tailorability. The characterization and determination of
glass-forming abilities of the synthesized ligands and corresponding complexes will also be
outlined in the following sections.
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4.2. Results and Discussion

4.2.1. Synthesis and Characterization of Ligands

The synthetic routes used to generate salen ligands functionalized with mexylaminotriazines
described in the following sections were previously established by Dr. Mahboubeh Jokar during
her time with the research group. The glass-forming ligands were synthesized in several steps,
beginning with the synthesis of a mexylaminotriazine-functionalized salicylaldehyde.
Salicylaldehyde-functionalized glass 45 was synthesized according to Scheme 18. The ethylene
acetal of 4-aminosalicylaldehyde 42 was first prepared by the reduction of nitro derivative 41 with
polymethylhydrosiloxane (PMHS) and Pd(OAc).. As derivative 42 can readily self-condense to
yield a polyimine, attempts to react it directly with 2-methylamino-4-mexylamino-6-chloro-1,3,5-
triazine failed. Instead, the intermediate was immediately reacted with 2-mexyl-4,6-dichloro-
1,3,5-triazine 43 at ambient temperature in a one-pot procedure in which the acetal was hydrolyzed
during purification to give the 6-chlorotriazine intermediate 44 in 91% yield. Substitution of the
last chloride with aqueous methylamine yielded salicylaldehyde-functionalized glass 45 in 79%
yield (Scheme 18).

NO, NH,
PMHS (4 equiv.)
KF (2 equiv.)
Pd(OAc), (5 mol%)
H THF, r.t., 45 min H
41 42
Cl
K,CO,3, Acetone, r.t., 4 h leN
Yield =91%
43

\
“NH Cl

N)§N aqg. MeN H2 N)\N
M (excess)
H H <

THF, A, 18 h
/@\ Yield = 79%
CHO
H

45

Scheme 18: Synthesis of mexylaminotriazine functionalized salicylaldehyde 45.

Salicylaldehyde 45 could be directly condensed with ethylenediamine or (1R,2R)-1,2-
diaminocyclohexane to yield symmetrical salen ligands 46a and 46b, respectively, in 94-95%
yields (Scheme 19). However, attempts to condense compound 45 with 1,2-phenylenediamine
failed to give the desired symmetrical phenylene based salen, compound 46c¢. Instead, an
unidentified side product, which is currently under closer investigation, was isolated (Scheme 19).
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One possible parasitic reaction would be a cyclization followed by an intramolecular hydrogen
transfer to yield a benzimidazole derivative 47, as supported by the observation of a benzylic CH,
peak in the *H NMR spectrum. Similar condensations have been previously reported in the
literature, especially upon condensation of 1,2-phenylenediamine with salicylaldehydes bearing
electron-donating groups. 10131

Yield = 94%

R R= —NH
™ .
2 > R

45

R
H, j NH,
2
CHO EtOH, A
H )
Yield = 95%
45
R
Hy j NH,
2
CHO EtOH, A
H
45 47 46¢

Scheme 19: Synthesis of symmetrical salen ligands 46a and 46b. The attempted condensation of
1,2-phenylenediamine with compound 45 to afford the proposed compound 47 is also shown,
with the desired ligand 46¢ shown at the side for reference.

Although the synthesis and purification of ligands 46a-b are simple and straightforward, the
presence of two mexylaminotriazine units results in low solubility, except in polar aprotic solvents
such as THF, DMF, and DMSO. Additional mexylaminotriazine substituents also cause an
undesirable increase in molecular weight with redundant and superfluous chains. As it has already
been shown that only one mexylaminotriazine unit is required for glass formation, even in
polyfunctional compounds,®!* asymmetrically substituted ligands 48a-c, which contain one
mexylaminotriazine-functionalized salicylaldehyde and one unfunctionalized salicylaldehyde
unit, were synthesized (Scheme 20). While ethylene-bridged ligand 48a could be synthesized
directly in 93% yield from the three components in a one-pot procedure, ligands 48b and 48c were
produced in two steps. The respective monoimines were prepared from their respective diamines
and salicylaldehyde, followed by the condensation of this intermediate with compound 45 to yield
the desired products in 95% and 82% yields, respectively. Asymmetric ligands 48a-c demonstrate
solubility in a wide range of solvents ranging from toluene to methanol.
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Scheme 20: Synthesis of asymmetric salen-glass ligands 48a-c.

The highly effective and versatile Jacobsen's ligand possesses t-butyl groups on the
salicylaldehyde moieties to increase the solubility of the respective complexes in non-polar
solvents.'® While other groups may be added to achieve increased solubility in non-polar solvents,
incorporating ortho and para t-butyl groups also play a role in altering the steric properties of the
ligand, an important factor in the stereoselectivity of complexes prepared from the Jacobsen
ligand.®>!6 An attempt was made to synthesize an asymmetric glass-forming salen ligand
incorporating t-butyl groups on the salicylaldehyde. This was sought to achieve similar properties
to those observed in the Jacobsen’s ligand.®'® However, attempts to condense compound 45 with
3,5-di-t-butyl-salicyaldehyde failed to give the desired di-t-butyl-monotriazine compound 49.
Instead, a mixture of two symmetrical ligands was achieved, resulting from the double
condensation of compound 45 with ethylenediamine, and 3,5-di-t-butyl-salicylaldehyde with
ethylenediamine to form compounds 46a and 50, respectively (Scheme 21). This is likely due to
the increased steric bulk of the t-butyl groups on this particular salicylaldehyde derivative, which
led to a slower condensation reaction. It is proposed that the double substitution of compound 45
occurred first due to the lower steric hindrance until the reagent was expended, giving compound
46a. The remaining ethylenediamine likely then reacted with the 3,5-di-t-butyl-salicylaldehyde to
form compound 50. The initial lack of success using the described one-pot procedure led to several
attempts using variations in the reaction conditions. As well, a multi-step route similar to the
procedure employed for the synthesis of compounds 48b and 48c was attempted in which the
respective monoimines were first produced. Unfortunately, all attempts to synthesize compound
49 resulted in the production of a mixture of compounds 46a and 50. While several attempts did
afford trace amounts of the desired product, it was determined that isolation would be far too
difficult and time-consuming.
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Scheme 21: Attempted synthesis of a t-butyl monotriazine ligand to afford products 46a and 50.
The desired compound ligand 49 is shown below the reaction scheme for reference.

While the synthesis of a glass-forming salen derivative incorporating t-butyl substituents
was pursued for increased solubility and steric bulk, there are many other methods to introduce
these properties to the corresponding ligand structures. For example, functionalization with linear
alkyl groups, such as hexyl groups, could potentially improve the solubility of the ligands. This
alternative could strike a balance, offering improved solubility while avoiding the introduction of
too much steric hindrance, which prevents the synthesis of the compound altogether. The ability
to synthesize relatively large amounts of product and purify these products easily is important for
many future applications. This ligand could be revisited in later experiments; however, reasons
such as time, current availability of precursors, aim of the project, and the possibility that other
ligands may achieve the same results whilst being easier to purify led to the abandonment of the
synthesis of the di-t-butyl-monotriazine, compound 49. Attempts to improve the solubility of these
ligands will be explored further in future studies.

Precursor 45 and ligands 46a, 46b, and 48a-c all readily formed glasses upon evaporation
from solution or by cooling from the melt. DSC was used to measure their respective glass
transition temperatures (Tg). In all cases, the respective compounds showed a glass transition, and
no crystallization was observed upon heating, demonstrating the ability of salen derivatives 46a-b
and 48a-c to form stable, long-lived glasses. The salicylaldehyde glass 45 shows a T4 of 81 °C,
which is similar to analogous mexylaminotriazine compounds.* While monofunctionalized
ligands 48a-c show similar T, values ranging from 69 °C to 99 °C, the larger
bis(mexylaminotriazine) ligands 46a and 46b show higher T4 values of 125 °C and 131 °C, which
follows previously observed trends in the glass-forming properties of mexylaminotriazines.!* T,
values for compounds 45, 46a-b, and 48a-c are listed Table 3.
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Table 3: Glass transition temperatures (T4) of compounds 45, 46a-b, and 48a-c.

Compound T4 (°C)
45 81
46a 125
46b 131
48a 78
48b 99
48c 69

4.2.2. Coordination with First-Row Transition Metals and Characterization

Following established procedures for the preparation of non-glassy salen complexes, ligand
48a was reacted with various first-row transition metals including Mn(l1), Fe(l11), Co(ll), Ni(ll),
and Cu(ll) to yield the corresponding complexes (Scheme 22). The preparation of the Mn(lll)
complex, 48asMn(l11), was performed from Mn(OAc).+2H,O (2.5 equiv.) and ligand 48a by
refluxing for 3 h in THF/EtOH while bubbling air through the mixture to oxidize the product. An
excess of LiCl was added and the crude product was refluxed for an additional hour in order to
facilitate a ligand exchange to afford the desired product with an axial chloro ligand. The product
was purified by precipitation from H,O, filtered, and washed with H.O to give a brown-coloured
Mn(I1I) chloride complex, in 61% yield. The preparation of this complex closely follows the
preparation of non-glass forming Mn(Ill) salen complexes.’® Matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry of the compound was found to have an actual
mass of 563.1696 g/mol, a value that compares to a calculated molecular mass, 563.1710 g/mol,
for a complex with no chlorine axial ligands. The axial chlorine ligand was removed in the MALDI
matrix in order to produce the charged ions needed for analysis and as such is not included in the
measured mass; the expected mass has been adjusted to reflect this. The magnetic susceptibility
measurements were performed from which a pess 0f 2.71 BM was calculated. This value is a little
lower than expected for Mn(I11) complexes with two unpaired electrons.®? Alternatively, one
explanation could be that the complex was not completely oxidized to Mn(lll); however, the
observed per is far too high for a Mn(Il) complex with one unpaired electron. As such, it is most
likely that the product is a Mn(I11) complex with a d* configuration and two unpaired electrons.
This information permits either a low spin octahedral or a square pyramidal geometry. A
comparative search via the Cambridge Crystallographic Data Centre (CCDC) found that a square
pyramidal geometry was most frequently reported among non-glass forming analogues.'*
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Scheme 22: Preparation of Mn(l11), Fe(l11), Co(ll), Ni(ll), and Cu(ll) coordination complexes
from ligand 48a. The preparation of the Co(ll) complex, 48a+Co(ll) was carried out in the
presence of an inert N, atmosphere.

The Fe(lll) complex, 48asFe(lll), which contains an additional chloride ligand, was
synthesized in 76% vyield from FeCl3*6H.0 (1.1 equiv.), in EtOH and ligand 48a in THF. The
solutions were added together and triethylamine (2.3 equiv.) was added to deprotonate the ligand.
The resulting mixture was then refluxed for 30 minutes. The purified complex was obtained by
precipitation from H,O followed by filtration and washing with H,O to yield the respective dark-
brown-coloured complex in 76% yield (Scheme 22). The preparation of this complex followed
methods described in the literature.*** MALDI mass spectrometry of the compound found a mass
of 564.1690 g/mol, which corresponds to the calculated molecular mass of the complex without
the axial chloride ligand. Similar to the Mn(lI11) complex, the axial chloride ligand is lost during
mass spectrometry analysis and the expected mass has been adjusted to reflect this. Magnetic
susceptibility of 48a<Fe(lll) was used to determine a pesr Of 3.6 BM. This value is high for the
reported magnetic moments of Fe(l11) complexes with one unpaired electron.®? This value is also
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too low compared to reported values for other Fe(l11) complexes. One proposed explanation could
be the dimerization of the prepared complex and magnetic coupling between the Fe(l11) centers.
Fe(l11) salen dimers have been reported with bridging occurring between the chloride ions, oxo
ligands, and the phenoxide of the two salicylaldehyde moieties.®*!*1%® One such example, a p-
oxo-[Fe(ll1)salen)] species, was actually shown to be useful as a catalyst for the cyclopropanation
of olefins by Nyugen et al.** Additionally, the dimerization of Fe(ll1) salens has been reported in
the literature as a side-product during the preparation of Fe(lIl)(salen)Cl complexes.®® One
particular phenoxide-bridged Fe(l11) salen derivative was shown to demonstrate antiferromagnetic
behaviour.®*® At room temperature, this complex exhibited a magnetic moment of 4.52 BM, which
fell to 2.37 BM at lower temperatures. As such, if the Fe(l11) glass-forming salen prepared for this
report was also a dimeric species, it could exhibit ferromagnetic or anti-ferromagnetic coupling,
producing the unexpected pesr Value observed. At the current time, no further conclusions can be
made to explain the observed behaviour in magnetic properties of this complex and more detailed
variable temperature magnetic studies are required. A search using the CCDC show that a square
pyramidal geometry with a CI- axial ligand is the most commonly reported geometry for Fe(ll1)
salen complexes.t®

The Co(Il), Ni(lIl), and Cu(ll) complexes of ligand 48a were synthesized in 66-84% yields
by refluxing a mixture of ligand 48a and the corresponding metal acetates (2 equiv.) in THF/EtOH
(Scheme 22). For the Co(ll) complex, the reaction was run under an inert atmosphere to prevent
oxidation. In all cases, the complexes could be conveniently purified by precipitation with water
followed by filtration to remove excess metal salts. The preparation of the dark-brown Co(ll)
complex, 48a=Co(ll), followed procedures described in the literature.X*® The calculated molecular
mass, 568.1740 g/mol, corresponds to the molecular mass of 568.1749 g/mol as analyzed by
MALDI mass spectrometry. Magnetic susceptibility measurements indicate a e Of 2.04 BM. This
measurement corresponds to a single unpaired electron for this complex for a d” configuration.
This opens many options for geometries; such as low spin octahedral, square pyramidal, or square
planar. According to the CCDC, the most frequently reported geometry for analogous complexes
is the square planar geometry.14!

The orange-brown coloured Ni(ll) complex was prepared from Ni(OAc).+4H,0 and ligand
48a, following preparations outlined in the literature for non-glassy analogues (Scheme 22).242 The
expected molecular mass, 567.1761 g/mol, corresponds well with the one measured by MALDI
mass spectrometry, 567.1785 g/mol, further confirming the identity of this coordination complex.
Magnetic susceptibility calculations indicate that this complex is diamagnetic. Ni(Il) complexes
exhibit a d® configuration and as such, the complex would need to adopt a square planar geometry.
The square planar geometry is supported by the reported geometries of non-glass forming
analogues in the literature.}*

The olive green coloured Cu(ll) complex was prepared from ligand 48a and
Cu(OAcC)22xH,0 as starting materials, following methods outlined in the literature (Scheme 22).142
MALDI mass spectrometry of the compound found an actual mass of 572.1727 g/mol, a value that
compares well to the expected molecular mass, 572.1704 g/mol, of the desired complex. The
magnetic susceptibility calculations for the Cu(ll) complex indicate that this complex has only one
unpaired electron, as expected, for Cu(ll) complexes with a d° configuration. Based on a literature
search, most of the corresponding complexes are square pyramidal complexes with solvent or
water molecules coordinated to the metal center; however, some square planar geometries have
also been reported.#
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The Zn(I1) complexes of ligands 48a and 48b were not successfully prepared from the
corresponding zinc acetate reagent, as was the case for other complexes in this report. This is the
most frequently described method for the preparation of non-glassy analogues of these
complexes.#2 Attempts using this procedure resulted in an intractable mixture of products. Instead,
these complexes were prepared using a modified procedure found in the literature (Scheme 23).%°
Both 48a<Zn(11) and 48b<Zn(l1) were prepared by adding a solution of ZnCl,#2H,0 (1.1 equiv.)
in EtOH to a solution of ligand 48a or 48b, respectively. Triethylamine (2.3 equiv.) was added and
the mixture was refluxed for 30 minutes yielding the respective yellow coloured complexes in 66-
84% vyields. The orange coloured Zn(Il) complex of ligand 48c followed a similar procedure to
that used for the preparation of complexes from ligand 48a and metal acetates.’* A solution of
Zn(OAC)2+2H;0 (excess) in EtOH was added to a stirring solution of ligand in THF and was then
refluxed for 2 h. Interestingly, complexes 48b+Zn(11) and 48c-Zn(l1) showed the same solubility
as the ethylene-bridged derivative 48a<Zn(11) despite containing larger diamino substituents. In
addition, all three Zn complexes were analyzed by MALDI mass spectrometry and were found to
have molecular masses that match their expected values. Magnetic susceptibility confirmed the
expected diamagnetic behaviour. The most commonly reported geometries for Zn(Il) non-glass
forming zinc salen analogues are either distorted square planar or square pyramidal due to the
coordination of solvent or water molecules.'* Mass spectrometry supports the square planar
geometry, as the observed mass was consistent to the expected mass of the complexes.
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Scheme 23: Preparation of Zn(Il) complexes from ligands 48a, 48b, and 48c.

All prepared complexes of ligands 48a, 48b, and 48c were studied by TGA and DSC to
explore their thermal behaviour. Decomposition temperatures were measured by TGA and are
reported in Table 4. Typically, a mass loss ranging from 2% to 5% was observed around 140 °C,
and is the result of loss of residual water trapped in the samples. Most compounds are stable over
300 °C, except for the Co(ll) complex 48aeCo(l1), which decomposes at approximately 225 °C.
Like their parent ligands, all complexes studied are capable of forming glassy phases, with Ty
values ranging from 133 to 196 °C, as measured by DSC (Table 4), with standard deviations from
duplicate measurements less than 1 °C. Only the Co(ll) complex of ligand 48a did not show a glass
transition by DSC due to thermal degradation. In this case, the amorphous nature of the compound
was confirmed by XRD. No crystallization was observed in any other complex upon heating to
250 °C. It is to be noted that all T4 values reported herein were recorded after an initial heating-
cooling cycle in which the materials were melted and residual solvents were removed.
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Table 4: Decomposition temperatures and glass transition temperatures (Tg) for complexes
prepared from ligands 48a-c.

Compound Teec (°C) Ty (°C)
48aeMn(I11) 290 179
48aeFe(l11) 270 196
48aeCo(11) 225 -
48aeNi(11) 240 133
48aeCu(ll) 250 159
48aezn(I1) 250 146
48bezn(I1) 290 165
48cezn(11) 280 167

Tg values for the transition metal complexes were significantly higher than those of their
parent ligands, which is to be expected given the loss of degrees of liberty and limited molecular
mobility resulting from the presence of the metal atom. For Zn(Il) complexes, the T4 values for
the larger cyclohexyl and phenylene-bridged ligands, 48b and 48c, were similar to each other, and
higher than the value for the complex prepared from the ethylene-bridged complex 48a.
Surprisingly, variations in Ty were observed depending on the nature of the transition metal. The
Ni(ll) complex (133 °C), Zn(Il) complex (146 °C), and Cu(ll) complex (159 °C) of ligand 48a
showed respective differences in T4 of 13 °C. This observation highlights the metal centre as a
factor affecting glass-forming properties. The effect of the metal center on T4 will be investigated
in more detail in future studies. Thermograms for TGA and DSC of the metal complexes are
provided in appendices B.1 and C.1, respectively.

4.2.3. Optical Properties

The absorption maxima and extinction coefficients are reported in Table 5. The UV-Vis
absorption spectra show intense absorption in the ultraviolet region of the spectrum. Samples in
solution of the complexes show maximum absorption from A = 263-277 nm. Smaller secondary
peaks are observed for the Ni(Il) complex, 48aeNi(ll), at A = 305 nm, and for the phenylene-
bridged Zn(l1l) complex, 48ceZn(I1), at A = 340 nm. No other secondary peaks are observed;
however, the Mn(l11), Fe(ll1), and Co(ll) complexes do exhibit what appears to be a trail off of
their absorptions extending to A = 390 nm, A = 440nm, and A = 350nm, respectively. No pattern
appears to exist in accordance with periodic trends and there is only small variations between the
complexes. To be noted, the three Zn(Il) complexes exhibit absorption maxima that are shifted
slightly to longer wavelengths than the other complexes. The absorption maxima for these three
complexes are consistent with each other despite variations in their ligand structures. The
phenylene-bridged Zn(I1) complex does exhibit a second smaller peak as highlighted earlier. This
is likely contributed by the aryl-bridge substituent. Of note, the three zinc complexes required
additional dilutions in order to obtain absorption spectra within an acceptable range. Unexpectedly,
no absorbance peaks were observed within the visible region of the spectra for any samples. It is
proposed that the visible metal-based transitions are too weak compared to the ligand-based
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transitions in the UV range. The aromatic rings in the ligand, which typically absorb in the UV
region, are quite numerous providing a potential explanation for these observations. The
preparation of more concentrated samples to be analyzed in the visible range only could be used
to visualize peaks in this range. The UV-Vis spectra of glass-forming complexes based on ligand
48a, 48b, and 48c were recorded in CH2ClI, solution. Absorption spectra of the complexes are

shown below in Figure 5.
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Figure 5: UV absorption spectra of complexes of ligands 48a, 48b, and 48c in CHClI; solution.
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Table 5: UV-Vis absorbance values of salen-functionalized molecular glass complexes 48a-c in
CHCl, solution.

Complex Amax iN solution ¢ (extinction

(nm) coefficient) in

solution (cm™)
48aeMn(l11) 265 24600
48aeFe(lll) 267 33600
48aeCo(ll) 265 31800
48aeNi(ll) 263 32400
48aeCu(ll) 273 23900
48aeZn(ll) 275 440000
48beZn(I11) 275 587000
48ceZn(l1) 277 727000

4.3. Experimental

4.3.1. Materials and Equipment

All reagents were purchased from Sigma-Aldrich, AK Scientific or Oakwood Chemicals
and were used without further purification. Reagent grade solvents were purchased from Caledon
Laboratories, and used without further purification. DMSO-ds (deuterated dimethyl sulfoxide) and
CDClI; (deuterated chloroform) were purchased from CDN isotopes. Unless otherwise stated,
reactions were performed under ambient atmospheric conditions. Thin film chromatography using
SiliCycle products was used to ensure that each reaction had occurred and continued to completion.

4.3.2. Physical Measurements

NMR spectra were recorded using a Bruker Avancé 400 MHz spectrometer at 298K unless
otherwise noted. Thermal analysis was obtained by TGA and DSC using a TA Instruments Q50
and Q20, respectively. Ambient temperature magnetic susceptibility measurements were made
using an MSB MK1 Magnetic Susceptibility Balance following procedures outlined by the
supplier.®? Infrared spectra were recorded using a Thermo Scientific Nicolet iS10 spectrometer.
Samples were prepared by forming thin films of the respective complexes from the evaporation of
CH.CIl; on KBr windows. UV-Vis spectra were obtained using a Hewlett Packard 8453
spectrometer. Samples were prepared by dissolving 1 mg of solute in the appropriate amount of
CH,CI; required to achieve an absorbance value below two.
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4.3.3. Synthesis

Synthesis of 2-mexylamino-4,6-chloro-1,3,5-triazine (43)

=

The synthesis of this intermediate compound follows procedures outlined in the
literature.>146 To a solution of cyanuric chloride (100 g, 542 mmol) dissolved in acetone (750 mL)
in a round-bottomed flask equipped with a magnetic stirrer, K.COj3 (74.9 g, 542 mmol) was added.
The flask was placed in an ice bath to keep the temperature in the flask under -10 °C. A solution
of 3,5-dimethylaniline (66.4 g, 531 mmol) in acetone (250 mL) was added dropwise while the
mixture stirred. The final mixture was allowed to stir for an additional 2 h while warming to room
temperature. The mixture was then poured into H,O (500 mL) and stirred for 20 minutes at room
temperature for precipitation to occur. The resulting precipitate was collected by filtration, the
crude product was washed with 0.5 M NaOH, H-0, and hexane. The product was allowed to dry
in air to afford the intermediate compound, 2-mexylamino-4,6-dichloro-1,3,5-triazine (43) (135 g,
502 mmol, 92% vyield).

Synthesis of 2-mexylamino-4-[(4-hydroxy-3-formylphenyl)amino]-6-chloro-1,3,5-
triazine (44)

CHO
H

The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. A round-bottom flask was charged with Pd(OAc). (11.0 mg,
50.0 pumol), 2-(1,4-dioxa-5-cyclopentyl)-4-nitrophenol (41) (211 mg, 1.00 mmol), and freshly
distilled THF (5 mL). The flask was sealed and purged with N». While purging the flask with N,
an aqueous KF solution (116 mg, 2.00 mmol, in 2 mL degassed H.0) was added via syringe. The
N> inlet was replaced with a balloon filled with N». Polymethylhydrosiloxane (PMHS) (240 ulL,
4.00 mmol) was slowly added dropwise via syringe. The reaction was stirred for 45 min or until
complete, as judged by TLC. At that time, the reaction flask was opened to the air, then a solution
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of 2-mexylamino-4,6-dichloro-1,3,5-triazine (43) (268 mg, 1.00 mmol) in acetone (5 mL) was
added dropwise to the mixture. K,CO3 (138 mg, 1.00 mmol) was then added, and the mixture was
stirred for 4h at ambient temperature. The catalyst was removed by filtration and the filtrate was
evaporated to dryness in vacuo. The residue was purified by adding CH>Cl, (20 mL) and aqueous
NaOH (1.0 M). The organic layer was further extracted with aqueous NaOH (1.0 M, 3 x 30 mL).
The basic agueous washings were recovered, combined, neutralized with concentrated HCI,
washed with H,O, and dried to yield compound 44 (330 mg, 0.910 mmol, 91%) that required no
further chromatographic purification. HRMS (ESI) calcd for C1gH16CINaNsO, (m/e): 392.0885,
found: 392.0894; FTIR (KBr, cm™): 3593, 3378, 3295, 3010, 2918, 2955, 2856, 1648, 1626, 1586,
1551, 1536, 1488, 1473, 1438, 1371, 1320, 1292, 1271, 1245, 1175, 1158, 1034, 986, 831, 793,
748, 670, 425; *H NMR (300 MHz, DMSO-dg, 298 K) & 10.61 (s, 1H), 10.19 (br s, 1.0 H), 10.14
(brs, 1 H), 10.09 (br s, 0.6 H), 10.07 (br s, 0.4 H), 7.82 (br m, 1H), 7.63(br s, 1 H), 7.33 (br s, 0.5
H), 7.18 (m, 1.5 H), 7.00 (d, J = 8.7 Hz, 1 H), 6.66 (s, 1 H), 2.19 (s, 6 H) ppm; *H NMR (400 MHz,
DMSO-ds, 363 K) 6 9.44 (br s, 1 H), 7.57 (brs, 1 H), 7.35 (s, 2 H), 6.68 (s, 1 H), 2.86 (s, 3 H),
2.25 (s, 6 H) ppm; C NMR (75 MHz, DMSO-ds) & 191.2, 168.4, 164.7, 164.1, 158.0, 138.7,
138.1, 131.5,130.6, 125.4, 125.3, 122.5, 118.7, 21.6 ppm; Spectral data and characterization match
those described in the literature.

Synthesis of 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-formylphenyl)amino]-
1,3,5-triazine (45)

HN™

NS

|
HMH
- i ~ CHO
H

The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. The precursor, 2-mexylamino-4-methylamino-6-[(4-hydroxy-
3-formylphenyl)amino]-1,3,5-triazine 5 was synthesized as follows. To a round-bottomed flask
equipped with a magnetic stirrer and a water-jacketed condenser were added 2-mexylamino-4-[(4-
hydroxy-3-formylphenyl)amino)-6-chloro-1,3,5-triazine 44 (6.03 g, 22.9 mmol) and a solution of
aqueous methylamine (40 wt% aqueous, 2.20 mL, 27.4 mmol) in THF (125 mL), then the mixture
was refluxed for 18 h. CH,Cl, and aqueous HCI (1.0 M) were added, and both layers were
separated. The organic layer was extracted with H.O and aqueous NaHCOs, dried over Na,SOs,
filtered, and the volatiles were thoroughly evaporated under vacuum to yield 6.59 g of compound
45 in acceptable purity (18.1 mmol, 79%). HRMS (ESI) calcd for C19H21NsO- (m/e): 365.1721,
found: 365.1732; FTIR (KBr, cm™): 3379, 3274, 3227, 3098, 2950, 2920, 2854, 1661, 1636, 1582,
1561, 1517, 1483, 1429, 1397, 1322, 1272, 1184, 1040, 959, 884, 837, 771, 687, 649 cm™; 'H
NMR (300 MHz, DMSO-ds, 298 K): 5 10.38 (s, 1 H), 10.19 (br s, 1 H), 9.10 (br s, 0.5 H), 8.92 (br
s, 1 H), 8.90 (br s, 0.5 H), 7.90 (br m, 2 H), 7.33 (br m, 2 H), 6.91 (d, J= 8.7 Hz, 1 H), 6.85 (br s,
1 H), 6.55 (s, 1 H), 2.85 (d, 3 H), 2.18 (s, 6 H) ppm; *H NMR (400 MHz, DMSO-ds, 363 K): &
9.97 (s, 1 H), 8.98 (br s, 1 H), 8.52 (br s, 1 H), 8.32 (s, 1 H), 8.11 (d, 1 H), 7.49 (m, 2 H), 7.37 (s,
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2 H), 6.65 (brs, 1 H), 6.63 (s, 1 H), 2.90 (d, 3 H), 2.25 (s, 6 H) ppm; *C NMR (75 MHz, DMSO-
de): 6 192.1, 166.4, 164.6, 164.4, 164.2, 156.5, 140.6, 137.5, 132.9, 130.6, 123.5, 122.1, 121.2,
118.1, 117.5,108.9, 27.7, 21.7, 21.6 ppm; T4 =81 °C.

Synthesis of ligand 46a

H O OH HO O NH
/ Z ;

H
The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. 2-Mexylamino-4-methylamino-6-[(4-hydroxy-3-
formylphenyl)amino]-1,3,5-triazine 45 (730 mg, 2.00 mmol) was added in a round-bottomed flask
which containing 10 mL ethanol. To the reaction mixture, an ethanolic solution (10 mL) of 1,2-
ethylenediamine (67.0 pL, 60.0 mg, 1.00 mmol) was added and the mixture was stirred at 80 °C
for 2 h. Then, the reaction mixture was filtered and the residue was washed with ethanol and
precipitated from hexane/ethyl acetate to give 710 mg (0.940 mmol, 94% yield) of ligand 46a as
a yellow solid. HRMS (ESI) calcd for C4oHasN14O2 (m/e): 753.3844, found: 753.3867; FTIR (KBr,
cmt): 3397, 3275, 3166, 3012, 2943, 2916, 2863, 1882, 1635, 1579, 1515, 1429, 1395, 1273, 1174,
1129, 1082, 1036, 974, 882, 836, 808, 685, 649; *H NMR (300 MHz, DMSO-ds, 298 K): & 12.94
(brs, 2 H), 9.00 (brs, 1 H), 891 (brs, 1 H), 883 (brs, 1H),8.75 (brs, 1 H),8.48(s, 2 H), 7.85
(brs, 2 H), 7.55 (br m, 2H), 7.24-7.43 (m, 4 H), 6.70-6.90 ( m, 4 H), 6.54 (s, 2 H), 3.91 (s, 4 H),
2.81 (s, 6 H), 2.18 (s, 12 H) ppm; *H NMR (400 MHz, DMSO-ds, 363 K): § 9.97 (s, 1 H), 8.98 (br
s, 1H), 852 (brs, 1 H), 8.32 (s, 1 H), 8.11 (d, 1 H), 7.49 (m, 2 H), 7.37 (s, 2 H), 6.65 (br s, 1 H),
6.63 (s, 1 H), 2.90 (d, 3 H), 2.25 (s, 6 H) ppm; **C NMR (75 MHz, DMSO-dg): § 172.1, 171.3,

169.4, 160.8, 145.4, 142.3, 136.8, 128.3, 123.1, 122.8, 121.3, 64.3, 32.5, 26.4 ppm; T4 = 125 °C.

e p—or Ho—{ Hnn
H i
/
Sagame
The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. To an ethanolic solution (10 mL) of (1R, 2R)-(-)-
diaminocyclohexane (220 mg, 2.00 mmol) in a round-bottomed flask equipped with a magnetic

stirrer was added dropwise a solution of 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-
formylphenyl)amino-1,3,5-triazine (45) (1.46 g, 4.00 mmol) in 10 mL of dry ethanol at ambient

Synthesis of ligand 46b
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temperature. The mixture was gradually heated to 80 °C and maintained for 3 hours at this
temperature. The solvent was then evaporated under vacuum to afford a residue, which was
precipitated from hexane/ethyl acetate to give 1.53 g (1.90 mmol, 95%) of the R,R enantiomer of
ligand 46b as a yellow solid. HRMS (ESI) calcd for CasHsoNaN14O2 (m/e): 829.4133, found:
829.4160; FTIR (KBr, cm™): 3733, 3709, 3646, 3564, 3400, 3283, 2926, 2856, 1632, 1579, 1518,
1491, 1430, 1396, 1273, 1184, 1143, 1093, 1039, 879, 837, 808, 783, 687, 651; *H NMR (300
MHz, DMSO-ds, 298 K): 6 12.90 (br s, 2 H), 8.94 (br s, 1 H), 8.88 (br s, 1 H), 8.76 (br s, 1 H),
8.72 (br s, 1 H), 8.45 (br s, 2H), 7.80 (br m, 2 H), 733-6.82 (m, 6 H), 6.83-6.76 (m, 2 H), 6.69 (d,
2 H), 6.52 (s, 2 H), 3.31-3.6 (m, 2 H), 2.79 (s, 6 H), 2.18 (s, 12 H), 1.21-1.85 (m, 8 H) ppm; H
NMR (400 MHz, DMSO-dg, 363 K): 6 9.97 (s, 1 H), 8.98 (br s, 1 H), 8.52 (br s, 1 H), 8.32 (s, 1
H), 8.11 (d, 1 H), 7.49 (m, 2 H), 7.37 (s, 2 H), 6.65 (br s, 1 H), 6.63 (s, 1 H), 2.90 (d, 3 H), 2.25 (s,
6 H) ppm; C NMR (75 MHz, DMSO-d¢): & 166.5, 165.5, 164.6, 156.2, 155.9, 141.1, 140.6,
139.6, 137.5, 137.4, 132.1, 123.6, 118.5, 118.3, 118.1, 117.6, 116.4, 72.1, 33.8, 33.4, 33.1, 30.9,
27.7,25.0, 24.9, 24.6, 24.2, 21.6 ppm; Ty = 131 °C.

Attempted Synthesis of compound 46¢ to form compound 47

A solution of 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-formylphenyl)amino 1,3,5-
triazine 45 (728 mg, 2.00 mmol) and o-phenylenediamine (104 mg, 1.00 mmol) in dry ethanol (10
mL) was refluxed for 3 h. The solvent was evaporated under vacuum to afford a residue, which
was recrystallized from hexane/ ethyl acetate to give 382 mg of product as a red solid. The afforded
product was determined to likely be a side product, compound 47 rather than the desired compound
46¢. HRMS (EI) calcd for CasH24NsO (m/e): 425.5149, found 425.5241; FTIR (KBr, cm™): 3400,
3275, 2954, 2930, 1614, 1557, 1517, 1493, 1429, 1397, 1319, 1273, 1183, 1159, 1142, 1116, 1104,
975, 883, 839, 746, 686, 649; 'H NMR (300 MHz, DMSO-ds, 298 K): § 12.9 (br s, 0.2 H), 12.58
(brs, 0.4 H), 12.39 (brs, 0.4 H), 8.7-9.1 (m b, 3 H), 8.10 ( br s, 1 H), 7.68 (br m, 1 H), 7.33-7.58
(m, 3 H), 6.61-7.08 (m, 4 H), 6.52 (s, 1 H), 5.04 (s, 1 H), 2.82 (s, 3 H), 2.18 (s, 6 H). '"H NMR
(400 MHz, DMSO-ds, 363 K): 8 9.97 (s, 1 H), 8.98 (br s, 1H), 8.52 (br s, 1H), 8.32 (s, 1H), 8,11
(d, 1H), 7.49 (m, 2H), 7.37 (s, 2H), 6.65 (br s, 1H), 6.63 (s, 1H), 2.90 (d, 3H), 2.25 (s, 6H) ppm;
13C NMR (75 MHZ, DMSO-de): & 166.7, 164.7, 164.4, 152.1, 143.1, 142.8, 141.1, 140.7, 140.6,
137.5, 134.7, 1325, 128.2, 123.6, 119.7, 119.1, 118.7, 118.2, 117.6, 117.1, 115.7, 112.5, 27.7,
21.6 ppm.
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Synthesis of Ligand 48a
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The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. To a solution of 2-mexylamino-4-methylamino-6-[(4-hydroxy-
3-formylphenyl)amino]-1,3,5-triazine 45 (730 mg, 2.00 mmol) and salicylaldehyde (210 uL, 244
mg, 2.00 mmol) in 20 mL absolute ethanol was added dropwise a solution of ethylenediamine (130
uL, 120 mg, 2.00 mmol) in 10 mL absolute ethanol. The solution mixture was refluxed for 2 h,
filtered while hot, excess solvent was removed in vacuo to afford a residue. The residue was
precipitated from hexane/ethyl acetate to give 950 mg of a yellow solid ligand 48a (1.86 mmol,
93%). HRMS (ESI) calcd for C2sH31NsO2 (m/e): 511.2564, found: 511.2572; FTIR (KBr, cm™):
3410, 2924, 1632, 1581, 1517, 1492, 1397, 1300, 1275, 1185, 1151, 1128, 1050, 977, 877, 839,
808, 779, 756, 736, 686, 687, 647; 'H NMR (300 MHz, DMSO-ds, 298 K): § 13.34 (b s, 1 H),
12.90 (br s, 1 H), 8.99 (br s, 0.5 H), 8.90 (br s, 0.5 H), 8.82 (br s, 0.5 H), 8.75 (br s, 0.5 H), 8.55-
8.57 (m, 1 H), 8.47 (brs, 1 H), 7.83 (br s, 1 H), 7.55-7.58 (m, 1 H), 7.26-7.42 (m, 4 H), 6.76-6.88(
m, 4 H), 6.54 (s, 1 H), 3.90 (s, 4 H), 2.81 (s, 3 H), 2.16 (s, 6 H) ppm; *H NMR (400 MHz, DMSO-
ds, 363 K): 6 9.97 (s, 1 H), 8.98 (br s, 1 H), 8.52 (br s, 1 H), 8.32 (s, 1 H), 8.11 (d, 1 H), 7.49 (m,
2 H), 7.37 (s, 2 H), 6.65 (br s, 1 H), 6.63 (s, 1 H), 2.90 (d, 3 H), 2.25 (s, 6 H) ppm; *C NMR (75
MHz, DMSO-dg): 6 167.4, 167.3, 167.3, 166.5, 164.6, 161.0, 161.0, 156.1, 140.6, 137.5, 132.8,
132.1, 123.6, 119.0, 118.3, 118.1, 116.9, 116.5, 59.3, 59.2, 27.7, 21.6 ppm; T4 =78 °C.
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Preparation of 48asMn(l11)
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The preparation of this metal complex was performed by adding Mn(OAc),e2H.0 (2.5
equiv., 296 mg, 1.71 mmol) to a solution of ligand 48a (1.0 equiv., 350 mg, 0.685 mmol) in 5 mL
of THF and 5 mL ethanol. The resulting brown-coloured mixture was refluxed for two hours with
an air bubbler. LiCl (3 equiv., 87.0 mg, 2.06 mmol) was added to the mixture and the mixture
refluxed for another three hours. The mixture was poured into water to form a precipitate. The
precipitate was collected by filtration, washed with H.O, and allowed to dry to afford 240 mg of a
brown complex 48aeMn(lll) (0.425 mmol, 62% yield). HRMS (MALDI) calcd for
C2sH2sMnNgO, (m/e): 563.1710, found: 563.1696; FTIR (KBr, cm™) 3384, 2951, 2887, 1767,
1723, 1654, 1619, 1536, 1514, 1461, 1443, 1424, 1378, 1339, 1289, 1239, 1178, 1116, 1057, 1036,
991, 929, 920, 868, 802 cm™; *H NMR and *C NMR data are not provided as the spectra were
intractable as a result of the paramagnetic properties of this complex;. et = 2.71; Tq = 176 °C.
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Preparation of 48asFe(l11)
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A solution of FeCl;*6H,0 (204 mg, 0.754 mmol) in anhydrous EtOH (5 mL) was added to
a solution of ligand 48a (350 mg, 0.685 mmol) in THF (5 mL) in a round-bottomed flask equipped
with a magnetic stirrer and a water-jacketed condenser. Triethylamine (220 uL, 159 mg, 1.58
mmol) was added, then the brown-coloured mixture was refluxed for 30 min. The mixture was
then poured into H20O, the resulting precipitate was collected by filtration, washed abundantly with
H.0, and allowed to completely dry under air to give 310 mg of a dark-brown coloured complex,
48asFe(l11). (0.520 mmol, 76%). HRMS (MALDI) calcd for CasH2sFeNsO, (m/e): 564.1679,
found: 564.1690; FTIR (KBr, cm™): 3390, 2953, 2888, 1766, 1722, 1625, 1536, 1512, 1461, 1444,
1422, 1377, 1340, 1292, 1239, 1179, 1116, 1058, 1036, 990, 929, 920, 870, 801, 759 cm*; 'H
NMR (400 MHz, DMSO-ds, 363 K): 6 9.08 (br d, 2H), 7.55-6.90 (br m, 13 H), 3.3-2.27 (br m, 38

H); ppm; C NMR (75 MHz, DMSO-ds): 5 167.6, 164.9, 163.0, 162.6, 155.3, 139.5, 136.4, 130.4,
122.5, 116.9, 26.7, 20.7 ppm; perr = 3.59; Ty = 196 °C.
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Preparation of 48asCo(ll)
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A solution of Co(OAC)2+4H,0 (498 mg, 2.00 mmol) in anhydrous EtOH (5 mL) was added
to a solution of ligand 48a (509 mg, 1.00 mmol) in THF (10 mL) in a round-bottomed flask
equipped with a magnetic stirrer and a water-jacketed condenser. The mixture was degassed by
sparging with N, for 10 min, then the brown-coloured mixture was refluxed for 18 h under N
atmosphere. After cooling to ambient temperature, the mixture was poured into H,O, then the
precipitate was collected by filtration, briefly washed with H-O, and allowed to dry under air to
yield 370 mg of the dark-brown coloured complex, 48a+<Co(ll) (0.660 mmol, 66%). HRMS
(MALDI) calcd for CsH29CoNsO, (m/e): 568.1740, found: 568.1749; FTIR (KBr, cm™): 3392,
2952, 2888, 1769, 1769, 1723, 1623, 1513, 1460, 1443, 1422, 1376, 1340, 1281, 1262, 1239, 1177,
1116, 1058, 1036, 991, 929, 920, 869, 801, 759 cm™’; *H NMR (400 MHz, DMSO-ds, 363 K): &
9.08 (br d, 2H), 7.64 (br m, 6H), 6.73 (br m, 3H), 3.71 (br s, 8.5), 3.02 (br s, 3H), 2.36 (br s, 7H)
ppm; BC NMR (75 MHz, DMSO-ds): § 167.4, 166.1, 164.1, 160.4, 140.2, 137.1, 134.2, 129.4,
125.1, 123.0, 122.6, 117.5, 117.2, 114.9, 57.7, 27.2, 21.2 ppm; et = 2.04; Tgec = 170 °C.

Complexes containing Ni(ll) and Cu(ll) metal centres were synthesized according to the
same procedure as analogue cobalt complex, 48a<Co(ll) from their respective acetates
(Ni(OAC)2#4H20, Cu(OAcC)2exH20) except that the reactions were run under an ambient
atmosphere:
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Preparation of 48asNi(ll)
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Colour: Orange-brown; Yield: 78%; HRMS (MALDI) calcd for CusH29NgNiO, (m/e):
567.1761, found: 567.1785; FTIR (KBr, cm™): 3375, 2952, 2886, 1765, 1667, 1620, 1535, 1511,
1460, 1424, 1378, 1337, 1311, 1278, 1239, 1179, 1116, 1044, 991, 921, 869, 849, 802, 780, 762
cm?; *H NMR (400 MHz, DMSO-ds, 363 K): & 8.38 (s, 1H), 8.32 (s, 1H), 7.80 - 7.79 (m, 1H),
7.72-7.71 (m, 1H), 7.55 (s, 1H), 7.45-7.43 (m, 1H), 7.36 (s, 2H), 7.23-7.21 (m, 1H), 7.16 (t, 1H),
6.73-6.71 (m, 1H), 6.69 — 6.66 (m, 1H), 6.59 (s, 1H), 6.49 (m, 1H), 6.44 (m, 1H), 3.42 (s, 3H),
2.87 — 2.86 (m, 3H), 2.24 (s, 6H) ppm; *C NMR (75 MHz, DMSO-d¢): & 166.0, 164.1, 163.8,
162.4, 162.2, 160.4, 140.2, 139.1, 137.0, 133.4, 132.7, 129.2, 127.3, 124.8, 122.9, 120.2, 119.6,
119.1, 117.5,114.2,57.9, 27.2, 21.1 ppm; T4 = 133. °C.

Preparation of 48asCu(ll)

ccy

Colour: Olive-green; yield: 84%; HRMS (MALDI) calcd for CaisH2CuNgO, (m/e):
572.1704, found: 572.1727; FTIR (KBr, cm™): 3379, 2949, 2886, 1770, 1722, 1631, 1602, 1521,
1460, 1425, 1379, 1339, 1301, 1239, 1176, 1116, 1057, 1036, 991, 929, 920, 861, 801, 762 cm™;



'H NMR (400 MHz, DMSO-ds, 363 K): & 8.29 (br s, 1H), 8.04 (br m, 0.5H), 7.29 (br s, 1H), 6.60
(br s. 1H), 6.35 (br m, 1H), 3.62 (br s, 2H), 2.80 (br s, 3H), 2.26 (br s, 6H) ppm; *C NMR (75
MHz, DMSO-dg): 6 165.9, 163.7, 140.2, 137.2, 129.3, 123.2, 117.6, 114.6, 67.0, 27.2, 21.3 ppm;
et = 2.25; Ty = 159 °C.

Preparation of 48asZn(ll)
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A solution of ZnCl; (150 mg, 0.110 mmol) in anhydrous EtOH (2 mL) was added to a
solution of ligand 48a (56.0 mg, 0.100 mmol) in THF (2 mL) in a round-bottomed flask equipped
with a magnetic stirrer and a water-jacketed condenser. NEts (30.0 uL, 0.230 mmol) was added
and the yellow-coloured mixture was refluxed for 30 min under ambient atmosphere. After cooling
to ambient temperature, the mixture was poured into H,O, then the precipitate was collected by
filtration, briefly washed with H,O, and allowed to dry under air to yield 44.1 mg of the yellow
solid complex, 48cezZn(Il) (77 pumol, 77%). HRMS (MALDI) calcd for CysH2sNsO2Zn (m/e):
573.1699, found: 573.1715. FTIR (KBr, cm™) 3388, 2951, 2887, 2733, 1768, 1723, 1620, 1512,
1485, 1460, 1443, 1422, 1376, 1340, 1278, 1238, 1178, 1116, 1058, 1036, 991, 929, 920, 870,
801, 761 cm'!; H NMR (400 MHz, DMSO-ds, 363 K): & 8.44 (s, 1H), 8.34 (s, 1H), 7.37 (m, 4H),
7.16-7.07 (m, 1H), 6.92-6.81 (m, 1H), 6.61-6.56 (m, 2H), 3.73 (s, 3H), 2.83 (s, 3H), 2.20 (s, 6H)
ppm; BC NMR (75 MHz, DMSO-dg): 6 171.5, 168.5, 168.3, 166.6, 164.6, 140.9, 137.5, 133.2,
129.1,127.9,123.4,123.2,122.7,119.8, 118.3, 117.9, 114.3, 56.3, 29.5, 27.8, 21.7 ppm; Ty = 146
°C.
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Synthesis of Chiral Ligand 48b
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The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. Salicylaldehyde (710 uL, 830 mg, 6.80 mmol) in CH.Cl, (50
mL) was added dropwise to a vigorously stirred solution of (1R,2R)-diaminocyclohexane (780
mg, 6.80 mmol) in CH.Cl, (150 mL) containing 3 A molecular sieves at 0 °C. The complete
addition took approximately 5 hours, and then the reaction mixture was stirred for 5 h without
interruption. Upon filtration, the filtrate was evaporated under vacuum at 60 °C to give a pale-
yellow creamy solid, 1.43 g (6.56 mmol, 95%): *H NMR (300 MHz, CDCls) § 13.34 (s, 0.3 H),
13.24 (s,0.7 H), 8.41 (s, 0.6 H), 8.23 (5, 0.4 H), 7.21-7.31 (m, 2 H), 6.77-6-96 (m, 2 H), 3.23-3.31
(m, 0.6 H), 2.83 (g, 1 H), 2.21-2.29 (m, 0.4 H), 1.77-1.91 (m, 2 H), 1.51-1.77 (m, 2 H), 1.11-1.50
(m, 4 H) ppm.

To an ethanol solution (20 mL) of the resulting chiral monoimine intermediate (437 mg,
200 mmol) was added dropwise 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-
formylphenyl)amino-1,3,5-triazine (45) (728 mg, 2.00 mmol) in 20 mL of ethanol at ambient
temperature. The mixture was gradually heated to 80 °C and this temperature was maintained for
4 h. Upon the removal of the solvent and cooling, a yellow precipitate was collected and
precipitated from ethanol to give 1.07 g of the yellow chiral ligand 48b, (1.71 mmol, 85%): HRMS
(ESI) calcd for C32H3s7NsO2 (m/e): 565.3034, found: 565.3057; FTIR (KBr, cm™): 3400, 3279,
3055, 3011, 2930, 2857, 1631, 1579, 1517, 1492, 1430, 1396, 1275, 1185, 1144, 1092, 1041, 976,
940, 881, 837, 808, 783, 756, 736, 687, 663 cm™; *H NMR (300 MHz, DMSO-ds, 298 K): 5 13.25
(brs, 1 H), 12.90 (br s, 1 H), 8.93 (br s, 0.5 H), 8.88 (br s, 0.5 H), 8.76 (br s, 0.5H), 8.72 (br s, 0.5
H), 8.47 (d, J=5.1 Hz, 1 H), 8.45 (br s, 1 H), 7.80 (br m, 1 H), 733-6.82 (m, 5 H), 6.82-6.70 (' m,
4 H), 6.52 (s, 1 H), 3.31-38 (m, 2 H), 2.79 (s, 3 H), 2.18 (s, 6 H). 1.21-1.85 (m, 8 H) ppm; *H NMR
(400 MHz, DMSO-ds, 363 K): 5 9.97 (s, 1 H), 8.98 (br s, 1 H), 8.52 (br s, 1 H), 8.32 (s, 1 H), 8.11
(d, 1 H), 7.49 (m, 2 H), 7.37 (s, 2 H), 6.65 (br s, 1 H), 6.63 (s, 1 H), 2.90 (d, 3 H), 2.25 (s, 6 H)
ppm; BC NMR (75 MHz, DMSO-ds): § 166.5, 165.5, 165.5, 165.5, 164.6, 164.3, 160.8, 155.9,
140.6, 137.5, 132.7, 132.1, 123.6, 119.0, 118.9, 118.3, 118.1, 116.8, 116.4, 71.8, 33.1, 33.0, 27.7,
24.1,21.6 ppm; Tq =99 °C.
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Preparation of 48beZn(11)
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A solution of ZnCl, (20.0 mg, 0.215 mmol) in anhydrous EtOH (2 mL) was added to a
solution of ligand 48b (100 mg, 0.196 mmol) in THF (2 mL) in a round-bottomed flask equipped
with a magnetic stirrer and a water-jacketed condenser. NEt; (63.0 mL, 0.451 mmol) was added
and the yellow mixture was refluxed for 30 min under ambient atmosphere. After cooling down to
ambient temperature, the mixture was poured into H,O, then the precipitate was collected by
filtration, briefly washed with H,O, and allowed to dry under air to yield 93.4 mg of the yellow
complex 48c<Zn(ll) (0.149 mmol, 76%). HRMS (MALDI) calcd for CsH3sNsO2Zn (m/e):
627.2169, found: 627.2183; FTIR (KBr, cm™): 3381, 2948, 2885, 1765, 1723, 1612, 1539, 1516,
1491, 1460, 1443, 1423, 1402, 1377, 1341, 1315, 1299, 1277, 1238, 1178, 1116, 1043, 991, 929,
920, 869, 849, 803 cm™*; 'H NMR (400 MHz, DMSO-ds, 363 K): & 8.23 (s, 2H), 7.34 (m, 5H),
7.23 (d, 1H), 7.13 (t, 1H), 6.60 (m, 2H), 6.55 (d, 2H), 6.42 (t, 2H), 3.19 (s, 2H), 2.83 (s, 3H), 2.19
(s, 6H), 1.91 (s, 2H), 1.41-1.39 (m, 4H) ppm; C NMR (75 MHz, DMSO-ds): & 171.3, 167.8,
166.6, 165.1, 164.8, 140.8, 139.7, 137.5, 135.9, 133.2, 129.1, 125.8, 125.4, 123.4, 123.1, 122.6,
119.8, 118.3, 118.0, 112.6, 65.0, 35.0, 30.6, 28.2, 27.7, 24.3, 21.7 ppm; Ty = 165 °C.
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Synthesis of ligand 48c
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The synthetic route used to synthesize this compound were previously established in
unpublished work by Dr. M. Jokar. Solutions of salicylaldehyde (1.10 mL, 1.22 g, 10.0 mmol) and
o-phenylenediamine (1.08 g, 10.0 mmol) in ethanol (20 mL each) were combined. The mixture
was then refluxed for 4 h. The reaction mixture was condensed by rotary evaporation and left to
cool. The resulting monoimine intermediate precipitated on cooling and then was it filtered off,
washed with ethanol and recrystallized from ethanol. The purity of the intermediate was monitored
on TLC using ethyl acetate/petroleum ether 1:1 to give a brown solid (90% yield).* *H NMR (300
MHz, CDCls): 6 12.83 (s, 1 H), 8.63 (s, 1 H), 7.47-6.77 (m, 8 H), 3.79 (br, 2 H) ppm.

A solution of 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-formylphenyl)amino]-1,3,5-
triazine 45 (364 mg, 1.00 mmol) and salicylaldehyde 2-aminophenyl monoimine (212 mg, 1.00
mmol) in dry ethanol (10 mL) was refluxed for 3 h. The solvent was evaporated under vacuum to
afford a residue, which was reprecipitated from hexane/ethyl acetate to give 477 mg (0.820 mmol,
82%) of the yellow solid compound, 48c. HRMS (ESI) calcd for Cs:H3oNaNsO, (m/e): 581.2384,
found: 581.2396; FTIR (KBr, cm™): 3392, 3274, 3221, 3061 2959, 2918, 1614, 1572, 1514, 1487,
1428, 1396, 1320, 1299, 1275, 1213, 1184, 1152, 1130, 1116, 1104,1035, 976, 939, 907, 883, 840,
750, 685, 646 cm™; *H NMR (300 MHz, DMSO-ds, 298 K): 8 12.9 (br s, 0.6 H), 12.58 (br s, 1H),
12.39 (br s, 0.4 H), 9.07 (br s, 0.5 H), 8.92 (br s, 2 H), 8.74 (br s, 1.5 H), 8.11 (brs, 1 H), 7.45 (br
m, 2 H), 7.45-7.21 (m, 6 H), 6.92 (d, 2 H), 6.87 (d, 3 H), 6.51 (s, 1 H), 2.80 (s, 3 H), 2.18 (s, 6 H)
ppm; *H NMR (400 MHz, DMSO-ds, 363 K): § 9.97 (s, 1 H), 8.98 (br s, 1 H), 8.52 (br s, 1 H),
8.32(s,1H),8.11(d, 1 H), 7.49 (m, 2 H), 7.37 (s, 2 H), 6.65 (br s, 1 H), 6.63 (s, 1 H), 2.90 (d, 3
H), 2.25 (s, 6 H) ppm; *C NMR (75 MHz, DMSO-ds): 5 166.6, 165.9, 164.5, 160.8, 156.1, 142.8,
140.6, 137.5, 133.9, 132.9, 132.4, 128.7, 123.6, 120.20, 119.9, 119.5, 119.1, 118.1, 117.1, 116.8,
150, 27.7, 21.6 ppm; T4 =69 °C.
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Preparation of 48ceZn(ll)
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The orange coloured complex, 48c<Zn(ll), was synthesized according to the same
procedure as analogue 48a+Co(ll) from ligand 48c and Zn(OAc),+2H.0. Yield: 60%; HRMS
(MALDI) calcd for C3,H3:NsO2Zn (m/e): 621.1699, found: 621.1702; FTIR (KBr, cm™): 3389.14,
2950.89, 2886.98, 1767.89, 1722.85, 1613.85, 1513.85, 1484.42, 1460.44, 1443.78, 1422.4,
1377.88, 1340.37, 1317.03, 1278.97, 1238.68, 1177.79, 1116.46, 1058.04, 1036.32, 991.01,
929.82, 920.52, 869.99, 801.38, 761.39 cm*; *H NMR (400 MHz, DMSO-ds, 363 K): & 8.96 (s,
1H), 8.85 (s, 1H), 8.41 (s, 1H), 8.30 (s, 1H), 7.86 (m, 1H), 7.79 (s, 1H), 7.73 (s, 1H), 7.49 — 7.47
(d, 1H), 7.39 (m, 5H), 7.25 (t, 2H), 6.73 (t, 2H), 6.56 (s, 1H), 6.52 (t, 1H), 6.45 (m, 1H), 2.89 (s,
3H), 2.21 (s, 7H) ppm; *C NMR (75 MHz, DMSO-de): § 172.2, 169.0, 166.0, 164.2, 162.7, 162.1,

140.2, 139.3, 137.0, 136.1, 134.2, 130.5, 127.1, 127.1, 126.0, 124.8, 123.0, 122.9, 122.6, 119.3,
117.9, 1175, 116.4, 116.2, 112.9, 27.2, 21.1 ppm, T4 = 167 °C;
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Attempted Synthesis of 3,5-di-t-butyl Salen Schiff-base (49)
NH
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(Method A) Attempts for the preparation for the synthesis of a 3,5-di-t-butyl salen-glass
ligand (49) followed similar procedures to the synthesis of ligand 48a. A solution of 2-
mexylamino-4-methylamino-6-[(4-hydroxy-3-formylphenyl)amino-1,3,5- triazine (364 mg, 1.00
mmol) 45 and 3,5-di-t-butyl-salicyaldehyde (108 mg, 1.00 mmol) in 10 mL absolute ethanol was
added drop wise to a solution of 1,2-ethylenediamine (60.0 puL, 54.1 mg, 1.00 mmol) in 10 mL
absolute ethanol in a round bottomed flask equipped with a magnetic stir rod. The resulting mixture
was sealed and left stirring for 24 h at room temperature. Overnight a precipitate had formed which
was filtered, rinsed with 10 mL of ethanol, and excess solvent was removed under vacuum to
afford a residue. The result was an intractable mixture of products.

(Method B) A second series of attempts were made using the same procedures as those
employed for 48a; however, following the complete addition of reactants the mixture was left at
reflux for 24 hours. A solution of 2-mexylamino-4-methylamino-6-[(4-hydroxy-3-
formylphenyl)amino-1,3,5- triazine (364 mg, 1.00 mmol) 45 and 3,5-di-t-butyl-salicyaldehyde
(108 mg, 1.00 mmol) in 10 mL absolute ethanol was added drop wise to a solution of 1,2-
ethylenediamine (60.0 uL, 54.1g, 1.00 mmol) in 10 mL absolute ethanol in a round bottomed flask
equipped with a magnetic stir rod and the mixture was refluxed for 24 h. The precipitate was
removed by filtration, washed with 10 mL of ethanol while hot, and the excess solvent removed
in vacuum to afford a residue. The result was an intractable mixture of products.

(Method C) Another series of attempts were performed using the procedures for ligands 48b
and 48c. A mixture of 3,5-di-t-butyl-salicyaldehyde (1.60 g, 6.80 mmol) and o-phenylenediamine
(740 mg, 6.80 mmol) in absolute ethanol (10 mL) was stirred in a round-bottomed flask equipped
with a magnetic stir bar at reflux conditions 4 h. The crude intermediate was obtained by removing
solvents via rotary evaporation to give 1.2 g of a yellow solid. A solution of 2-mexylamino-4-
methylamino-6-[(4-hydroxy-3-formylphenyl)amino]-1,3,5-triazine 45 (364 mg, 1.00 mmol) and
3,5-di-t-butylsalicylaldehyde 2-aminophenyl monoimine (325 mg, 1.00 mmol) in dry ethanol (10
mL) was refluxed for 4 h. The product was precipitated from hexane and allowed to dry in air. The
result was an intractable mixture of products.
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4.4, Summary

Mexylaminotriazine molecular glasses functionalized with salen ligands were successfully
synthesized. A series of successive substitution reactions was utilized to prepare a glass-forming
salicylaldehyde 45 in good yield, which could be used as the common precursor to synthesize
several glass-forming salen ligands. Mexylaminotriazine-functionalized salicylaldehyde 45 was
reacted through a condensation mechanism with salicylaldehyde and ethylenediamine, (1R,2R)-
1,2-diaminocyclohexane, or 1,2-phenylenediamine to generate the respective glass-forming salen
ligands. The yields obtained were good and the resulting ligands demonstrated the ability to readily
form long-lived glasses. From these ligands, a series of transition metal complexes were
synthesized and characterized. These ligands were subsequently reacted with transition metal salts
under reflux conditions in order to give the corresponding transition metal complexes in good
yields. Complexes and ligands were then characterized using NMR spectroscopy, FTIR
spectroscopy, and HRMS techniques. The T4 of these complexes was measured by DSC, which
was used to demonstrate the glass-forming properties and the ability of most complexes to form
uniform thin films. The T4 values for the mexylaminotriazine ligands ranged from 69 °C to 131
°C, while that of the subsequent coordination complexes ranged from 133 °C to 196 °C. It is
proposed that the metal complexes exhibit higher glass transition as a result of the decreased
molecular mobility caused by the coordination of metal centres. Only one exception was noted,
the Co(Il) complex decomposed at 225 °C and was the only sample that did not exhibit a glass
transition. This research identified two areas of focus for future research. Firstly, the role of the
metal centre was identified as a factor that influences glass-forming abilities in these complexes.
A range of glass transition temperatures between the synthesized complexes of ligand 48a indicate
that the metal centre has an effect on the thermal properties of these complexes that must be
investigated. Secondly, the synthesized complexes were found to have lower solubility compared
to their respective ligands. The synthesis of glass-forming salen complexes with increased
solubility may be important for the future application of these compounds.
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5. Acetylacetonate Functionalized Molecular Glass Complexes

5.1. Introduction

Thin film materials have been instrumental in the development of a number of fields such
as optoelectronics, sensors, and solid-state catalysis.'*’*4° Small molecules offer a number of
distinct advantages over polymers, the traditional method of incorporating specific functionalities
into thin films. Small molecules are easier to purify, characterize, and their monodisperse nature
leads to more homogeneous behaviour between different samples. Regrettably, most small-
molecule materials have difficulty adopting glassy states without the use of special processing
techniques, such as quenching with liquid nitrogen, and most of those that can adopt amorphous
phases readily crystallize heated above their glass transition temperature, or on resting for longer
periods of time. A class of small molecules, called molecular glasses, or amorphous molecular
materials, have been specifically designed to possess structures that resist crystallization.
Integrating irregular shapes, non-planarity, and conformational equilibria are several such
structural features that can be implemented in order to synthesize compounds that readily form
glassy phases and remain amorphous for extended periods of time.

Our group has developed a class of compounds, based on mexylaminotriazine units, which
can be used to consistently design and synthesize organic materials that spontaneously form glassy
phases and exhibit high resistance to crystallization. Exploiting the features listed above, these
mexylaminotriazine derivatives frustrate crystallization by 1) forming various conformers of
similar energy with high interconversion barriers; and 2) through hydrogen bonding interactions
that further limit the mobility of the molecules in the solid-state. Furthermore, it has been shown
that mexylaminotriazine molecular glasses functionalized with reactive groups can be used to
incorporate other functionalities, such as chromophores or semiconductors, in order to obtain
adducts that retain the properties and characteristics of both parent compounds. Using this strategy,
it is hypothesized that several mexylaminotriazine-functionalized ligands can be synthesized to
generate corresponding coordination complexes that are also capable of glass formation.

B-diketones are a family of compounds possessing two carbonyl functional groups separated
by a single carbon atom. They are commonly used as ligands and have been studied for over 100
years. % The deprotonated conjugated bases of B-diketones form excellent coordination
complexes with transition metals and have been studied for a number of purposes within the field
of inorganic chemistry.’>> The a-carbon of these compounds can be deprotonated to yield the
respective anionic ligands. The simplest B-diketone is 2,4-pentanedione, commonly known as
acetylacetone (Hacac, 51). Hacac is a p-diketone with a methyl group substituent on both
carbonyls.’*” Many derivatives of B-diketones exist, producing analogues with varying steric and
electronic properties resulting from the substituted functional groups at the o and B carbons.'#
Several examples of commonly used B-diketones include; 2-thenoyltrifluoroacetone (Htta, 52),
1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione (Hfdh, 53), and 3-benzyl-2,4-pentanedione (Hbpd,
54) (Scheme 24).1471%3
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Scheme 24: Structures of common B-diketones: acetylacetone (51), 2-thenoyltrifluoroacetone
(52), 1,1,1-trifluoro-5,5-dimethyl-2,4-heptanedione (53), and 3-benzyl-2,4-pentanedione (54).

Acetylacetone and its B-diketone derivatives exhibit a characteristic keto-enol tautomerism,
a shifting equilibrium between two structural forms, one possessing two ketones, the other a ketone
and an enol. Typically, this equilibrium is shifted towards the mono-enol form as a result of
stabilization through a six-membered ring that forms via intramolecular O-H-O hydrogen bonding
(Scheme 25).1%31%* The keto-enol equilibrium is affected by a number of factors such as the
functionalization of the derivative, solvent polarity, temperature, and the presence of other
chemicals (in solution).'#”% For example, 81% of acetylacetone exists in the mono-enol form at
room temperature, whereas a bulky a-alkyl substituent, such as an isopropyl or butyl alkyl group,
exhibits an equilibrium shifted almost completely towards the di-keto tautomer.14”%° On the other
hand, the presence of a chlorine group at the a-position of a 3-diketone can shift the proportion of
the enol tautomer to 92%. The polarity of solvents and temperature are also important factors in
determining the keto-enol tautomer equilibrium. Lower polarity solvents and lower temperatures
tend to shift the equilibrium towards the mono-enol form.*#” The ratio of keto and enol tautomers
can often be evaluated using *H NMR. If the compound exists in an equilibrium of the two
tautomers, specific peaks will appear in tH NMR that are characteristic of each form. For example,
a CH; peak will often be seen for the keto tautomer, while, a CH peak will appear for the enol
form. The ratio of their integrations can be used to describe the equilibrium of these two forms.
This keto-enol tautomerization is critical to the preparation of metal complexes of these ligands.

Qo 9 O OH
/”\/U\ =
Keto-form of 51 Enol-form of 51
H.
H L
X o
Enol-form of 51 Stabilized transition state

of enol forms

Scheme 25: Keto-enol tautomerism of p-diketones.
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Acetylacetone itself, along with various substituted analogues, is commercially available
and relatively inexpensive.!*” B-diketones can also be synthesized using a variety of well-
established procedures, such as aldol condensations, acylation of ketones, or Claisen
condensations.4”156-162 The Claisen condensation in particular has been employed for the synthesis
of many B-diketones. The general scheme of a Claisen condensation is depicted in Scheme 26. A
scheme depicting the synthesis of acetylacetone using the procedures described for the Claisen
condensation from ethyl acetate and acetone is shown in Scheme 27. This reaction is performed
by the sequential dropwise addition of the starting materials in diethyl ether with a slight excess of
base. 1%

9] 0 NaOR O O
RK)LO,FQ + RK)J\O/F& R 2 + R2OH
H,0"
R1
Scheme 26: General scheme of the Claisen condensation.
o) 10 NaOEt 0O O
)J\ + )J\O/Et )J\/U\ + Et—OH
H,SO,

Scheme 27: Synthesis of acetylacetone from ethyl acetate, acetone, and sodium ethoxide via a
Claisen condensation reaction.

B-Diketonates are bidentate ligands that are capable of forming metallic complexes with
nearly all metal ions.'®* B-diketones can be deprotonated to form an anionic mono-enolate species
which may coordinate to metal atoms in a bidentate, chelating fashion via the two oxygen atoms,
forming a six-membered planar ring.’>® As the diketones must be deprotonated to form the
corresponding monoenolates, a base is generally used in situ during the coordination reaction. Due
to the presence of two carbonyl groups, the a-carbon’s proton is relatively acidic (pKa = 8.99 at
25 °C)* and can be removed by a range of bases.'*’ Some complexes can also be prepared via a
metathesis reaction.*>! Typically, two or three acac ligands will be coordinated to a single metal to
form either bis-acetylacetonates (M(acac).) or tris-acetylacetonates (M(acac)s) of nearly all metal
species.’®* Although less frequently prepared, heteroleptic complexes also exist, particularly with
nitrogen-donor Lewis bases such as 1,10-phenanthroline and 2,2’-bipyridine.!*

B-diketones can accommodate a wide variety of substituents. Altering the substituents of
diketones can modulate the solubility, volatility, acidity, and thermal properties of these
compounds and their respective complexes. For example, the inclusion of branched alkyl chains
can increase the solubility of complexes in organic solvents whereas aromatic substituents exhibit
stronger UV-Vis absorption.’*” Many aromatically substituted B-diketones containing electron-
donating groups, such as thiophene, typically exhibit higher luminescence than other (-
diketones.'*’ The structure of substituents can play a role in the energy levels of the ligands relative
to the metal centre, a factor that influences whether a complex will luminesce.**” Curcumin, 1,7-
bis(4-hydroxyl-3-methoxyphenyl)-1,6-heptanediene-3,5-dione (55), a naturally occurring p-
diketone found as one of the components of turmeric, has been found to possess potential for a
variety of medical applications due to anti-cancer, anti-inflammatory, and anti-oxidative
properties.%6-170 In addition, curcumin has also been shown to exhibit luminescent properties when
irradiated with UV and visible light. 16670
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Scheme 28: Molecular structure of curcumin, 1,7-bis(4-hydroxyl-3-methoxyphenyl)-1,6-
heptanediene-3,5-dione (55), a naturally occurring -diketone.

-diketonates and their metal complexes have been utilized for a broad range of applications
throughout their history and development.’>® The application of p-diketonates relies heavily on a
number of factors, such as the ability of the ligands to coordinate with a wide array of metal ions,
and the ability to tailor and alter the substituents on the ligand.'¥”5% The tailorability of both
inorganic and organic components of these complexes allows for the introduction of distinct
chemical properties, such as luminescent properties, to the resulting complexes. As a result,
acetylacetonate and its derivatives have been utilized for applications ranging from
pharmaceuticals, optical devices, and analytical techniques.**"1521"* The polymer industry, for
example, utilizes the chelating properties of B-diketonates for the production of both homogeneous
and heterogeneous catalytic materials.**’ For example, vanadyl(IV) acetylacetonates catalyze the
epoxidation of allylic alcohols by peroxides.**® Alternatively, manganese(ll) acetylacetonates have
been used for the asymmetric sulfoxidation of sulfides!’? and are currently being investigated as
heterogeneous catalysts supported on metal-organic frameworks in alkene epoxidation
reactions.#

Many applications of B-diketones are a direct result of the propensity for B-diketones to form
metal complexes.'®® B-diketonates are capable of coordinating to metals in either solution or gas
phases, such as effluent or exhaust gases. This behaviour can be exploited for applications in fields
like environmental or analytical chemistry. Environmental chemists can use these B-diketonate
ligands to remove metals from effluent or exhaust gases, thereby preventing their release into the
atmosphere. Alternatively, analytical chemists can use the chelating abilities of B-diketonates to
bind with metals in order to analyze the chemical components of samples.**” These B-diketonates
can be used for applications such as chromatography as a component of stationary phases.

As one of the most versatile classes of ligands, acetylacetone and its derivatives are model
candidates for functionalization with a mexylaminotriazine substituent in order to produce a series
of highly tailorable, well-defined molecular glass coordination complexes. Functionalization of
mexylaminotriazine molecular glasses with a -diketone group is expected to yield acac ligands
that can readily form glasses. Furthermore, as a result of the ability to form metal complexes with
many different metals, the preparation of a library of glass-forming metal complexes using a glass-
forming B-diketonate could provide an effective method of studying the effects of various metal
centres and ligand substituents on the properties and glass-forming abilities of mexylaminotriazine
materials. Additionally, many applications of $-diketonates could be expanded by the potential for
these ligands to adopt amorphous glassy phases and be used for the production of thin films. The
incorporation of glass-forming properties via the introduction of mexylaminotriazine substituents
to the structure of acetylacetone and other -diketones may pave the way towards the use of thin
films for novel industrial applications. Herein, we report the synthesis and characterization of a
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mexylaminotriazine-functionalized acetylacetone ligand and the attempted preparation of its
homoleptic and heteroleptic coordination complexes.

5.2. Results and Discussion

5.2.1. Synthesis and Characterization of Ligand

The synthesis of the bromomethyl precursor 58 was performed in 4 steps from cyanuric
chloride according to the method depicted in Scheme 29. The synthesis of precursor 58 was
performed according the literature procedures.!* Through a series of sequential substitutions at
different temperatures it is possible to selectively substitute the three chlorides of cyanuric chloride
with various alkyl- and arylamines, in the present case, with methylamine, 3,5-dimethylaniline,
and 3-hydroxymethylaniline. The three amines can be introduced in any order, though starting
with the substitution of 3,5-dimethylaniline has been shown to give higher yields.!! The singly
substituted precursor, 2-mexylamino-4,6-dichloro-1,3,5-triazine (43) was prepared via the drop-
wise addition of 3,5-dimethylaniline in the presence of K,COs at a temperature of -10 °C to give
the desired intermediate in 90% yield (see Chapter 4), which is then reacted with methylamine
under similar conditions but at a higher temperature (0-25 °C) to produce intermediate 56.
Intermediate 56, the common precursor used to generate most functionalized mexylaminotriazine
glasses, was thusly obtained in 69% yield. Compound 56 is then reacted with 3-aminobenzyl
alcohol in THF under reflux conditions for 3 h to generate precursor 57 in 84% yield. A base is
not required for the third substitution reaction as the product, compound 57, effectively serves to
neutralize the HCI generated during the reaction.!! The hydroxymethyl group of compound 57 is
then converted to a bromomethyl substituent by stirring with phosphorus tribromide under an inert
atmosphere at 0 °C for 18 h to yield precursor 58 (2-mexylamino-4-methylamino-6-[(3-
bromomethylphenyl)amino]-1,3,5-triazine) in 78% vyield. Following the synthesis of 58, it is
possible to synthesize the desired ligand (59). The acidic proton on the a-carbon of acetylacetone
can be easily removed in the presence of a base (K.CQs), generating the reactive enolate carbanion
species, which can then react with the bromomethyl group of precursor 58 in a single step via an
Sn2 substitution reaction. The resulting compound (59), which is synthesized in 87% vyield, is an
acetylacetone ligand functionalized with a glass-forming mexylaminotriazine at the a-carbon,
termed “glacac”. Excess reagents and reaction by-products are easily removed via acidic aqueous
extractions at the end of each substitution step, leaving the desired product behind. However, while
purification was straightforward and did not require additional methods such as recrystallization
or chromatography, it should be noted that the complete removal of solvents from the product was
difficult. THF generally remained trapped in the material unless it had been melted under vacuum.
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Scheme 29: Synthesis of 2-mexylamino-4-methylamino-6-[(3-bromomethylphenyl)amino]-1,3,5-
triazine 58 and “glacac” ligand 59.
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Ligand 59 readily forms glassy phases upon drying from solution or by cooling from its
melted phase. The corresponding glass transition temperature was measured using DSC. No
crystallization was observed upon heating the compound and the glass transition was measured to
be 68 °C, demonstrating the ability of the ligand to adopt a stable glassy phase. Furthermore, this
glass transition is similar to the T4 values exhibited by other analogous mexylaminotriazines.* The
measured glass transition of the ligand was only slightly lower than the reported Tg for the
hydroxymethyl precursor 57 (69 °C) and was slightly higher than the reported T4 for the
bromomethyl precursor 58 (62 °C).} This variation in Tq is likely the result of the hydrogen
bonding interactions formed with these various substituents. The increased Ty relative to
bromomethyl-functionalized compound 58 is likely due to the likelihood of the enol tautomer of
ligand 59 to participate in hydrogen bonding interactions. The ability for this ligand to participate
or not in these interactions likely further frustrates crystallization by adopting a number of
conformations and packing in a disordered fashion. The T4 of the ligand, 59, is comparable to the
hydroxymethyl precursor, 57, likely because these compounds can participate in hydrogen bonding
interactions. Thermograms for TGA and DSC of compound 59 are provided in appendices B.2 and
C.2, respectively.

5.2.2. Coordination with Metals and Characterization

The synthetic routes attempted for the preparation of Zn(ll), Ni(ll), and Cu(ll) homoleptic
and heteroleptic coordination complexes of glacac ligand 59 are presented here and are modified
from the preparation of analogous diketonate complexes in the literature.1416816° The first
attempted synthetic route sought to prepare a homoleptic bis-glacac zinc complex, 59a+Zn(ll), as
is widely reported for other divalent transition metals.'#” A solution of ligand 59 in THF was treated
with NEt; followed by the addition of a solution of ZnCl; in EtOH (Scheme 30). An excess of base
was used to deprotonate the enolate and generate an anionic species, which was expected to
coordinate to zinc cations. Several attempts were made to yield complex 59a<Zn(ll) by varying
the solvents, reagents, and the reaction conditions like temperature, reaction time, and the sequence
in which reagents were added. The same procedure was attempted with other metal salts (NiCl;
and CuCly*2H;0). This method failed to produce zinc(Il) complexes of ligand 59. This was
confirmed via *H NMR in which the peaks for the keto-enol protons were compared. Samples were
analyzed by *H NMR to demonstrate that the ligand was in fact deprotonated. This was shown by
the absence of the peaks associated with the keto-tautomer of the ligand, and the presence of the
enol peak. Despite this, the final product depicted both the keto and enol peaks. This suggestion
that either coordination did not happen at all, or coordination had occurred but the reaction did not
progress to completion, producing a mixture of the starting material and the product.

R= R 1) NEt; (1.5 equiv.) R N
Q THF 0
O 2) ZnCl, (0.5 equiv.) O G
EtOH
59 59a+Zn(Il)

Scheme 30: Attempted preparation of complex 59a<Zn(l1). Additional attempts were made using
NiCl; and CuCl,+2H,0 to prepare complexes 59a+<Ni(l1) and 59a<Cu(ll).
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A second synthetic approach was attempted to prepare heteroleptic mexylaminotriazine-
functionalized glacac complexes. In most cases, these complexes are prepared using B-diketonates
such as curcumin, Htta, Hfdh, and other derivatives. A wide array of heteroleptic 3-diketonate
complexes are reported in the literature, particularly containing neutral nitrogen-donor ligands
such as 1,10-phenanthroline and 2,2’-bipyridine 147166-169.173.174 Similar procedures to those
reported in the literature were employed for the preparation of glass-forming analogous complexes
(Scheme 6).166167.189.175 Zinc chloride salts were first reacted with 1,10-phenanthroline or 2,2’-
bipyridine to form their respective complexes. Next, NEt; was added to a mixture of one these
intermediate species and glacac (59) in CH:Cl. to form the desired heteroleptic complexes
59b+Zn(11) and 59c+Zn(11) via a metathesis mechanism. The reaction mixtures were then washed
with distilled water to remove excess metallic salts and reagents. Unfortunately, these reactions
failed to give the desired complexes. A 1:1 ratio of the keto-enol peaks was observed via *H NMR.
As was the case with the attempted preparation of 59a<Zn(l11), the presence of the two tautomers
of ligand 59 suggest that either the preparation was not successful or that a mixture of the product
and starting material was obtained. Similar attempts were performed using a variety of reaction
procedures, metal salts (NiCl, and CuCl,+2H20), reagents, and conditions.

e
R= Cl\cﬁ Q O‘

R
(0 g
O o 4°
CH,Cl,

59 59c

Scheme 31: Attempted procedures for the preparation of mixed ligand complexes 59b and 59c.
M denotes Zi(ll), Ni(Il), and Cu(ll) metal centres.

A third synthetic route was attempted involving an initial deprotonation of 59 to form a
corresponding sodium salt. Ligand 59 was dissolved in warm iPrOH and the resulting solution was
treated with sodium methoxide in methanol. This intermediate complex was prepared using a 1:1
stoichiometry and isolated by removing all solvent by rotary evaporation. The intermediate was
then re-dissolved in CHCl, and a solution of Zn(I1), Cu(ll), or Ni(ll) bipyridine or phenanthroline
complexes in CH2Cl, was added to prepare the desired complexes via a metathesis mechanism.
The resulting mixture was then condensed and washed with water to remove excess reagents. A
variety of reaction conditions were again attempted for this third procedure. These attempts all
resulted in a mixture of starting materials, ligand 59 and the bipyridine or phenanthroline
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intermediates. No attempt to prepare heteroleptic compounds 59b and 59¢ were successful using
either method described.

During one of the attempts to prepare the heteroleptic products, an aliquot of the unpurified
reaction mixture was taken, solvent was removed by rotary evaporation and the resulting crude
product was analyzed with 'H NMR to determine whether the ligand was successfully
deprotonated by triethylamine. The test demonstrated that in fact the ligand had been deprotonated,
as the 'H NMR spectrum did not exhibit the characteristic keto peaks. The subsequent failures to
produce the desired complexes led to the use of a similar experiment to examine the mechanisms
of the reaction. The reactions employed in the attempted preparation of complexes 59b and 59c
were probed with 'H NMR at several points of the reaction and work-up. It was determined that
the reaction did in fact yield the desired product. A *H NMR spectrum of an unpurified solution
did not show the peaks associated with the keto tautomer at 4.2 and 2.9 ppm and only exhibited
the peaks characteristic of the linking CH- for the enol form at 3.6 ppm. However, the use of water
for the purification of the product led to the appearance of the keto peaks characteristic of the
ligand. Additionally, the enol peak was observed to move to a shift that is more comparable with
the ligand's tautomer. This experiment highlighted the water sensitivity of the prepared complexes.
Figure 6 shows the region of the *H NMR spectra characteristic of the keto and enol peaks and
depicts the shifting in the enol peak and the appearance of keto peaks following purification of the
product. Additionally, broad low-resolution peaks characteristic of either the phenanthroline or the
bipyridine intermediates remained suggesting the presence of the corresponding zinc complexes
of these neutral ligands in the product following purification. This suggests that the use of water
for the purification of the product hydrolyzed the ligand 59 leaving a mixture of either a zinc
phenanthroline or bipyridine complex and the starting material 59. Regrettably, the work-up of
these complexes required the use of water despite the sensitivity of the ligand. Precipitating the
compound from water is a necessary step, as the mexylaminotriazines cannot be recrystallized as
is normal for non-glass forming analogues.

[*1e6]
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Figure 6: 'H NMR spectra comparison demonstrating the changing peaks of the keto and enol
tautomers in a sample of 59ceZn(I1), before and after work-up. Top: *H NMR of the unpurified
fraction; Middle: reaction mixture following washing with water; Bottom: reference spectrum of
ligand 59.
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5.3. Experimental

5.3.1. Materials, Equipment, and Physical Measurements

All reagents were purchased from Sigma-Aldrich, AK Scientific or Oakwood Chemicals
and were used without further purification. Reagent grade solvents were purchased from Caledon
Laboratories, and used without further purification. DMSO-ds (deuterated dimethyl sulfoxide) and
CDCl; (deuterated chloroform) were purchased from CDN isotopes. Unless otherwise stated,
reactions were performed under ambient atmospheric conditions. Thin film chromatography using
SiliCycle products was used to investigate the progress of each reaction. NMR spectra were
recorded using a Bruker Avancé 400 MHz spectrometer at 298K unless otherwise noted. Thermal
analysis was obtained by TGA and DSC using a TA Instruments Q50 and Q20, respectively

5.3.2.  Synthesis

Synthesis of 2- mexylamino-4-methylamino-6-chloro-1,3,5-triazine (56)

HN™

S

o
QL

Precursor compound 43 was synthesized according to procedures outlined in section 4.3.3.
The synthesis of compound 56 followed procedures outlined in the literature.!! 2-Mexylamino-
4,6-dichloro-1,3,5-triazine (43) (135 g, 502 mmol) was dissolved in acetone (750 mL) in a round-
bottomed flask equipped with a magnetic stirrer. K,COj3 (69.4 g, 502 mmol) was added and the
flask was placed in an ice bath to keep the temperature below 5 °C. A solution of methylamine
(39.0 mL, 40 wt% aqueous, 502 mmol) in acetone (250 mL) was added dropwise to the mixture.
The ice bath was removed following the complete addition of the solution. The mixture was stirred
at room temperature for an additional hour, at which point the mixture was poured into H,O (500
mL), and stirring was continued for 30 min until precipitation was completed. The precipitate was
collected by filtration, the crude product was washed with H2O, triturated in hot toluene, filtered,
and allowed to dry completely to afford 88.7 g of the pure title compound 56 (336 mmol, 69%):
HRMS (ESI) calcd for C12H1sNsCl m/e: 264.1015, found: 264.1029. Anal. Calcd for C12H14NsCI:
C, 54.60; H, 5.31; N, 26.54. Found: C, 54.66; H, 5.32; N, 26.46. FTIR (KBr, cm™) 3264, 3196,
3123, 3007, 2914, 2848, 1634, 1615, 1587, 1542, 1453, 1391, 1373, 1276, 1239, 1157, 1125, 1059,
986, 880, 836, 800, 723, 682, 634 cm1 ; 'H NMR (400 MHz, DMSO-ds, 298 K) & 9.92, 9.75 (s,
1H), 8.02, 7.92 (s, 1H), 7.40, 7.34 (s, 2H), 6.65 (s, 1H), 2.85, 2.80 (m, 3H), 2.23 (s, 6H) ppm; H
NMR (400 MHz, DMSO-ds, 363 K) & 9.44 (br s, 1H), 7.57 (br s, 1H), 7.35 (s, 2H), 6.68 (s, 1H),
2.86 (s, 3H), 2.25 (s, 6H) ppm; *C NMR (75 MHz, DMSO-dg) 5 168.3, 167.6, 165.9, 165.8, 163.6,
163.1, 138.8, 138.7, 137.37, 137.35, 124.4, 124.3, 117.9, 117.8, 27.3, 27.2, 21.11, 21.08 ppm; Tm
=231 °C. This characterization data matches the data published in the literature.



Synthesis of 2-mexylamino-4-methylamino-6-[3-(hydroxymethyl)phenylamino]-
1,3,5-triazine (57)
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The synthetic route used to synthesize this precursor follows those outlined in the literature
and the spectral data are concordant.** The synthesis of the precursor 56 was performed according
to literature procedures.’ The synthesis of this general precursor is provided in section 4.3.3. 2-
mexylamino-4-methylamino-6-chloro-1,3,5-triazine (56) (11.0 g, 41.8 mmol) and 3-aminobenzoic
acid (6.18 g, 50.2 mmol) were added in THF (150 mL) to a round-bottomed flask equipped with a
magnetic stirrer and a water-jacketed condenser. The mixture was refluxed for 24 h, at which point
a precipitate had formed. The precipitate was collected by filtration, washed with CH,Cl., and re-
suspended in MeOH. AcOEt and aqueous NaHCOs were added and the mixture was shaken in an
extraction funnel. Both layers were separated, the aqueous layer was extracted with a second
portion of ACOEt, then the combined organic extracts were washed with H,O, washed with a brine,
dried over Na,SQ,, filtered, and the volatiles were thoroughly evaporated under vacuum to yield
8.10 g of compound 57 (23.1 mmol, 55%): HRMS (EI) calcd for C1sH22NgO (m/e): 350.1855,
found: 350.1848; FTIR (KBr, cm) 3401, 3376, 3286, 3021, 2943, 2921, 2869, 1611, 1583, 1565,
1553, 1527, 1514, 1487, 1461, 1434, 1400, 1362, 1321, 1301, 1262, 1245, 1188, 1177, 1166, 1083,
1037, 1012, 998, 973, 956, 890, 842, 808, 784, 736, 693, 650 cm™; *H NMR (300 MHz, DMSO-
de, 298 K): 8 9.01 (br s, 0.5H), 8.97 (br s, 1H), 8.80 (br s, 0.5H), 7.77 (t, 1H), 7.56 (br s, 1H), 7.40
(br d, 2H), 7.20 (t, 1H), 6.92 (d, 1H), 6.89 (br s, 1H), 6.58 (s, 1H), 5.13 (t, 1H), 4.46 (d,1H), 2.85
(d, 3H), 2.22 (s, 6H) ppm; *C NMR (75 MHz, DMSO-ds ): & 166.1, 164.1, 163.9, 142.6, 140.1,
137.1,127.9,123.1, 119.7, 118.3, 118.1, 117.6, 63.1, 27.2, 21.1 ppm; T4 = 69 °C.

Synthesis of 2-mexylamino-4-methylamino-6-[3-(bromomethyl)phenylamino]-1,3,5-
triazine (58)

HN™

-
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The synthetic route used to synthesize this precursor follows those outlined in the literature
and the spectral data is  concordant.!!  2-Mexylamino-4-methylamino-6-(3-
hydroxymethylphenylamino)-1,3,5-triazine (57) (8.10 g, 23.0 mmol) was dissolved in dry CH,Cl»
(10 mL) in a dry round-bottomed flask equipped with a magnetic stirrer. The solution was cooled
to 0 °C and PBrs; (2.70 mL, 29.0 mmol) was added dropwise under inert atmosphere. Once the
addition was complete, the mixture was stirred under inert atmosphere at ambient temperature for
24 h. A precipitate started forming after 2-3 h. The mixture was poured into aqueous NaHCOs,
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followed by addition of CH2Cl,. The agueous layer was extracted with CH,Cl.. Then the combined
organic extracts were washed with aqueous NaHCO3, washed with brine, dried over Na;SOs,
filtered, and the volatiles were evaporated under reduced pressure to yield 7.40 g of the title
compound 58 (18.0 mmol, 78%): HRMS (EI) calcd for Ci9H21BrNe (m/e): 412.1011, found:
412.1003; FTIR (KBr, cm™) 3399, 3275, 3171, 3137, 3023, 2955, 2921, 2866, 1611, 1583, 1564,
1554, 1515, 1488, 1463, 1432, 1398, 1361, 1320, 1301, 1262, 1245, 1214, 1188,
1168,1145,1125,1084,1037, 998, 971, 933, 886, 842, 810, 786, 766, 738, 693 cm™ ; *H NMR (300
MHz, DMSO-dg, 298 K): 8 9.23 (br s, 0.5H), 9.09 (br s, 0.5H), 9.02 (br s, 0.5H), 8.85 (br s, 0.5H),
7.95 (br s, 1H), 7.82 (br m,1H), 7.41 (br d, 2H), 7.24 (t, 3 J=7.6 Hz,1H), 7.02 (d, 3 J=7.6 Hz, 1H),
7.01 (br s, 1H), 6.59 (s, 1H), 4.64 (s, 2H), 2.87 (d, 3 J=4.1 Hz, 3H), 2.23 (s, 6H) ppm; *C NMR
(75 MHz, DMSO-de): 5 165.9, 164.0, 163.7, 140.6, 139.9, 137.9, 137.1, 128.5, 123.2,122.2, 120.4,
119.7,117.7, 34.9, 27.2, 21.1 ppm; T4 = 62 °C, Teec = 131 °C. The spectral data of this compound
matches the literature values.

Synthesis of Glacac Ligand (59)
H

38,

In a round-bottomed flask equipped with a magnetic stir bar, 2-mexylamino-4-
methylamino-6-[3-(bromomethyl)phenylamino]-1,3,5-triazine (58) (7.50 g, 17.4 mmol) and
K2COs (12.1 g, 87.5 mmol) were dissolved in acetylacetone (51) (50 mL). The mixture was then
heated to 80 °C and stirred for 4 h. The mixture was then poured into 1M agq. NaOH, the resulting
precipitate was collected by filtration and washed with H,O. The crude solid was re-dissolved in
CH,CI; and washed with NaOH. Glacial AcOH (5 mL) was added, the organic layer was separated,
washed with brine, dried over Na,SQ,, filtered, and the solvent was removed by rotary evaporation
to yield 6.50 g of ligand 59. (15.1 mmol, 87% yield). FTIR (KBr, cm™) 3283, 2921, 2853, 1698,
1582, 1514, 1429, 1358, 1182, 842, 809, 737, 691 cm™; *H NMR (300 MHz, DMSO-ds, 298 K):
8 7.26-7.19 (m, 6H), 7.06 (s, 1H), 6.87-6.84 (m, 2H), 6.72 (s, 2H), 4.03 (t, 1H), 3.67 (s, 2H), 3.17
(d, 2H), 3.03 (m, 6H), 2.32 (s, 12 H), 2.17 (s, 6H), 2.11 (s, 6H) ppm; *C NMR (75 MHz, DMSO-
de): 6 204.1, 191.9, 166.1, 164.2, 163.9, 140.4, 140.1, 138.6, 137.1, 128.3, 123.2, 121.6, 119.9,
117.7, 67.6, 33.3, 30.0, 27.3, 23.1, 21.2 ppm; T4 = 68 °C.

86



Attempted Preparation of complex 59a<Zn(11)

b
M Sy

JoNeb o ﬁ
NjN/N\H

NEts (8.80 ul, 60.0 umol) was added to a solution of ligand 59 (21.6 mg, 50.0 umol) in THF
(2 mL) in a round bottomed flask equipped with a magnetic stir bar. ZnCl, (3.41 mg, 25.0 umol)
in EtOH (2 mL) was added to the resulting solution and the resulting mixture was stirred for 24 h
at ambient temperatures. The mixture was precipitated by pouring into water; the precipitate was
collected by filtration, washed with H,O, and allowed to dry under air to afford a yellow solid.
Several other attempts were made following variations of this procedure in which the sequence of
added reagents, metal salts (NiCl, and CuCl,+2H,0 were also used), the temperature, duration, and
other factors were altered. In all attempts, the same yellow solid was afforded and found not to be
the desired product via *H NMR spectroscopy.

Attempted preparations of complexes containing Ni(Il1) and Cu(ll) metal centres of 59a were
synthesized according to the same procedures for the attempted preparation of 59a<Zn(l1). These
attempts were unsuccessful.

Attempted preparation of complex 59b Zn(11), Ni(l1), and Cu(ll)
N)\N
M S O

PSS

(Method A): The attempted synthesis of this compound followed procedures outlined for
heteroleptic Zn(I1) diketonate analogues and consisted of two synthetic steps.'®® To a solution of
1,10-phenanthroline (880 mg, 4.89 mmol) in CH.Cl, (5 mL) in a round-bottomed flask equipped
with a magnetic stir bar was added ZnCl, (1.00 g, 7.34 mmol). The resulting mixture was stirred
at ambient temperatures for 48 h. The precipitate was removed by filtration, washed with CH,Cl,
and the remaining solvent was removed under reduced pressure. The solid was then washed with
H-O and allowed to dry in air to afford 1.24 g of a white solid compound, Zn(phenanthroline)Cl.
intermediate (3.92 mmol, 78%). *H NMR (300 MHz, DMSO-ds, 298 K): & 8.88-8.86 (d, 4H), 8.28
(d, 2H), 8.04-8.00 (m, 2H) ppm.
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To a solution of the phenanthroline intermediate (72.8 mg, 0.230 mmol) in THF (10 mL) in
a round-bottomed flask with a magnetic stirrer was added a solution of ligand 59 (99.5 mg, 0.230
mmol) and NEtz (64.4 pl, 0.460 mmol) in THF (5 mL). The resulting mixture was then stirred at
ambient temperature for 5 days. The crude product was poured into H.O, the precipitate was
washed with H-O, and allowed to dry in air. The resulting yellow coloured solid was determined
not to be the desired complex.

(Method B): To a solution of 1,10-phenanthroline (881 mg, 4.89 mmol) in CH,Cl, (5 mL)
in a round-bottomed flask equipped with a magnetic stir bar was added ZnCl, (1.00 g, 7.34 mmol).
The resulting mixture was stirred at ambient temperatures for 48 h. The precipitate was removed
by filtration, washed with CH,Cl., and the remaining solvent was removed under reduced pressure.
The solid was then washed with H>O and allowed to dry in air to afford 1.24 g of a white solid
compound, Zn(phenanthroline)Cl; intermediate (3.82 mmol, 78%). *H NMR (300 MHz, DMSO-
des, 298 K): 6 8.88-8.86 (d, 4H), 8.28 (s, 2H), 8.04-8.00 (dd, 2H) ppm.

To a solution of ligand 59 (216 mg, 0.500 mmol) in warm iPrOH in a round-bottomed flask
equipped with a magnetic stir bar, was added NaOMe/MeOH (25 wt.%, 115 ul, 0.500 mmol) in a
single portion. The resulting mixture was stirred for 1 hour, during which a colour change to a
yellow solution was observed. The solvent was removed by rotary evaporation to afford an orange
solid intermediate compound, the sodium salt of ligand 59 (210 mg, 0.460 mmol). In a round-
bottomed flask, the intermediate products, the sodium salt of ligand 59 (91.1 mg, 0.200 mmol) and
the Zn(phen)Cl; intermediate (63.3 mg, 0.200 mmol) were then re-dissolved in CH,Cl; (5 mL).
The resulting solution was stirred for 5 days at ambient temperature. The reaction mixture was
condensed by rotary evaporation, the condensed solution was washed with H,O, washed with
brine, dried over Na,SQ, filtered, and the solvents were removed under vacuum to yield a yellow-
coloured solid that was determined to be an intractable mixture of the starting materials, ligand 59
and the phenanthroline intermediate complex by analysis with *H NMR. Several other attempts
were made following variations of this procedure in which the sequence of added reagents, the
temperature, duration, and other factors were altered. In all attempts, a yellow solid was obtained
and found not to be the desired product via *H NMR spectroscopy.

Preparations of complexes containing Ni(Il) and Cu(ll) metal centres of 59b were also
attempted. These attempts followed the same procedures for both method A and method B for the
attempted preparation of 59beZn(l1). All attempts with there metal centres were also unsuccessful.
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Attempted preparation of complexes 59c¢ with Zn(11), Ni(ll), and Cu(ll)
N)\N
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The same procedure was also used to synthesize a 2,2’-bypridine intermediate of the form,
Zn(bipyridine)Cl,. *H NMR (300 MHz, DMSO-ds, 298 K): & 8.67 (s, 2H), 8.60-8.58 (d, 2H), 8.20
(t, 2H), 7.67 (t, 2H) ppm. Following this, attempted preparations of complexes containing Zn(ll),
Ni(11) and Cu(Il) metal centres of 59¢ were synthesized according to the same procedures for both
method A and B for the attempted synthesis of 59b+Zn(l1). These attempts were unsuccessful and
yielded solid products that were not the corresponding desired complexes.

\

5.4. Summary

The synthesis of a molecular glass functionalized with acetylacetone was successful. The Ty
of ligand 59 was measured by DSC and found to be 68 °C, a value that is compared to other
mexylaminotriazine derivatives as well as the precursor compounds 57 and 58.1* However, the
sensitivity of the respective transition metal complexes made the process of purification
challenging. As such, attempts to prepare the corresponding metal complexes were unsuccessful
and the desired products could not be obtained in pure form. The use of water was employed to
remove excess metallic salts from the reaction products. This step resulted in the hydrolysis of the
reaction product, creating what is believed to be a mixture of the starting materials, the zinc
phenanthroline intermediate complex, and the glass-forming acetylacetone ligand. The preparation
of the desired mexylaminotriazine functionalized acetylacetonate complexes was subsequently
abandoned following the discovery of the sensitivity of the complexes towards water. Many of the
envisioned applications, particularly potential catalytic applications, for glass-forming complexes
of this ligand would likely require the complexes to be more robust and stable in the presence of
water, as many applications and devices do not employ inert atmospheres. One proposed strategy
is to synthesize a similar acetylacetone analogue in which the mexylaminotriazine moiety is
covalently attached at another position of the B-diketone. The substituents of B-diketones were
identified at the beginning of the chapter as a factor influencing the keto-enol tautomerization of
these ligands. As such, screening could be conducted, and a new synthetic route could be devised
to covalently attach mexylaminotriazines at the 1- or 5-fB-carbon positions of the molecule.
Alternatively, it may be possible to prepare heteroleptic acetylacetonate complexes by
synthesizing glass-forming ligands of the other ligands involved in these reported mixed ligand
compounds. For example, synthesizing glass-forming phenanthroline analogues could serve as an
alternative strategy for the preparation of complexes that incorporate both B-diketonates and
neutral N,N ligands given the suitability of these mixed ligand complexes for a number of proposed
thin film applications.
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6. Phenanthroline Functionalized Molecular Glass Complexes

6.1. Introduction

First reported in 1898 by Blau, 1,10-phenanthroline (60), colloquially known as
phenanthroline and abbreviated as phen, is an N-polyheterocyclic aromatic hydrocarbon (Scheme
32) that has played an important role in the development of many coordination complexes.’6-178
Phenanthroline is a white solid that is rigid, planar, and hydrophobic.}”” With regards to its
coordination properties, phenanthroline is similar to 2,2’-bipyridine, both neutral ligands forming
strong complexes with most metal ions.'”® Coordination with metals occurs in a bidentate fashion
through the two nitrogen atoms. The first reported complexes of phenanthroline and bipyridine
were also reported by Blau, who synthesized a series of iron complexes that demonstrated
colorimetric changes in various solutions.*® However, the central ring of phenanthrolines imposes
additional structural properties on it, such as planarity and rigidity.*®* The rigidity of the compound
holds the two nitrogen atoms in a syn conformation, which is optimal for coordination with metal
ions. Bipyridine on the other hand, can rotate freely around the linking bonds, and in the most
stable conformation, the two nitrogen atoms are anti relative to each other. This structural
difference results in phenanthroline forming more stable coordination complexes that are more
entropically favoured compared to analogous bipyridine complexes.*’7182

Scheme 32: Molecular structure of 1,10-phenanthroline 60.

Many phenanthroline-based ligands are commercially available; however, more elaborate
analogues often require direct synthesis from a variety of precursors.'” Traditionally,
phenanthroline can be synthesized by the double cyclization of o0-phenylenediamine with glycerol,
sulfuric acid as a catalyst, and As;Os as an oxidizing agent via sequential Skraup condensations
(Scheme 33).179183185 This method remains one of the best synthetic routes to prepare some
phenanthroline derivatives.'® Alternatively, a Friedlander condensation can also be used to
synthesize phenanthroline derivatives. For example, 8-aminoguinolinecarbaldehyde can be reacted
with acetaldehyde and potassium hydroxide in ethanol to synthesize 1,10-phenanthroline
derivatives (Scheme 34).18418¢ Using these condensation reactions, it is possible to synthesize a
number of ring-substituted phenanthrolines from functionalized precursors such as o-
phenylenediamine or aminoquinoline derivatives.'®-1%! Substitution of the hydrogen atoms in any
of these positions leads to drastic changes in the properties of the phenanthroline ligand.
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Scheme 33: Skraup condensation for the preparation of 1,10-phenanthroline (60) from 8-
aminoquinoline and glycerol.*"®

O 8,
O +
R

NH, H EtOH, A ki

R2

Scheme 34: Friedlander condensation for the preparation of 1,10-phenanthroline derivatives
from 8-aminoquinolinecarbaldehyde. 18318

A number of symmetric substitutions can also be used to synthesize phenanthroline
derivatives. Positions 2, 4, 7, and 9 on phenanthroline are the most susceptible to nucleophilic
attack, while positions 3, 5, 6, and 8 are the most reactive towards electrophiles.’® Halogenation
and oxidation reactions are particularly useful for the synthesis of various phenanthroline
derivatives.!”® For example, dichlorinated analogues can be synthesized from phenanthroline and
a solution of aqueous hypochlorous acid*®?, or phosphorous pentachloride and phosphoryl chloride,
depending on the desired position of chlorination. 5,6-Epoxy-5,6-dihydro-[1,10]phenanthroline
(60), a particularly useful derivative, can be synthesized by the oxidation of phenanthroline using
commercial bleach (sodium hypochlorite) and a phase transfer catalyst.'®*1% Phenanthroline
epoxide can be used to prepare a number of versatile and reactive 5-substituted-phenanthrolines,
such as 5-hydroxy-1,10-phenanthroline (62), or -further oxidized to 1,10-phenanthroline-5,6-dione
(63). Other functional groups, such as dimethylamino, methoxy, or cyano groups, can also be
incorporated. These compounds can be used as building blocks to generate countless other
functionalized phenanthroline derivatives.'® Alkyl and aryl-moieties can be substituted at the 2
and 9-positions of phenanthroline by the addition of organolithium reagents or using catalyzed
coupling reactions.*” The highly varied nature of phenanthroline and its derivatives have led to
applications for a number of different purposes. Scheme 35 depicts the structures of several of the
substituted phenanthrolines described in this section.
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Scheme 35: Molecular structure of 1,10-phenanthroline derivatives: 5,6-Epoxy-5,6-dihydro-
[1,10]phenanthroline (61), 5-hydroxy-1,10-phenanthroline (63), and 1,10-phenanthroline-5,6-
dione (63).

Phenanthroline reacts readily with many metals as a bidentate ligand, forming a five-
membered chelated ring through the two nitrogen atoms.'’® Phenanthrolines have been shown to
form a number of mono, bis, and tris metal complexes with transition metals and lanthanides. %1%
Phenanthrolines possess relatively poor o-donor ability compared to ethylenediamine. Despite
this, the coordination of phenanthroline ligands to metal centres tends to be quite strong as a result
of the electron-deficient nature of the aromatic ring system. This electron deficiency allows these
ligands to behave as m-acceptors. This property helps phenanthroline stabilize metals in lower
oxidation states by accepting electron density from the metal centres.'’” The general procedure
employed for the coordination of phenanthroline ligands is to react stoichiometric equivalents of
ligand with metal salts.’®>*" As a neutral ligand, additional reagents are often unnecessary, a
solution of ligand can be treated with a solution of metal salts, such as halides or nitrates, and
allowed to mix.*%81%° The exact reaction conditions, temperatures, solvents, and reaction times vary
quite extensively depending on the solubility of the starting materials as well as the structure and
presence of functional groups in phenanthroline analogues.?® Stoichiometric control can be
exploited to obtain mono, bis, and tris-complexes.?’ Phenanthroline analogues and their respective
complexes have been the focus of many researchers’ efforts due to their use as versatile starting
materials for the synthesis and development of organic, inorganic, and supramolecular materials.*”’
For example, one of the best-known tris-phenanthroline complexes is [Fe(phen)s]?*, colloquially
known as ferroin (64) (Scheme 36). The ferroin complex is used for the photometric determination
of redox processes in analytical chemistry. The ferroin complex is a chromophore that exhibits a
pronounced change in colour when oxidized to [Fe(phen)s]®*.1%

92



Scheme 36: Molecular structure of Ferroin, an iron phenanthroline coordination complex,
tris(1,10-phenanthroline)iron(ll) (64).

The rigid, planar, and aromatic structure of phenanthrolines coupled with their chelating
capability and the photophysical properties makes them appealing for a number of
applications.1"2%2 For example, the rigid, planar structure of phenanthrolines have led to their
extensive use in the design of supramolecular materials and devices.?%32% As an example, Cu(l)
complexes of phenanthroline analogues have been used in the synthesis of catenanes, rotaxanes,
and knots.?% The chelating properties of phenanthrolines are also widely exploited in many fields.
Analytical chemists can exploit phenanthrolines as colorimetric reagents for the determination of
metal species.?’®2" The chelating abilities of phenanthrolines can be exploited for environmental
protection as optically active sensors signalling the presence of contaminants, as chelating
complexes for the removal of metals from effluent waters, exhausts, and even in nuclear waste
treatment.'82202 The unique properties of phenanthrolines have led to other applications: such as
ligands in transition metal catalysis,?°42% directly as chiral catalysts for asymmetric catalysis, or
indirectly as stabilizing agents for nanoparticle synthesis;?® in molecular biology as DNA
intercalating agents; and various technological applications in materials chemistry.?10-214

One of the most promising fields in which phenanthroline and its subsequent complexes
have seen diverse use is the field of molecular biology. The rigid, planar structure of
phenanthroline analogues enables them to fit in the grooves of DNA’s double-helix structure.
There, these compounds and their respective complexes can bind, intercalate, and interact with
DNA.18 Qctahedral phenanthroline complexes formed from Cu?*, Co?", Zn?** and Ru®' are
specifically known for their interactions with DNA.Y" For example, [Cu(phen).]** complexes are
well-recognized for their ability to act as DNA nucleases and cleave specific nucleotide
sequences.?® Similarly, in 2013, a report was published describing the preparation of a series of
mixed ligand Cu(ll) complexes with phenanthroline and Schiff base ligands. The authors
demonstrated that this series of compounds possessed an extraordinary propensity to bind to DNA.
Additionally, they revealed that the compounds functioned as superoxide dismutase mimics and
were effective chemotherapeutic compounds for some forms of tumors.?'® Furthermore, the
chelating properties of phenanthrolines are invaluable to the use of these compounds.
Subsequently, phenanthroline complexes have been used for a number of other applications
because of their luminescent properties. For example, some lanthanide complexes have been
employed as fluoroimmunoassays binding to specific DNA sequences as markers.%
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The material sciences have particularly benefited from the properties possessed by
phenanthroline and its analogues for the design of photochemically and electrochemically active
materials.?*%203217 Electronically, phenanthrolines are an interesting class of chemical compounds
that can be used for a number of applications. For example, phenanthroline analogue 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthroline (bathocuproine, 65, Scheme 37) is one example employed in
OLED technologies as both emissive layers as well as hole-blocking materials used to optimize
the charge transport of these devices.?

Scheme 37: Molecular structure bathocuproine (65).

1,10-Phenanthroline also absorbs radiation in the UV region; however, the structure of the
molecule can be altered to shift the absorption towards the visible and near infrared regions.?0428
The luminescent behaviour and efficiency of phenanthrolines can be enhanced by the addition of
various functional groups, protonation of the nitrogen atoms, and incorporation into conjugated
polymers.182204 - Additionally, phenanthrolines are prized for their ability to stabilize and
photosensitize the triplet state in the respective metal complexes, particularly those formed with
d- and f-block metals, giving way to their use in luminescent materials.81-204

Lanthanide cations demonstrate impressive luminescent and optical behaviour. For
example, neodymium doped materials such as ceramics and glasses are frequently employed as
gain media for many types of lasers.?*® The lanthanides exhibit luminescence that is characterized
by long decay times, a large difference between excitation and emission wavelengths, and narrow
emission bands.?” These properties make lanthanide ions the ideal candidates for the preparation
of luminescent materials as they show both high optical purity and minimal background
interference and scattering.!”® Unfortunately, the lanthanide ions exhibit low absorption
coefficients, making direct excitation difficult and subsequently the luminescence intensity and
quantum yields of these cations to be relatively low.1"327 Alternatively, coordination complexes
of lanthanide metals often demonstrate much more intense luminescence. Acting as harvesting
antennae, some ligands sensitize the metal cations towards luminescence by absorbing UV-Vis
radiation and efficiently transferring this energy to the metal centre.'82214220 Phenanthrolines are
particularly well suited for the coordination of d- and f-block metals. In addition, the tunability of
phenanthrolines allows for the optimization of highly efficient UV light absorption.173182221 Ag
such, phenanthroline-based compounds and complexes, particularly those incorporating
lanthanide metals, have been extensively used in the design of materials that exhibit luminescent
and photochemical properties. 82 A number of studies have demonstrated the use of phenanthroline
based ligands as sensitizers for lanthanide ions with regards to luminescent properties.'82202221 For
example, coordination complexes of 4-[(9-methyl-1,10-phenanthrol-2-yl)methyl]-1,4,7-
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triazaheptane-1,1,7,7-tetraacetic acid] (66, Scheme 38) have been prepared with all lanthanide
metals.182222 These complexes have been further shown to demonstrate emission spectra across the
UV, visible, and near-infrared spectral regions. Additionally, the Eu** and Tb** complexes have
been further employed as labels for biological immunoassays.'”

e

OOH

HOO
HOO

Scheme 38: Molecular structure of (4-[(9-methyl-1,10-phenanthrol-2-yl)methyl]-1,4,7-
triazaheptane-1,1,7,7-tetraacetic acid]) (66).22?

Additionally, phenanthrolines also serve as assistant ligands in mixed-ligand octahedral
complexes, particularly in conjunction with various photosensitizing B-diketonates.?? The
presence of coordinated solvent molecules, particularly those containing —OH groups, play a role
in nonradiative deactivation.t’>182 In highly coordinated lanthanide complexes, neutral chelating
ligands like phenanthroline serve the secondary purpose of excluding the coordination of solvent
and water molecules, thereby protecting the luminescence of the complexes.'”® An example of a
heteroleptic europium(lll) complex (67) incorporating a phenanthroline ligand as well as a -
diketonate derivative is depicted in Scheme 39. This compound was used to demonstrate the
luminescence of lanthanide coordination complexes in solid-state systems. 82224225

Scheme 39: Chemical structure of heteroleptic europium(I11) phenanthroline complex 67.

As previously mentioned, many lanthanides and phenanthroline-based compounds exhibit
unique optical and electronic properties; however, in order to make many of these materials
suitable for use, the complexes must be bound to a matrix or support system. Neodymium for
example is often used as a dopant for gain media in lasers. This rare-earth metal is often suspended
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in materials such as yttrium aluminum garnet, yttrium vanadate, or silicate and phosphate
glasses.?2% Similarly, bathocuproine (65), used in amorphous semiconducting materials, exhibits
poor morphological stability as the presence of moisture, oxygen, and heat has been shown to
cause the crystallization of bathocuproine. Doping bathocuproine with larger compounds such as
tris-(8-hydroxylquinoline)aluminum has been used to improve the lifetime and efficiency of this
material; however, the morphological stability and lifetime of these blended materials are still a
challenge for many applications. 8227

Glass-forming amorphous materials that readily form thin films present an alternative for
the production of optoelectronic and electronic materials for a variety of applications. This is
because of their ease of use, their improved optical properties, as well as their thermal stability.??®
However, many conventional methods for preparing these materials require high temperatures
which can damage some functionalities, such as many organometallic complexes.??® Polymers are
another common method for introducing glass-forming capabilities to various functionalities.
Unfortunately, many of these systems are not robust and have a tendency to decompose under
thermal and radiative stress. Furthermore, the nature of polymer chemistry makes obtaining a
discrete chemical structure challenging and leads to more difficult purification.??® Small molecules
offer greater synthetic control, as well as easier purification and processability. The properties of
small molecules address many of the limitations of other materials. Unfortunately, small molecular
materials not bound to a support system have a tendency to crystallize quickly and generally do
not form stable glassy phases. This leads to limited lifetimes as well as poorer performance.??®
Fortunately, the functionalization of compounds with small molecular glass formers offers a
method for introducing or improving glass-forming abilities and the ability to fabricate thin
films.%5%8 The incorporation of glass formers, such as mexylaminotriazines, presents an
alternative option for developing and designing functionalized thin film materials that possess the
advantages and mitigate the failures of other types of solid-state materials.

Herein, we report the synthesis of a phenanthroline derivative functionalized with a
mexylaminotriazine glass-forming substituent as well as the preparation of two series of glass-
forming lanthanide complexes with different spectator ligands, 2-thenoyltrifluoroacetone (52) or
1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione (53). The phenanthroline ligand is an ideal candidate
for functionalization with mexylaminotriazine substituents in order to produce a series of highly
tailorable, well-defined, molecular glasses possessing photoactive and optical materials.
Functionalization of a phenanthroline ligand derivative with a mexylaminotriazine unit is expected
to introduce glass-forming properties to the corresponding derivative and the respective
complexes. The characterization and determination of glass-forming abilities of the synthesized
ligands and corresponding complexes will also be outlined in the following sections.
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6.2. Results and Discussion

6.2.1. Synthesis and Characterization of Ligand

Phenanthroline-functionalized glass 68 was synthesized according to the following route
(Scheme 40). Precursor thiol 24 was synthesized using a published procedure!! similar to that used
for bromomethyl-glass 58 (Chapter 5): 2-mexyl-4-methylamino-6-chloro-1,3,5-triazine (56) was
refluxed for 24 h in THF with 4-aminothiophenol (67) under nitrogen to give 2-mexylamino-4-
methylamino-6-(4-mercaptophenylamino)-1,3,5-triazine (24) in 89% yield. In both steps, the
products could be easily purified by acidic and basic extractions and did not require
chromatography, though compound 24 slowly oxidizes to the corresponding disulfide upon
exposure to air. Precursor 24 in ethanol was then refluxed for 24 h with phenanthroline epoxide
(61) under an inert atmosphere in the presence of sodium methoxide to give phenanthroline-
functionalized mexylaminotriazine 68 in 84% vyield. The final product can be purified by
precipitation in H2O, several washes with H,O, and allowing the compound to dry in air.

D

61

H
H ~
N H H
H | 67 H H NaOMe (25% in MeOH) O
THF, reflux, 24hr, N, @ EtOH, reflux, N, 24 hr =
' )
24 68
X

Yield = 95% Yield = 84%
56

Scheme 40: Synthesis of the mexylaminotriazine functionalized phenanthroline ligand 68.

Precursor 24 and ligand 68 both readily formed glasses upon drying from solution or by
cooling from the melt. Ligand 68 decomposed around 300 °C, as measured by TGA. T values for
ligand 68 and precursor 24, are listed in Table 6. Phenanthroline derivative 68 shows a T4 of 134
°C, which is higher than that of precursor 24, and no crystallization was observed upon heating.
This demonstrates the ability of the phenanthroline derivative 68 to form stable, long-lived glasses.
This higher observed Ty is possibly due to the ability of the nitrogen atoms in the phenanthroline
moiety to participate in the formation of hydrogen bonds. As explored in Chapter 2, hydrogen
bonds form between the various amino groups and the nitrogen atoms of the triazine and now the
phenanthroline moieties have been shown to increase T4 in mexylaminotriazines. Thus moieties
capable of forming additional hydrogen bonds would likely exhibit higher glass transitions
temperatures.’®! These hydrogen bonds promote glass formation and an increased T4 by forming
aggregates in the material, which pack poorly amongst each other and cannot easily reorganize.
The Ty of the glass-forming phenanthroline ligand was also higher than the synthesized glass-
forming salen ligands described in Chapter 4. As was the case with the coordination of the salen
ligands to metal centres, the greater rigidity, and lower molecular mobility of the glass-forming
phenanthroline ligand likely contributes to this higher T4. Thermograms for TGA and DSC are
provided in appendices B.3 and C.3, respectively.
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Table 6: Glass transition temperatures (Tg4) of compounds 24 and 68. The T4 of compound 24 is
reported from literature values.'

Compound T4 (°C)
24 84
68 134

6.2.2. Coordination with Metals and Characterization

As trivalent octacoordinated metals, it was necessary to prepare heteroleptic lanthanide
complexes that satisfied the metal centres by employing a neutral glass-forming phenanthroline
ligand as well as anionic B-diketonate ligands. Ligand 68 was reacted with various lanthanide
series metals including La(lll), Pr(l1l), Nd(lI), Eu(lll), Tb(lll), and Er(lll) to yield the
corresponding complexes 68a and 68b. Complexes of the form 68a were prepared using 2-
thenoyltrifluoroacetone (Htta, 52) as the anionic ligands as well as the corresponding lanthanide
chloride or nitrate hydrates. The B-diketone ligand was first deprotonated in situ by adding NaOMe
in MeOH (3 equiv.) to a solution of ligand 52 (3 equiv.) in EtOH. Solutions of the glass-
phenanthroline ligand (68) (1 equiv.) in THF, and metal salt (1 equiv.) in H2O were sequentially
added at ambient temperature leading to the immediate formation of a precipitate. A small portion
of THF was added to re-dissolve the precipitate and the mixture was allowed to stir for 30 minutes.
The complexes were obtained in 65-86% yield by precipitation from H.O. In all cases, the
complexes could be purified by precipitation from water followed by dissolving in CH2Cl, drying
with Na;SO,, and the thorough removal of solvents by rotary evaporation. For the purposes of
comparing various heteroleptic complexes of this type, the glass-phenanthroline ligand (68) was
also used to prepare a second series of lanthanide metal complexes. Complexes of the type 68b
were prepared following similar procedures; however, 1,1,1-trifluoro-5,5-dimethyl-2,4-
hexanedione (Hfdh, 53) was used instead of 2-thenoyltrifluoroacetone. Initial attempts to prepare
compound 68b<Ln(I11) produced low yields (20-30%). This was likely due to the increased steric
demands of the Hfdh ligands relative to Htta ligands. Similar yields were reported in the literature
using non-glass forming derivatives.?° As a result, the final mixture was refluxed for 24 h while
stirring before the product was precipitated from H2O. This additional step improved yields slightly
and complexes of the form 68bsM(111) were prepared from La(lll), Pr(I11), Nd(I1I), and Eu(ll1)
metal salts in 45-61% yields. Scheme 41 depicts the general method used to prepare lanthanide
complexes of the form 68a and 68b.
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Scheme 41: Preparation of heteroleptic La(lll), Pr(111), Nd(l1), Eu(I11), Tb(lll), and Er(l1)
complexes 68a and 68b from corresponding metal salts, diketones 52 or 53, and ligand 68.
MX3enH,0 = LaCI3-6H20, PT(NO)3'6H20, NdC|3'6H20, EUC|3'6H20, TbC's'GHzO,
Er(NO)3*5H,0.
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The thermal behaviour of complexes 68a and 68b were studied by TGA and DSC (Table
7). Typically, a first mass loss peak ranging from 2 to 4% was observed around 140 °C, attributed
to the loss of residual water trapped in the samples. TGA analysis showed most complexes to be
stable at temperatures over 200 °C, with some showing stability at temperatures nearing 300 °C.
All complexes prepared for this study demonstrated glass-forming properties, with T4 values
ranging from 101 to 130 °C, as measured by DSC (Table 7), with standard deviations from
duplicate measurements less than 2 °C and typically less than 1 °C. Interestingly, DSC analysis
showed small transitions occurring between 140 and 185 °C. These peaks are not large enough to
be attributable to melting transitions or crystallization and the exact point seems to change between
runs of the same sample. As such, these complexes appear to demonstrate slight decomposition
above their Tg. The complexes will need to be kept below temperatures of approximately 140 °C
and this minor decomposition should be kept in mind for any potential applications of these
complexes.

Table 7: Decomposition temperatures and glass transition temperatures (Tg) for complexes of

68a and 68b.

Complex Taec (°C) T4 (°C)
68a-La(lll) 270 130
68a<Pr(l11) 280 108
68asNd(I1I) 250 112
68a<Eu(l11) 260 109
68a-Th(l11) 290 112
68a<Er(11) 270 117
68beLa(lll) 260 113
68b-Pr(11) 250 101
68bNd(l11) 250 103
68b-Eu(lll) 250 101

In contrast to the glass-forming salen complexes described in Chapter 4, these complexes
exhibited a decrease in their T4 upon coordination to metal centres. It was proposed that the salen
complexes demonstrated an increase in Ty relative to their respective ligands as a result of their
increased rigidity. In the case of phenanthroline, the ligand is already rigid and planar and
coordination did not further limit the molecular mobility. Alternatively, the decrease in Ty is likely
the result of a loss of hydrogen bonds formed from the heteroaromatic nitrogen atoms. Similar to
the salen-mexylaminotriazine complexes, variations in T were observed depending on the nature
of the metal in each series. In particular, the lanthanum(l11) complexes of both series of complexes
exhibited higher Tg. For example, the lanthanum complexes showed T4 values 22 °C and 12 °C
higher than the corresponding Pr(l11) complexes. Comparatively, the glass transitions of the other
metal complexes in both series are more consistent. For example, the 68a complexes of Pr(ll),
Nd(111), and Eu(l11) exhibited glass transitions within 4 °C of each other, while the 68b complexes
incorporating the same metal centres were within 2 °C. The magnetism is the only obvious
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difference at this time between the La(lll) complexes and the remaining metal complexes.
However, at this point no conclusions can be drawn until the role of metal centres on Ty is
investigated further in future studies. Thermograms for TGA and DSC are provided in appendices
B.3 and C.3, respectively.

6.2.3. Optical Properties

The UV-Vis spectra of glass-forming complexes 68a and 68b were recorded in both a
CHCl; solution and in the solid state as thin films. Given the widely reported luminescent
behaviour of phenanthroline-based lanthanide complexes in the solid-state, thin films were
prepared for analysis in order to compare the absorption of the chromophores as well as any shifts
in absorption as a result of any molecular aggregation in the solid-state. Thin films of the respective
complexes were deposited on glass substrates by spin-coating from a CHCl; solution. Uniform
thin films were formed in all cases as solvent evaporated. Absorption spectra of the Htta series of
complexes, 68a, are shown below in Figure 7, and for the Hfdh complexes, 68b, in Figure 8,
respectively. A comparison of the UV-Vis absorption spectra of the two europium(l11) complexes,
68a<Eu(l1l) and 68b<Eu(lll) in both solution and solid-state is shown for visible reference in
Figure 9. The absorption maxima and extinction coefficients at the primary Amax are reported in
Table 8.
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Figure 7: UV-Vis absorption spectra of complexes 68a in CHCl. solution (Top) and in solid-

state as thin films (Bottom).
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Figure 8: UV-Vis absorption spectra of complexes 68b in CH,Cl. solution (Top) and in solid-
state as thin films (Bottom).
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Figure 9: Comparison of the UV-Vis absorption spectra of europium(l11) complexes 68asEu(l11)
and 68b<Eu(l11) in both solution and in the solid state.
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Table 8: UV-Vis absorbance values of phenanthroline-functionalized molecular glass complexes
68a-b in both CH,CI; solution and in the solid state.

Complex Amax in solution (nm) ¢ (extinction Amax in solid state (nm)
Primary Secondary coefficient) Primary Secondary
in solution
(cm*M?)
68a-La(lll) 278 342 84200 283 349
68a<Pr(l11) 279 341 89500 282 350
68asNd(l11) 278 341 89000 284 349
68a-Eu(lll) 278 340 87000 289 350
68a-Th(l11) 280 339 99300 283 345
68a-Er(l11) 279 338 66200 281 343
68beLa(lll) 282 - 97100 295 -
68bPr(l11) 283 - 93400 291 -
68b<Nd(l11) 283 - 93200 289 -
68b-Eu(lll) 281 - 80500 283 -

104




The UV-Vis absorption spectra of both series of prepared complexes show intense
absorption in the ultraviolet region of the spectrum. The complexes of the Htta series appear to
show maximum absorption from A = 278-280 nm. A secondary peak is observed from A = 338 to
A =342nm and appears in all Htta series complexes 68a. No pattern appears to exist in accordance
with periodic trends and there is only a small variation between the complexes of different metals
within the same series. This indicates that the ligands may be a more significant factor in the
absorption of UV-Vis radiation. Ligands are frequently employed in analogous compounds as
antennas for exactly this purpose.82214220 The |igands in analogous complexes have been shown
to absorb UV-Vis radiation and transfer the energy to the metal centre for emission. The complexes
of the Hfdh series 68b show maximum absorbance from A = 281-283 nm. Unlike the Htta series,
this series does not show any other absorbance peaks at other wavelengths. This observation
suggests that the aromatic thiophene groups on the B-diketonate ligands in series 68a, 2-
thenoyltrifluoroacetone (Htta), are responsible for the high absorbance peak around A = 340 nm.
The observed absorption maxima are reported in the literature for non-glass forming Htta and
phenanthroline based complexes.?®* All complexes in the 68a series also appear to exhibit a shift
to slightly shorter wavelengths relative to their corresponding Hfdh series complexes (68b). This
suggests that the optical properties of these novel coordination complexes could be tailored and
altered for a variety of purposes. For example, by altering the diketones, derivatives could be
prepared that absorb in different regions and potentially exhibit other varying optical properties.

Given the desired use of these complexes for solid state and thin film applications, the
complexes were also analyzed for the absorbance of UV-Vis radiation as thin films. The complexes
of the Htta series (68a) as thin films demonstrate maximum absorption from A = 281-289 nm.
Secondary absorption peaks were once again observed from A = 349-350 nm and appear in all solid
state Htta complexes. The solid samples of the Hfdh series (68b) show maximum absorbance from
A =283-295 nm. Again, no secondary absorption peak is observed in this series of complexes. This
further suggests that the ligands and their respective substituents play an important role in the
absorption of UV-Vis radiation. Comparing the samples in solution to those as thin films, a red-
shift can be observed. This is expected and due to the increased aggregation observed of the
materials in the solid-state relative to solution. This factor will need to be studied further to
determine whether this can be exploited or altered in order to design optically active thin films of
these glass-forming complexes in the future. Similar to the salen complexes, no absorbance peaks
were observed within the visible region of the spectra for any samples. The same explanation could
be proposed for these complexes, that the metal-based transitions are too weak relative to the
ligand-based transitions in the UV range. Solutions that are more concentrated could be prepared
and used to analyze the visible region of the electromagnetic spectrum for absorbance peaks in this
region.

Another observation was made regarding the fluorescent properties exhibited by some metal
complexes. Both of the europium(l1l) complexes, 68a<Eu(l11) and 68b<Eu(lll), exhibit strong
luminescence in the visible region. This was noted when the samples were irradiated with a
handheld laboratory UV lamp, both in solution and in the solid state. Both complexes fluoresced
with a red-orange colour. Figure 10 shows the fluorescent behaviour of these two samples in the
solid state as spin-coated thin films. In Figure 10, the two samples are compared to two references,
the substrate material without any sample being applied and the Htta series praseodymium(lll)
complex 68a<Pr(I11). Lanthanide based complexes, such as those containing Pr, Nd, Er and Tb,
are known to exhibit a range of luminescent properties.??#?32 In particular, Th(IIl) and Eu(llI)
complexes are known for luminescence in the solid state.?”* However, in this study no other
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complexes were observed to luminesce. This observation can be explained in a number of ways.
First, the quantum yield of many luminescent materials is quite low.?1%231:23 The other complexes
at this point could demonstrate luminescence at intensities too low to be observed qualitatively.
Alternatively, other complexes could luminesce at wavelengths that are not in the visible region
of the spectrum. 22234 For example, Nd is known to luminesce in the IR regions of the spectrum.?®?
Lastly, non-glass forming europium(l11) analogues of these novel coordination complexes have
been shown to exhibit strong visible luminescence. 182230235237 Ag sych, the observation of this
complexes’ luminescence is not unexpected while the lack of observed luminescence in other
complexes does not necessarily rule out their luminescent properties. Unfortunately, this
qualitative observation could not be further studied for this research thesis. Time constraints as
well as a lack of access to a fluorescence spectrometer made further characterization of these
properties impossible. Nevertheless, this observation is exciting in that it supports one of this
report’s hypotheses, that novel glass-forming coordination complexes will retain the properties of
their parent compounds despite the introduction of mexylaminotriazine moieties. As such, the
evaluation and study of the luminescent properties of this series of glass-forming complexes should
be pursued in the future.

Figure 10: Fluorescent behaviour of p}ﬁ coated samples of the two europium(I11) complexes via
irradiation with UV light. From left to right: untreated substrate, Htta europium(l11) complex,
68a<Eu(l11), Htta praseodymium(I11) complex, 68a<Pr(I11), and Hfdh europium(l11) complex,
68b-Eu(lll).

6.3. Experimental

6.3.1. Materials and Equipment

All reagents were purchased from Sigma-Aldrich, AK Scientific or Oakwood Chemicals
and were used without further purification. Reagent grade solvents were purchased from Caledon
Laboratories, and used without further purification. DMSO-ds (deuterated dimethyl sulfoxide) and
CDCl3 (deuterated chloroform) were purchased from CDN isotopes. Unless otherwise stated,
reactions were performed under ambient atmospheric conditions. Thin film chromatography using
SiliCycle products was used to investigate the progress of each reaction.

6.3.2.  Physical Measurements

Compounds were characterized by nuclear magnetic resonance (NMR) in order to fully
identify the compounds obtained. NMR spectra were recorded using a Bruker Avancé 400 MHz

106



spectrometer at 298K unless otherwise noted. Thermal analysis was obtained by TGA and DSC
using a TA Instruments Q50 and Q20, respectively. Ambient temperature magnetic susceptibility
measurements were made using a MSB MK1 Magnetic Susceptibility Balance following
procedures outlined by the supplier. Infrared spectra were recorded using a Thermo Scientific
Nicolet iS10 spectrometer. UV-Vis spectra were recorded using a Hewlett Packard 8453
spectrometer. HRMS analysis was conducted by an analytical party according to the techniques
identified for the each specific compound.

6.3.3.  Synthesis

Synthesis of 2-mexylamino-4-methylamino-6-(4-mercapto-phenylamino)-1,3,5-
triazine (57)

HN™

S

i
QL

The synthesis of precursor 56 was performed according to literature procedures.!! The
synthesis of this general precursor is provided in section 5.3.2. The synthesis of this compound 57
followed literature procedures.* 2- mexylamino-4-methylamino-6-chloro-1,3,5-triazine (56) (7.18
g, 27.2 mmol) and 4-aminothiophenol (67) (4.09 g, 32.7 mmol) were dissolved in THF (50 mL) in
a degassed round-bottomed flask equipped with a magnetic stirrer, a water-jacketed condenser.
The reaction mixture was refluxed overnight under a N, atmosphere with constant stirring. After
allowing to cool to ambient temperature, a small amount of EtOAc and 1 M aqueous HCI were
added to the reaction mixture. Both layers were separated. The organic layer was washed with
H,0, extracted with agueous NaHCOs3, dried over Na,SO,, filtered, and the solvent was thoroughly
evaporated under reduced pressure to give 4.23 g of the title compound 24 (12.0 mmol). Yield:
95%; HRMS (EI) calcd for CigH20NsS (m/e): 352.1470, found: 352.1477; FTIR (CH.Cl./KBr)
3448, 3416, 3283, 3054, 2987, 1575, 1556, 1496, 1423, 1400, 1355, 1323, 1266, 1183, 896, 841,
810, 705 cm™*; *H NMR (300 MHz, DMSO-ds, 298 K): 5 9.09 (br s, 0.5H), 8.96 (br s, 1H), 8.81
(brs, 0.5H), 7.66 (br s, 2H), 7.35 (br d, 2H), 7.15 (d, 2H), 6.87 (br s, 1H), 6.57 (s, 1H), 5.15 (br s,
1H), 2.81 (d, 3H), 2.21 (s, 6H) ppm; *C NMR (75 MHz, DMSO-ds): & 166.6, 164.7, 140.6, 138.7,
137.7,129.9, 123.8, 123.3, 121.3, 118.4, 27.9, 21.7 ppm; T4 = 84 °C. This spectral data matches
the data published in the literature.

NH
H
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Synthesis of Phenanthroline Ligand (68)
HN™

N
HMNH

Q.0

=z
|
X
2-Mexylamino-4-methylamino-6-(4-mercapto-phenylamino)-1,3,5-triazine (57) (2.78 g,
7.89 mmol) was added to EtOH (80 mL) in a round-bottomed flask equipped with a magnetic
stirrer, and the mixture was degassed by sparging with N2 for 15 minutes. NaOMe (25 wt% in
MeOH, 0.850 mL, 3.94 mmol) was added and the solution was stirred with gentle heating for 5
minutes. 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline (61) (1.62 g, 8.28 mmol) was added, the
flask was fitted with a water-jacketed condenser, and the mixture was refluxed overnight under
N. The mixture was poured into H,O while warm, forming a precipitate. The precipitate was
collected by filtration, washed with H,O, and allowed to dry in air to give ligand 68 as a white
solid (3.53 g, 6.65 mmol). Yield: 84%; FTIR (KBr, cm™): 3270, 2957, 1574, 1504, 1417, 1361,
1286, 1236, 1181, 1141, 1080, 1037, 1012, 939, 874, 836, 808, 738, 624, 543, 522 cm™; 'H NMR
(300 MHz, DMSO-ds, 298 K): 4 9.34 (d, 1H), 9.11 (d ,2H), 8.93 (d, 1H), 8.85 (d, 1H), 8.41 (d,
1H), 7.96-7.76 (m, 5H), 7.33 (d, 4H), 6.94 (s, 1H), 6.52 (s, 1H), 2.83 (s, 3H), 2.12 (s, 6H) ppm;
13C NMR (75 MHz, DMSO-dg): & 166.5, 164.6, 164.2, 150.8, 146.4, 145.6, 141.1, 140.4, 137.7,
137.6, 136.3, 135.3, 133.7, 132.4, 130.8, 130.0, 128.6, 128.0, 124.3, 124.1, 123.8, 123.5, 121.3,
118.8, 118.3, 115.6, 102.7, 64.6, 27.8, 21.5, 15.1 ppm; T4 = 134 °C.
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Preparation of 68asLa(lll)

To a solution of 2-thenoyltrifluoroacetone (52) (333 mg, 1.50 mmol) in EtOH (4 mL) in a
round-bottomed flask equipped with a magnetic stir bar was added NaOMe (25% in MeOH, 340
uL, 1.50 mmol), the mixture was stirred for 5 minutes at room temperature. A solution of ligand
68 (265 mg, 0.500 mmol) in THF (3 mL) was added. A solution of LaClzexH.0O (123 mg, 0.500
mmol) in H2O (4 mL) was added and a precipitate formed immediately. A small portion of THF
(2-3 mL) was added to re-dissolve the precipitate, then the mixture was poured into H,O. The
precipitate was collected by filtration. The precipitate was redissolved in CH-Cl, and the solution
was dried over Na,SO., filtered, and the solvent was removed under reduced pressure to afford
431 mg of complex 68a-La(l11l) (0.323 mmol, Yield 65%). FTIR (KBr, cm™): 3404, 2919, 2360,
1608, 1534, 1501, 1412, 1354, 1299, 1242, 1228, 1182, 1139, 1082, 1059, 1012, 932, 883, 859,
837, 807, 783, 736, 718, 679, 640, 604, 578 cm™; *H NMR (400 MHz, DMSO-ds, 298 K): § 9.34
(s, 1H), 9.21 (m, 2H), 8.96 (d, 1H), 8.79 (d, 1H), 8.45 (d, 1H), 8.45 (d, 1H), 7.99-7.78 (m, 10H),
7.32(d, 4H), 7.11 (s, 3H), 6.93 (m, 1H), 6.51 (s, 1H), 6.16 (s, 2H), 2.83 (s, 3H), 2.12 (s, 6H) ppm;
13C NMR (75 MHz, MSO-dg): 6 179.9, 168.7, 166.6, 164.3, 150.9, 146.4, 145.3, 141.2, 140.4,
137.6, 136.8, 135.3, 134.3, 133.0, 132.3, 130.1, 129.2, 128.7, 128.2, 125.4, 124.4, 124.2, 123.8,
121.3, 121.0, 118.3, 118.1, 115.3, 90.6, 67.5, 30.9, 27.8, 25.6, 21.5 ppm; *F NMR (376 MHz,
DMSO-ds) 6 -74.2 (s, 9H) ppm; Tg = 130 °C.

Additional complexes of with the metal centres including; Pr(l11), Nd(I11), Eu(lll), Th(lII),
and Er(lIl) were prepared according to the same procedure as analogue 68a<La(lll) from the
respective lanthanide salts (Pr(NOs)s*6H,O, NdClz*6H,0, EuCls*6H;0, ThbCls*6H.0,
Er(NOs)s*5H,0)) and ligand 68.
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Preparation of 68asPr(l11)

Yield: 80%; FTIR (KBr, cm): 3389, 3103, 2956, 2923, 2360, 2342 1601, 1538, 1505, 1412,
1357, 1303, 1245, 1230, 1186, 1141, 1083, 1061, 1035, 1013, 950, 933, 885, 859, 838, 808, 787,
768, 735, 720, 692, 681, 641, 605, 580, 521, 490, 458, 418 cm'; *H NMR (300 MHz, DMSO-ds,
298 K): & 9.14-8.87 (m, 3H), 7.82 (m, 7H), 7.34 (m, 3H), 6.93 (M, 1H), 2.85 (s, 3H), 2.17 (s, 6H)
ppm; °C NMR (75 MHz, DMSO-dq): & 166.6, 164.5, 141.0, 140.5, 139.7, 137.7, 135.3, 134.4,
132.6, 131.5, 129.2, 128.5, 125.4, 124.0, 121.0, 118.9, 118.4, 55.4, 34.9, 30.9, 27.8, 25.6, 21.6
ppm; °F NMR (376 MHz, DMSO-dg) & -69.9 (s, 9H) ppm; perr = 2.47; Tq = 108 °C.

Preparation of 68asNd(l11)
N

Yield: 77%; FTIR (KBr, cm™): 3396, 3104, 2957, 2923, 1600, 1558, 1538, 1505, 1412,
1356, 1304, 1246, 1230, 1186, 1141, 1083, 1061, 1035, 1013, 951, 934, 885, 860, 838, 808, 787,
768, 735, 720, 692, 681, 641, 605, 580, 521, 493, 459 cm™*; *H NMR (300 MHz, DMSO-dg, 298
K): 8 9.95 (s, 3H), 9.31 (s, 3H), 9.18-9.02 (m, 3H), 8.85 (s, 1H), 8.10 (s, 3H), 7.84 (s, 3H), 7.35
(m 4H), 6.91 (m, 1H), 6.56 (s, 1H), 2.84 (s, 3H), 2.10 (s, 6H) ppm; C NMR (75 MHz, DMSO-
de): 6 193.0, 171.2, 166.6, 164.3, 151.9, 150.7, 141.1, 140.4, 137.6, 132.6, 131.8, 131.1, 129.6,
123.8,121.2, 118.3, 108.6, 30.9, 27.8, 21.5 ppm; °F NMR (376 MHz, DMSO-ds) & -71.1 (s, 9H)
PPM; teir = 2.655; Ty = 112 °C.
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Preparation of 68asEu(lI1)

E@a

Yield: 67%; FTIR (KBr, cm™): 3822, 3405, 1601, 1537, 1502, 1412, 1357, 1307, 1246,
1230, 1187, 1141, 1083, 1062, 1035, 1014, 952, 934, 887, 859, 838, 808, 787, 768, 734, 722, 681,
641, 605, 581, 461 cm*; 'H NMR (300 MHz, DMSO-ds, 298 K): § 9,33 (d, 1H), 9.10 (d, 2H), 8.96
(d, 1H), 8.73 (s, 1H), 8.42 (s, 1H), 7.96-7.76 (m, 7H), 7.45-7.33 (m, 8H), 6.93 (s, 1H), 6.51 (s,
4H), 6.34 (s, 3H), 2.82 (s, 3H), 2.12 (s, 6H) ppm; C NMR (75 MHz, DMSO-ds): 5 168.5, 166.6,
164.3, 154.1, 150.7, 145.7, 141.2, 140.4, 137.5, 136.0, 132.4, 130.0, 127.1, 125.1, 123.7, 121.4,
118.3, 102.7, 61.6, 31.1, 27.8, 25.7, 21.7 ppm; °F NMR (376 MHz, DMSO-ds) & -78.4 (s, 9H)
ppm; pess = 2.401; Ty = 109 °C.

Preparation of 68asTb(l11)

E@a

Yield: 77%; FTIR (KBr, cm): 3405, 2361, 1627, 1601, 1538, 1504, 1468, 1412, 1357,
1308, 1246, 1230, 1187, 1141, 1062, 1035, 935, 886, 859, 808, 787, 719, 682, 582, 521, 422 cm
L' 1H NMR (300 MHz, DMSO-ds, 298 K): & 9.40 (d, 1H), 9.21 (d, 2H), 9.06 (s, 1H), 8.90 (s, 1H),
8.46 (s, 1H), 8.04 (m, 3H), 7.85 (s, 1H), 7.73 (s, 1H), 7.51 (s, 3H), 7.07 (s, 1H), 6.62 (m, 3H), 3.01
(s, 3H), 2.29 (s, 6H) ppm; *C NMR (75 MHz, DMSO-ds): § 207.1, 166.9, .41, 133.9, 164.8, 150.9,
141.3, 140.8, 138.0, 136.4, 133.9, 132.6, 130.3, 129.0, 125.8, 124.3, 121.6, 118.7, 103.9, 31.3,
28.2, 21.9 ppm; *F NMR (376 MHz, DMSO-ds) & -43.8 (s, 9H) ppm; pert = 7.853; Ty = 112 °C.
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Preparation of 68a°Er(l11)
N~
isd

Q

Yield: 86%; FTIR (KBr, cm): 3406, 2956, 2923, 2360, 2342, 1529, 1604, 1538, 1503,
1469, 1413, 1358, 1311, 1247, 1231, 1187, 1142, 1083, 1062, 936, 860, 808, 787, 769, 734, 720,
682, 669, 642, 605, 583, 522, 421, 409 cmt; 'H NMR (300 MHz, DMSO-ds, 298 K): & 9.29 (s,
1H), 9.09 (d, 2H), 8.89 (d, 1H), 7.93 (s, 1H), 7.83 (m, 3H), 7.28 (s, 4H), 6.91 (s, 3H), 6.47 (s, 1H),
4.63 (s, 3H), 2.79 (5, 3H), 2.08 (5, 6H) ppm; *C NMR (75 MHz, DMSO-ds): 5 166.5, 164.6, 150.7,
140.3, 137.5, 136.2, 133.7, 132.3, 128.7, 125.3, 123.6, 122.7, 121.2, 118.2, 114.6, 107.3, 30.8,
27.7, 21.5 ppm; F NMR (376 MHz, DMSO-ds) & -92.0 (s, 9H) ppm; pert = 7.719; Ty = 117 °C.

Preparation of 68beLa(lll)
N~
Mm

o) >

~ |
N
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To a solution of 1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione (53) (222 mg, 1.13 mmol) in
EtOH (4 mL) in a round-bottomed flask equipped with a magnetic stir bar was added NaOMe
(25% in MeOH, 260 pL, 1.13 mmol), the mixture was stirred for 5 minutes at room temperature.
A solution of ligand 68 (200 mg, 0.377 mmol) in THF (3 mL) was added. A solution of
LaClzexH20 (92.5 mg, 0.377 mmol) in H,0 (4 mL) was added dropwise. A small portion of THF
(2-3 mL) was added to re-dissolve any precipitate that had formed and the mixture was refluxed
for 24 h. The mixture was then poured into H2O. The precipitate was collected by filtration,
redissolved in CH,Cl;, dried over Na,SO,, filtered, and the solvent was removed under reduced
pressure to afford 211 mg complex 68bsLa(l11) (0.168 mmol, Yield 45%). FTIR (KBr, cm?):
3289, 2960, 2926, 2869, 1627, 1575, 1511, 1471, 1426, 1364, 1297, 1250, 1183, 1160, 1135, 1107,
950, 882, 846, 808, 794, 737, 688, 567, 520, 475 cm™; *H NMR (300 MHz, DMSO-dg, 298 K): &
9.34 (s, 1H), 9.20 (m, 2H), 9.02-9.85 (m, 1H), 8.79 (s, 1H), 8.46 (s, 1H), 7.98 (m, 1H), 7.87-7.79
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(m, 4H), 7.32 (m ,4H), 6.93 (m, 1H), 6.52 (s, 1H), 5.64 (s, 2H), 2.83 (s, 3H), 2.09 (s, 6H) ppm; *C
NMR (75 MHz, DMSO-dg): 6 203.0, 168.2, 167.9, 167.6, 166.6, 164.6, 164.3, 150.9, 146.2, 145.4,
141.1, 140.4, 137.5, 132.3, 130.1, 128.7, 128.1, 125.4, 124.3, 124.1, 123.8, 121.3, 121.2, 118.3,
118.3, 115.5, 89.5, 55.4, 30.9, 27.7, 26.3, 21.5 ppm; °F NMR (376 MHz, DMSO-ds) & -74.4 (s,
9H) ppm; Ty =113 °C.

Additional complexes of with the metal centres including; Pr(I11), Nd(l11), and Eu(l11) were
prepared according to the same procedure as analogue 68b<La(l11) from the respective lanthanide
salts (Pr(NO3)3+6H,0, NdCl3+6H,0, and EuCls;+6H,0) and ligand 68b.

Preparation of 68bePr(111)
N
N)\N
M

JoNe F
| X
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Yield: 56%; FTIR (KBr, cm): 3280, 2959, 2925, 2870, 1619, 1593, 1514, 1468, 1427,

1364, 1301, 1251, 1186, 1160, 1139, 1111, 951, 885, 848, 797, 736, 689, 637, 570, 521, 455 cm’
L' 14 NMR (300 MHz, DMSO-ds, 298 K): & 9.33-8.87 (m, 4H), 8.76 (s, 1H), 8.43 (s, 1H), 8.14-
7.66 (m, 4H), 7.35 (m, 3H), 6.84 (m, 1H), 6.56 (M, 1H), 2.85 (s, 3H), 2.24 (s, 3H), 2.15 (s, 3H)
ppm; C NMR (75 MHz, DMSO-dg): & 166.5, 164.3, 153.2, 150.4, 140.4, 137.6, 130.3, 127.9,
125.4, 123.9, 120.7, 118.3, 117.8, 117.1, 70.2, 57.2, 29.1, 27.8, 26.5, 21.6, 21.3 ppm; °F NMR
(376 MHz, DMSO-ds) & -68.9 (s, 9H) ppm:; perr = 2.308; T, = 101 °C.
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Preparation of 68beNd(I11)
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Yield: 61%; FTIR (KBr, cm): 3280, 2967, 2360, 1621, 1557, 1515, 1471, 1428, 1365,
1301, 1251, 1186, 1139, 1111, 1038, 952, 885, 848, 797, 762, 736, 689, 638, 570, 521, 478, 458
cmt; *H NMR (300 MHz, DMSO-ds, 298 K): § 9.50 (2H), 9.33 — 9.01 (m, 2H), 8.84 — 8.77 (d,
1H), 8.43 (s, 1H), 7.86 (m, 3H), 7.36 (s, 3H), 6.93 — 6.80 (M, 1H), 6.54 (d, 1H), 2.83 (s, 3H), 2.23
—2.13 (d, 7H) ppm; *C NMR (75 MHz, DMSO-ds): 5 211.6, 182.6, 166.5, 164.6, 150.7, 141.1,
140.4,137.6, 136.2, 133.7, 132.2, 129.8, 128.3, 123.8, 121.2, 118.3, 117.8, 108.1, 60.2, 27.8, 26.9,
21.7, 215, 21.3, 21.2 ppm; **F NMR (376 MHz, DMSO-ds) & -70.8 (s, 9H) ppm; perr = 2.398; T
=103 °C.

Preparation of 68beEu(l11)
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Yield: 48%; FTIR (KBr, cm™): 3845, 3279, 2960, 2926, 1620, 1515, 1470, 1427, 1365,
1303, 1251, 1187, 1140, 1114, 953, 886, 849, 796, 735, 689, 571, 521 cm*; *H NMR (300 MHz,
DMSO-ds, 298 K): 6 9.32 (s, 1H), 9.15 (m, 2H), 8.91 (d, 1H), 8.75 (s, 1H), 8.42 (s, 1H), 7.97 (s,
1H), 7.85 (m, 3H), 7.33 (s, 3H), 6.91-6.79 (m, 2H), 6.59-6.51 (m, 1H), 2.83 (s, 3H), 2.16 (s, 6H)
ppm; BC NMR (75 MHz, DMSO-dg): & 203.6, 167.5, 166.6, 164.3, 150.8, 146.4, 145.6, 141.2,
140.4,137.5, 136.2, 133.7,132.4, 130.0, 128.6, 124.2,123.7, 121.3, 118.3, 117.8, 60.6, 55.8, 52.9,
30.9, 29.1, 28.8, 27.8, 27.5, 21.7, 21.5, 21.3, 11.3 ppm; **F NMR (376 MHz, DMSO-ds) & -78.9
(s, 9H) ppm; pesr = 2.127; Ty = 101 °C.
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6.4. Summary

A phenanthroline ligand functionalized with a mexylaminotriazine group (68) was
successfully synthesized in one pot with high yields. The product shared the ability of its
mexylaminotriazine precursor to readily form long-lived glasses. From this ligand, a series of
lanthanide metal complexes were prepared and characterized. Mexylaminotriazine-functionalized
phenanthroline 68 was prepared from a thiol-substituted mexylaminotriazine precursor (24) with
5,6-epoxy-5,6-dihydro-[1,10]phenanthroline (61) in the presence of sodium methoxide through a
one-pot substitution-elimination sequence. The resulting glass-forming ligand (68) was used as the
common precursor to prepare two series of glass-forming heteroleptic metal complexes with -
diketonate ligands, 2-thenoyltrifluoroacetone (52) or 1,1,1-trifluoro-5,5-dimethyl-2,4-
hexanedione (53), and various lanthanide salts. This was done by reacting the respective ligands
with the corresponding lanthanide metal salts in the presence of sodium methoxide. The ligand
and subsequent complexes were then characterized using NMR spectroscopy, UV-Vis
spectroscopy, FTIR spectroscopy, and HRMS techniques. The T4 of these complexes was
measured by DSC, which was used to demonstrate the glass-forming properties and the ability to
form uniform thin films of the ligand and all complexes. The Tg4values for the mexylaminotriazine-
functionalized phenanthroline ligand (68) was found to be 134 °C. A decrease in T4 from the ligand
to the coordination complexes was observed as the lanthanide metal complexes exhibit glass
transitions ranging 101 °C to 130 °C. The metal complexes exhibited consistent T4 values with the
exception of the lanthanum complexes which exhibit higher glass transitions. This highlights the
conclusion made in chapter 4 that a study is required to determine the effect of metal centres of
glass-forming properties. Variations in the UV-Vis absorption spectra between the two series of
these novel coordination complexes suggests that the structure and properties of these complexes
can still be tailored for various purposes. As expected, a red-shift was observed in the UV-Vis
spectra of solid-state samples. This is the result of increased molecular aggregation in the solid
samples. In addition, informal testing demonstrated luminescent properties in some complexes.
The europium complexes demonstrated luminescent properties when irradiated with UV light.
Unfortunately, the scope of this project, time constraints, and the availability of instruments did
not allow for the proper assessment and characterization of these complexes’ luminescent
properties. This information will be necessary for developing these materials for future
applications. Furthermore, not all complexes demonstrated the same behaviour. This could be
explained by several factors: the limited range of wavelengths used to irradiate the materials; an
inability to measure low intensity luminescence properly or at wavelengths outside of the visible
region; or the lack of luminescent properties in some compounds altogether. Further research is
necessary to determine the optical and luminescent properties of these complexes. As such,
accurate conclusions cannot be made; however, the observation of luminescent Eu(lll) complexes
indicates that these series of complexes could hold potential value for the production of
luminescent materials.
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7. Conclusion and Recommendations

The overall objective of this research thesis was to develop a strategy for the preparation of
molecular glass coordination complexes. The first objective of this research project was to
introduce mexylaminotriazine substituents to an array of chelating ligands. Several novel ligands
capable of readily forming glassy phases have been synthesized based on the salen, acetylacetone,
and phenanthroline ligand structures. The synthesis of glass-forming ligands can be synthetically
challenging. While a variety of ligands have been synthesized in this report, not all follow the same
procedures. Furthermore, the synthesis of some analogous ligands required more drastic variations
in their synthetic procedures, while the synthesis of some others was unsuccessful. Nevertheless,
it has been demonstrated that a library of glass-forming compounds can be synthesized to
incorporate chelating functionalities.

The second objective of this research thesis was to prepare coordination complexes from
the synthesized glass-forming complexes. A number of homoleptic and heteroleptic metal
complexes were subsequently prepared from transition and lanthanide metals and the newly
formed glassy ligands. These mexylaminotriazine-functionalized coordination complexes were
shown to exhibit glass transition and the formation of stable glassy phases. In addition, these novel
glass-forming coordination complexes were shown to possess many of the same properties as their
non-glassy analogues. As such, this preliminary research supports the use, and further development
of mexylaminotriazine compounds as a viable strategy for introducing glass-forming properties
across a wide-range of ligand systems for the formation of glass-forming coordination complexes.

In Chapter 4, the syntheses of a number of salen derivatives that incorporated the
mexylaminotriazine glass-forming moiety were described. The Ty of these complexes was
measured by DSC, which was used to demonstrate the glass-forming properties and the ability of
most complexes to form uniform thin films. These novel salen complexes hold promise as solid-
state catalysts; however, further research will be required. This research will focus on determining
which catalytic applications of salen complexes are best suited for heterogenization and
subsequently the optimization of their performance. For example, thin film catalysts have been
suggested for the development of protective coatings against chemical warfare agents. It has been
demonstrated that salen complexes are capable of catalyzing sulfoxidation reactions.**® Thin film
salen complexes could be applied to vehicles and equipment to form a protective coating that
catalytically decontaminates chemical warfare agents such as sulfur mustard, a chemical vesicant,
through its oxidation to a less toxic sulfoxide form.2® Additionally, this library of glass-forming
salen complexes can be expanded by substituting the functional groups on the salicylaldehyde
moieties. These complexes are known for their versatility and ability to incorporate a variety of
substituents. Many derivatives of the salen ligand exist and lead to wide differences in their steric
and electronic properties. This variation is key to their application for a variety of diverse
applications and high catalytic activity and stereoselectivity. Altering the molecular structure of
these complexes could also be used to improve properties or for the optimization of catalytic
activity in various applications. For example, the present study recognized the limited solubility
of these complexes. Changing the molecular structure of these complexes in the future could be
used to improve their solubility and other physical properties. Ultimately, this information can be
used to develop novel heterogeneous salen catalysts as well as the development of other
heterogeneous catalysts. One example of a future application could be the use of these complexes
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to form thin coatings for sensors or as protective coatings among other traditional uses for
heterogeneous catalysts.

Chapter 5 reported the synthetic procedures used to synthesize a glassy acetylacetone ligand
functionalized with a mexylaminotriazine substituent. Subsequently, several attempts were made
to prepare a variety of homoleptic and heteroleptic transition metal complexes from glacac with
Zn(11), Ni(ll), and Cu(ll) metal salts. Regrettably, the crude products were shown to be water
sensitive and ultimately, the preparation of these complexes was abandoned due to the limited
potential for future application. The substituents at both the a- and B-positions of B-diketones are
factors that affect the equilibrium of the keto-enol tautomerization. In this report, acetylacetone-
functionalized with mexylaminotriazines at the 3-position were synthesized. A proposed
alternative strategy could be screening various other acetylacetone derivatives to determine a
suitable method for covalently linking mexylaminotriazines at the 1- or 5-positions. An alternative
structure could be the solution for synthesizing acetylacetone ligands that are more suitable for
coordination with metals by resisting hydrolysis and lability.

Chapter 6, the final part of this project, described the synthesis of a glass-forming
phenanthroline ligand by the incorporation of a mexylaminotriazine moiety. The ligand was
subsequently used to prepare a number of heteroleptic lanthanide complexes from lanthanide(l11)
metal salts and one of two p-diketonates, 2-thenoyltrifluoroacetone or 1,1,1-trifluoro-5,5-
dimethyl-2,4-hexanedione. The Ty values of these complexes were measured by DSC, which was
used to demonstrate the glass-forming properties and the ability to form uniform thin films from
all of the subsequent complexes. The various metal complexes exhibit glass transitions that are
consistent with each other, with the exception of the lanthanum(l11) complexes of both the 68a and
the 68b series of complexes, which exhibit higher Ty This observation further highlights the
requirement of studying the effect of metal centres on T4 and glass-forming properties.

These novel glass-forming phenanthroline complexes show promise for a range of
optoelectronic applications. This library of glass-forming phenanthroline complexes could be
expanded by altering the substituents on the phenanthroline ligand or by incorporating derivatives
of the B-diketonate ligands. The B-diketonates in particular offer a great deal of variability in both
properties and applications as countless derivatives of these compounds exist. For example,
analysis via UV-Vis spectroscopy demonstrated variations in optical properties between the two
series synthesized for this report. As such, it has been demonstrated that the optical properties of
these novel glass-forming coordination complexes can still be altered and tailored despite the
introduction of mexylaminotriazine moieties. Given their current and proposed use for solid-state
optoelectronic devices, UV-Vis spectra were also obtained for solid-state samples of all lanthanide
complexes. Upon comparison of the solid-sate samples to those in solution, a red shift was
observed as expected. This correlates to the increased molecular aggregation observed for
materials in the solid-state. Furthermore, the two europium(l11) complexes exhibited luminescent
properties similar to their non-glass forming counterparts when irradiated by UV light. These same
properties in similar non-glass forming europium(I11) complexes have been exploited for a myriad
of purposes.182230.235-237 However, a lack of access to the proper instruments prevented the
guantitative evaluation of the luminescence of these complexes and those containing other metal
centres. Future research will include a full evaluation of the fluorescent properties of these
complexes as non-glass forming complexes containing a myriad of metal centres have seen diverse
utilization in devices such as emissive layers in OLEDs, as gain media in lasers, and for other
applications in luminescent and electronic materials.'*2%%2" Additionally, development of these
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compounds will require investigation to ascertain the optimal glass structure, molecular structure
for specific applied purposes, as well as the ideal conditions for synthesis, spin-coating, and device
fabrication.

Several areas requiring further research were uncovered in this research project. Firstly, the
effect of the metal centre on the glass-forming abilities of these metal complexes was identified.
For example, the measured glass transition temperatures varied between the salen metal
complexes; however, generally those complexes containing the same metal centre show closer Ty
values. This seems to indicate that the metal centre does in fact play a role on the complexes’ glass
transitions. Secondly, not all ligands are suitable for functionalization with mexylaminotriazine
glass-forming substituents. The acetylacetone ligand functionalized with a molecular glass proved
to be too labile and demonstrated water sensitivity that prevented the preparation of complexes.
Fortunately, in addition to salen, acetylacetone, and phenanthroline, many other ligands and
respective complexes exist. The development of a library of molecular glass ligands and
coordination complexes could be further augmented by the synthesis of other mexylaminotriazine-
functionalized ligands. It is envisaged that this research described in this report will be utilized for
the developmental of novel glass-forming ligands and metal complexes as well as for the use of
these compounds in a variety of applications as thin film materials.
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A. NMR Spectra

A.1 NMR Spectra for Salen Complexes Functionalized with Mexylaminotriazines
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Figure 12: *C NMR of compound 45 in DMSO-ds, 75 MHz.
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Figure 14: *C NMR of ligand 46a in DMSO-ds, 75 MHz.
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Figure 15: 'H NMR of ligand 46b in DMSO-ds, 300 MHz at 363 K.
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Figure 16: *C NMR of ligand 46b in DMSO-dg, 75 MHz.
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Figure 18: *C NMR of ligand 48a in DMSO-ds, 75 MHz.

A-4




91¢°1
1891
6v8°1

SRT
£98°C

SPP'E

vLY'O
889
LTy
6vL9
66L'Y
8189
86T'L
LIE'L
SEE'L
0Es’L
TSSL
60LL
SeLt————
BLER
968
19¢'8
6LY'8

6.3

(= J./

- i,

=

R

.,

_—

\

- et

|

— NN|

O 2D
= ™M
0
(221

1

¥ —=3

b — n.‘,ﬂ

— = —

..I. !

g )

= SR

|

f

~|[e e ——

| L

T

L B L B I |

T T T

L L

| L R

]

Figure 19: 'H NMR of ligand 48b in DMSO-ds, 300 MHz at 363K.
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Figure 20: *C NMR of ligand 48b in DMSO-dg, 75 MHz.
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Figure 24: ®C NMR of complex 48a-Fe(111) in DMSO-dg, 75 MHz.
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Figure 26: *C NMR of complex 48a-Co(l1) in DMSO-dg, 75 MHz.
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Figure 27: 'H NMR of complex 48a+Ni(l11) in DMSO-ds, 300 MHz at 363K.
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Flgure 28: 13’C NMR of complex 48a-N|(II) in DMSO- ds, 75 MHz
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Figure 29: 'H NMR of complex 48a=Cu(ll) in DMSO-ds, 300 MHz at 363K.
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Figure 30: *C NMR of complex 48a-Cu(lI1) in DMSO-ds, 75 MHz.
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Figure 31: 'H NMR of complex 48a-Zn(I1) in DMSO-ds, 300 MHz at 363K.
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Figure 32: *C NMR of complex 48a-Zn(11) in DMSO-dg, 75 MHz.
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Figure 33: 'H NMR of complex 48b+Zn(11) in DMSO-ds, 300 MHz at 363K.
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Figure 34: *C NMR of complex 48bsZn(I1) in DMSO-ds, 75 MHz.
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Figure 35: 'H NMR of

complex 48c<Zn(11) in DMSO-ds,

300 MHz at 363

K.
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Figure 36: 3C NMR of complex

48c+Zn(I1) in DMSO-ds, 75 MHz.
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A.2 NMR Spectra for Acetylacetonate Complexes Functionalized with
Mexylaminotriazines
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Figure 37: 'H NMR of ligand 59 in DMSO-ds, 300 MHz.
MC
1 VA \
'
rf\p
H\N/\r/kw’“ r/L\\\/\/ ) \/J
NS YY)
/\ | Ll \\‘ f—(“\‘/’ﬁ/“\“
Ny A
s
N il UL
Lt . SR T O N U L W
75 70 65 60 55 50 45 40 35 30 25 20 15 Wom
A ;ﬁ AT L‘ Mli

Figure 38: 'H NMR of complex 59a<Zn(11) in DMSO-ds, 300 MHz.
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Figure 39: 'H NMR of complex 59b+Zn(11) in DMSO-ds, 300 MHz.
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Figure 40: *H NMR of complex 59b+Zn(11) in DMSO-ds, 300 MHz.
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Figure 41: *H NMR spectrum of complex 56c-Zn(11) in DMSO-dg, 300 MHz, before purification
by precipitation from water.
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Figure 42: 'H NMR of complex 59c+Zn(I1) in DMSO-ds, 300 MHz, after purification by
precipitating from water.
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A.3 NMR Spectra for Phenanthroline Complexes Functionalized with

Mexylaminotriazines
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Figure 43: 'H NMR of ligand 68 in DMSO-ds, 300 MHz.
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Figure 44: *C NMR of ligand 68 in DMSO-ds, 75 MHz.
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Figure 45: HSQC NMR of ligand 68 in DMSO-ds.
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Figure 46: *H NMR of complex 68asLa(l11) in DMSO-dg, 300 MHz.
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Figure 47: C NMR of complex 68asLa(ll1) in DMSO-ds, 75 MHz.
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Figure 48: °F NMR of complex 68a-La(l11) in DMSO-ds, 376 MHz.
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Figure 49: HSQC NMR of ligand 68asLa(lll) in DMSO-ds.
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Figure 50: 'H NMR of complex 68a<Pr(I11) in DMSO-ds, 300 MHz.
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Figure 51: *C NMR of complex 68a+Pr(I11) in DMSO-ds, 75 MHz.
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Figure 52: °F NMR of complex 68a-Pr(111) in DMSO-dg, 376 MHz.
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Figure 53: HSQC NMR of ligand 68a<Pr(l11) in DMSO-ds.
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Figure 54: *H NMR of complex 68asNd(111) in DMSO-dg, 300 MHz.
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Figure 55: *C NMR of complex 68asNd(I11) in DMSO-ds, 75 MHz.
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Figure 56: °F NMR of complex 68asNd(111) in DMSO-ds, 376 MHz.
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Figure 57: HSQC NMR of ligand 68asNd(I11) in DMSO-ds.
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Figure 58: 'H NMR of complex 68a<Eu(l11) in DMSO-ds, 300 MHz.
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Figure 59: *C NMR of complex 68a+Eu(l11) in DMSO-ds, 75 MHz.
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Figure 60: °F NMR of complex 68a-Eu(l11) in DMSO-ds, 376 MHz.
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Figure 61: HSQC NMR of ligand 68a<Eu(111) in DMSO-ds.
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Figure 62: 'H NMR of complex 68asTb(I11) in DMSO-ds, 300 MHz.
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Figure 64: 1°F NMR of complex 68a-Th(I11) in DMSO-dg, 376 MHz.
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Figure 65: HSQC NMR of ligand 68a<Tb(l11) in DMSO-ds.
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Figure 66: *H NMR of complex 68asEr(l11) in DMSO-ds, 300 MHz.
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Figure 67: *C NMR of complex 68a-Er(111) in DMSO-dgs, 75 MHz.

MC-I-69 19F in DMSO

Current Data Parameters

NAME Cherry

EXPNO 141

v PROCNO i
F2 - Acquisition Farameters

Date 20180315
9.1

y
= INSTRUM
TD
SOLVENT
~  /REN
/
A L SHE 89285.711 Hz

5 1.362392 Hz
0.7340032 sec
200.82
5.600 usec

6.50 usec

h

299.3 K
1.00000000 sec
1
376.6206602 MHz

9F
18.00 usec
15.79100037 W

Processing parameters
65536
376.6583260 MHz

0.30 Hz

00

T T T T
-55 -60 -65 -70 -75 -80 -85 -90 95  ppm

Figure 68: 1°F NMR of complex 68a<Er(111) in DMSO-dg, 376 MHz.
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Figure 69: HSQC NMR of ligand 68a<Er(l111) in DMSO-ds.
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Figure 70: 'H NMR of complex 68b-La(l11) in DMSO-ds, 300 MHz.

A-30




MC-I-80 13C in

DMSO

C o)
BRUKER
(>0

Current
EXEFNO
PROCNC
F2 - Acquisitien Parameters
Date 20180624
ime 5.45 h
INSTRUM ct
PROBHD Z116098_04
N/ zgpg 30
65536
hrJ%N 10240
:
7 24038.461 Hz
0.733596 Hz
1.3631488 sec
Sqe %z LE
‘ = / \ 6 usec
02.2 X
# ‘I 2.00000000 sec
> 220000000 st
2
100.6655806 MHz
x> 13c
10.00 usec
\ 3 67.07599640 W
400.3016012 MHz
H
waltzlé
100.00 usec
14.95300007 W
0.14514190 W
PLW13 0.07274510 W
F2 - Frocessing parameters
100.6555151 MHz
Q
2.00 Hz
G i)
| b Lol gl G
- ¥
T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0  ppm
i 18 f | b i d
Figure 71: °C NMR of complex 68bsLa(lll) in DMSO-ds, 75 MHz.
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Figure 72: *°F NMR of complex 68bsLa(l11) in DMSO-dg, 376 MHz.
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Figure 73: HSQC NMR of complex 68bsLa(l11) in DMSO-ds.
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Figure 74: *H NMR of complex 68b<Pr(I11) in DMSO-ds, 300 MHz.
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Figure 75: *C NMR of complex 68b+Pr(111) in DMSO-dg, 75 MHz.
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Figure 76: °F NMR of complex 68bsPr(111) in DMSO-dg, 376 MHz.
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Figure 77: HSQC NMR of complex 68b+Pr(111) in DMSO-ds.
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Figure 78: *H NMR of complex 68b<Nd(I11) in DMSO-ds, 300 MHz.
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Figure 79: C NMR of complex 68bsNd(111) in DMSO-dg, 75 MHz.
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Figure 80: °F NMR of complex 68bsNd(111) in DMSO-dg, 376 MHz.
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Figure 81: HSQC NMR of complex 68bsNd(l11) in DMSO-de.

MC-I-90 1H in DMSO

o @ -
0 o o
~ W @ —
0w o~ o

T T T T T T T T T T T T T T T T T T T
105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 ppm

i §

Figure 82: *H NMR of complex 68b-Eu(l11) in DMSO-dg, 300 MHz.
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Figure 83: *C NMR of complex 68b<Eu(l11) in DMSO-ds, 75 MHz.
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Figure 84: 1°F NMR of complex 68bsEu(l11) in DMSO-ds, 376 MHz.
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Figure 85: HSQC NMR of complex 68b<Eu(l11) in DMSO-ds.
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B. TGA Results

B.1 TGA Thermograms for Salen Complexes Functionalized with

Mexylaminotriazines
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Figure 86: TGA thermogram for complex 48asMn(l11).
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Figure 87: TGA thermogram for complex 48asFe(l11).
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Figure 88: TGA thermogram for complex 48a+Co(ll).
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Figure 89: TGA thermogram for complex 48a<Ni(ll).
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Figure 90: TGA thermogram for complex 48a+Cu(ll).
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Figure 91: TGA thermogram for complex 48a+Zn(l1).
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Figure 92: TGA thermogram for complex 48b<Zn(l1).
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Figure 93: TGA thermogram for complex 48ceZn(l1l).
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B.2 TGA Thermograms for Acetylacetone-Functionalized Mexylaminotriazine

Weight (%)

Sample: OL-V-154
Size: 10.7620 mg
Method: Ramp

Comment: Glacac

File: C:\TA\Data\TGA\Scott\Cherry\OL-V-154.001
TGA X

Operator: Cherry

Run Date: 13-Jul-2018 09:16
Instrument: TGA Q50 V20.13 Build 39
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Figure 94: TGA thermogram for ligand 59.
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B.3 TGA Thermograms for Phenanthroline Complexes Functionalized with

Mexylaminotriazine

Sa

Weight (%)

mple: OL-VI-129

Size: 10.7340 mg

Method: Ramp
Comment: Phen-Glass Ligand

File: C:..\TGA\Scott\Chern/\OL-VI1-129.001

TGA Operator: Cherry

Run Date: 28-Jun-2018 10:31
Instrument: TGA Q50 V20.13 Build 39
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Figure 95: TGA thermogram of ligand 68

Sample: MC-1-65
Size: 13.0330 mg
Method: Ramp

File: C:\TA\Data\TGA\Scott\Cherry\MC-1-65.001

TGA Operator: Cherry

Run Date: 20-Jun-2018 10:16
Instrument: TGA Q50 V20.13 Build 39

Comment: Lanthanum Phen-Glass
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Figure 96: TGA thermogram for complex 68asLa(lll).



Sample: MC-I-70

Size: 13.0110 mg TGA
Method: Ramp

Comment: Pr(Phen-Glass)(TTA)

File: C:\TA\Data\TGA\Scott\Cherry\MC-1-70.001
Operator: Cherry

Run Date: 21-Jun-2018 15:12

Instrument: TGA Q50 V20.13 Build 39
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Figure 97: TGA thermogram for complex 68asPr(l11I).
Sample: OL-VI-136 TGA File: C:..\TGA\Scott\Cherry\OL-VI-136.001

Size: 13.0050 mg
Method: Ramp
Comment: Nd(Phen-Glass)(TTA)

Operator: Cherry
Run Date: 22-Jun-2018 09:27
Instrument: TGA Q50 V20.13 Build 39
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Figure 98: TGA thermogram for complex 68asNd(l11).




Sample: MC-1-66

Size: 13.4690 mg TGA
Method: Ramp

Comment: Eu(Phen-Glass)(TTA)

File: C:A\TA\Data\TGA\Scott\Cherry\MC-1-66.001
Operator: Cherry

Run Date: 20-Jun-2018 12:00

Instrument: TGA Q50 V20.13 Build 39
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Figure 99: TGA thermogram for complex

68a-Eu(lIl).

Sample: MC-1-68

Size: 14.5670 mg TGA
Method: Ramp

Comment: Tb(Phen-Glass)(TTA)

File: C\TA\Data\TGA\Scott\Cherry\MC-1-68.001
Operator: Cherry

Run Date: 20-Jun-2018 14:01

Instrument: TGA Q50 V20.13 Build 39
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Figure 100: TGA thermogram for complex 68a<Th(ll1).




Sample: MC-1-69

Size: 18.1700 mg TGA
Method: Ramp

Comment: Er(Phen-Glass)(TTA)

Weight (%)

File: CATA\Data\TGA\Scott\Cherry\MC-1-69.001
Operator: Cherry

Run Date: 21-Jun-2018 09:01

Instrument: TGA Q50 V20.13 Build 39
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Figure 101: TGA thermogram for complex 68a<Er(l11).

Sample: MC-1-80

Size: 10.5180 mg TGA
Method: Ramp

Comment: La(Phen-Glass)(TFDMHD)

Weight (%)

File: C\TA\Data\TGA\Scott\Cherry\MC-1-80.001
Operator: Cherry

Run Date: 22-Jun-2018 10:53

Instrument: TGA Q50 V20.13 Build 39
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Figure 102: TGA thermogram for complex 68beLa(lll).



Sample: MC-1-81

Size: 11.5320 mg TGA Operator: Cherry

Method: Ramp
Comment: Pr(Phen-Glass)(TFDMHD)

Weight (%)

File: C:\\TA\Data\TGA\Scott\Cherry\MC-1-81.002

Run Date: 25-Jun-2018 09:42
Instrument: TGA Q50 V20.13 Build 39
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Figure 103: TGA thermogram for complex 68b<Pr(I11).

Sample: MC-1-85

Size: 11.3190 mg TGA Operator: Cherry

Method: Ramp
Comment: Nd(Phen-Glass)(TFDMHD)

Weight (%)

File: CA\TA\Data\TGA\Scott\Cherry\MC-1-85.001

Run Date: 25-Jun-2018 11:01
Instrument: TGA Q50 V20.13 Build 39
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Figure 104: TGA thermogram for complex 68bsNd(I11).
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Sample: MC-1-90 TGA File: CATA\Data\TGA\Scott\Cherry\MC-1-90.001
Size: 10.8640 mg Operator: Cherry
Method: Ramp Run Date: 22-Jun-2018 12:00
Comment: Eu(Phen-Glass)(TFDMHD) Instrument: TGA Q50 V20.13 Build 39
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Figure 105: TGA thermogram for complex 68b<Eu(lIl).

B-11




C. DSC Results

C.1 DSC Thermograms for Salen Complexes Functionalized with Mexylaminotriazines
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Figure 106: DSC thermograms of the synthesized mexylaminotriazine-functionalized salen complexes. For reference, the exotherm is
oriented down in this chart.
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C.2 DSC Thermograms for Acetylacetone-Functionalized Mexylaminotriazine

Sample: OL-V-154 DSC File: CATA\Data\DSC\Cherrny\OL-V-154(2).001
Size: 4.0800 mg Operator: mike cherry
Method: Ramp Run Date: 13-Jul-2018 11:44
Comment Glacac Instrument: DSC Q20 V24.11 Build 124
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Figure 107: DSC thermogram for compound 58.
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C.3 DSC Thermograms for Phenanthroline Complexes Functionalized with Mexylaminotriazine
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Figure 108: DSC thermograms of the synthesized mexylaminotriazine-functionalized phenanthroline complexes 68a. For reference, the
exotherm is oriented down in this chart.
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Figure 109: DSC thermograms of the synthesized mexylaminotriazine-functionalized phenanthroline complexes 68b. For reference, the
exotherm is oriented down in this chart.
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