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Abstract

This thesis focuses on the design of tunable photoluminescence, control of
supramolecular packing, and the preparation of stimuli-responsive gold(l) coordination
polymers. This is explored via gold(l) isomaleonitriledithiolate, [Auz(i-mnt).]* as the anionic
building block, with soft cations containing long alkyl chains in the form of
tetraalkylammonium, [(CnH2n+1)sN]" and alkyltrimethylammonium, [RMesN]" (where n = 5,
7, 8 and R = C4Hg, CgH17, CioH21, Ci6Hs3). These structures were synthesized and
displayed luminescent properties, with the emission colour ranging between green,

orange, and red at room temperature due to the presence of aurophilic interactions.

Modifications in the alkyl chain-length in [RMesN]o[Auz(i-mnt).] resulted in changes in
supramolecular packing - from columnar to smectic C-like structures with
[C1sMesN]2[Auz(i-mnt)2]. Notably, the Cqs-containing structure shows mechanical softness
inherent from the parent surfactant cation [C1sMesN]*, where alterations in structural and

emission properties occur upon applying mild pressure from the tip of a spatula.

Keywords: Aurophilicity; Gold(l); Coordination Polymers; Luminescence;

Supramolecular Packing; Soft Materials
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Chapter 1. Introduction

1.1. Coordination Polymer

The field of coordination polymers (CPs) has been an active research area, averaging
more than 1000 articles per year for the last 10 years. The term “coordination polymer”
was first used by J. C. Bailar in 1967 to describe inorganic complexes that can repeatedly
bind like polymers. Unlike traditional polymers, it was established from the beginning that
both metal and ligands should be present, held together by metal-ligand coordination

bonds, in order to be termed as CPs."

Coordination polymers are defined as entities consisting of two elementary building
blocks: the metal nodes and the linkers that join them together via direct coordination
bonds or weaker non-covalent interactions in the solid state.” As a result, CPs can
propagate in up to three dimensions, including linear 1D chains, 2D sheets, and 3D
networks as shown in Figure 1.1.2® An important subset among the CP family is metal-
organic frameworks (MOF), which normally contain empty voids (i.e., they are porous) and
extend into ordered 3D structures.* CPs can show a diverse range of properties and
applications, such as birefringence,® chemical sensing,®’ catalysis,®® porosity,'*"
magnetism,'>'® functional gels,’*'® and many others.'®?2 One way to approach CP
research is to think of it as a game of architecture. Depending on the desired properties,
structural topology, and applications, chemists can choose suitable building blocks
through multiple combinations of metals and linkers. This makes CPs a flexible and

intriguing platform to investigate and engineer new materials.

Metal
_

Linker 1D CP 2D CP 3D CP

Figure 1.1: Cartoon representation demonstrating 1-, 2-, and 3-dimensional
coordination polymer networks.



Further exploring the process of constructing CPs, the observed dimensionality of
CPs is usually related to factors like the number of available coordination sites on the
metal, any non-covalent interactions between the building blocks, whether the solvent can
act as a ligand, and if neutral linker ligands are used, what counter ions are used. In any
case, the overall network of the CP is built using metal-ligand coordination bonds and the
geometric factors that direct this propagation are critical. For example, a linear node can
bind repeatedly with linear linkers, resulting in a repeating linear structure; tetrahedral or
octahedral nodes will likely favour more high dimensionality structures. Stoichiometry
between metal and linkers could also dictate the dimensionality of structure (e.g.,
stoichiometry of 1 to 2 or 1 to 3 between metal and linkers could result in a 2-D or 3-D
structure). Similarly, the number of binding sites on the linker can influence the
dimensionality of the structure. For instance, 1,4-pyrazine is a ditopic linker; when
combining it with silver(l), a parallel 1-D chain structure was obtained, whereas the tritopic

linker 1,3,5-triazine formed 3-connected nets with silver(l) (Figure 1.2).2324
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Figure 1.2: Examples of how different topicity of the linker influences the
dimensionality of structures with a Ag(l) node. (a) parallel 1D chains, and
(b) 3-D nets. The counter ion has been omitted for clarity. Light grey, Ag;
blue, N; white, C.

On the other hand, capping ligands can be used to restrict the framework growth,
hence lowering dimensionality of the nets; in extreme cases, this can create 0-D
supramolecular structures, as reported by Fujita and co-workers.2® In addition, the product
CPs can inherit properties from the starting building blocks; these properties can be
enhanced due to the cooperative effects of coordination polymer structures. For example,

incorporating luminescent metal ions like lanthanides or gold(l) can bring emissive



character to CPs, metals with unpaired electrons can induce magnetic properties in the
materials, or geometric features can engineer porous, as seen in MOF materials, and
birefringent systems.?® One should also take into account other factors like steric bulk
effects, crystal growth, interpenetration, and non-covalent interactions, all of which can

alter the final topology of CP frameworks.?’

It should be highlighted that major beneficial features of working with CPs include
their simplicity and tunability. Most CP chemical reactions are completed in one-step; the
syntheses are often simply the addition of both the metal and ligands in appropriate
experimental conditions and solvent system, with the CP products isolated as precipitates
from the mixture. Synthesis of a range of derivates of nodes and linkers can be done in
matrix fashion to better understand the relationship between component building blocks,
properties correlation, and optimize the materials for various applications. However, the
most difficult step perhaps lies in crystal growth. Many structural properties and
parameters can be acquired from the crystallographic analysis of single crystal X-Ray
diffraction (SC-XRD) data, hence there is a significant reliance on high-quality crystals
procured from crystal growth techniques. Powder X-Ray diffraction (PXRD) data can be
obtained to compare new systems that are the same in structural composition and
crystallographic parameters, i.e., are isomorphous, or to confirm already known

structures.?®

The mixing of component building blocks and metal ion in general yields micro-
crystalline precipitates of the CP products. As these powdered products are not easily
amenable toward structural determination, the next step is the (informed) “trial and errors”
of crystal growth. A few methods and crystal growing techniques involved in this research
are listed below. Depending on the solubility profile of the building blocks and the CP
product, the simplest method is slow evaporation of a soluble product, which should be
carried out by completely solubilizing the starting materials in a minimal amount of solvent
(raising the temperature or sonication can also assist this process), then allowing excess
solvent to evaporate slowly over time until at a particular concentration point, nucleation

happens and crystals suitable for SC-XRD could develop (Figure 1.3).

The second technique is vapour diffusion: the powdered CP is dissolved in a
solvent where it is moderately soluble, in a small chamber/vial. The next step is to place

this vial in a larger sealed vessel which is partially filled with a different solvent that meets



the following requirements: low boiling point, does not dissolve the CP product, and is
miscible with the inner solvent. As the outer solvent diffuses inside the chamber over time,
the product would become insoluble in the mixture, and at the nucleation point crystals

could begin to grow (Figure 1.4).

Figure 1.3: Simple illustration of slow evaporation method. The powdered product is
completely dissolved by either applying heat or sonication, then the mixture
is allowed to concentrate and crystals could form over time.
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Figure 1.4: lllustration of vapour diffusion. The CP product is pre-dissolved in minimal
solvent and placed inside a large, sealed vessel, filled with another solvent
in which the CP would not be soluble (left). The crystal growth begins as
more solvent diffuses inside the small vessel and the product becomes
insoluble in the mixture (right).

Another technique similar to vapour diffusion is layered diffusion. Instead of using
two vessels, it is performed in a test tube involving two miscible solvents that are different
in density. The compound should be solubilized in the denser solution, then put in an
empty tube. It is critical to avoid disturbance when adding the less dense solution on top
of the content as otherwise it would cause powdered products to crash out immediately;
thus, this addition should be done with a syringe. Crystals would grow gradually as the
two layers diffuse slowly together and the contents become less soluble (Figure 1.5).
Additionally, this method can also be used for setting up reactions between a metal and

linker where these components are separated in two different layers and as these layers



slowly diffuse into each other, the reaction occurs accordingly slowly. These methods
listed above are some of the oldest, most widely used in crystal growth and are classified
as in-solution growth.?® Alternatives to these traditional methods are using electric
potential (electro-crystallization), ultrasound, mechanical force, and electromagnetic
radiation.®® Though systems differ case by case and certain techniques could not

guarantee desirable and high-quality crystals all the time, one should attempt and decide
which methods would work best.

_ -
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Figure 1.5: The layered diffusion technique; two miscible solutions A and B are
sequentially added to a long vessel and slow diffusion of both solutions
over time prompts formation of crystals. Solution A and B contain metal
node and linker respectively (or vice versa).



1.2. Aurophilicity in Luminescent Coordination Polymers

1.2.1. Aurophilicity

Gold(l) chemistry is considered among the most fascinating fields of chemistry and is
widely applicable to prominent areas including medicinal chemistry,®' catalytic reactions,*?
the electronics industry,3® and biotechnology.* Perhaps the most interesting property lies
in its strong photoluminescence.® This optical emission source is achieved by utilizing the

concept of aurophilicity.

Aurophilicity refers to the observation of short Au(l) — Au(l) attractive interactions
and was first introduced by Schmidbaur in 1989.%¢ A more general term - "metallophilicity"
- was later coined to describe this phenomenon, which occurs in closed-shell systems
such as s? d"°, and pseudo closed-shell d® ions. Aurophilic bonds have an average length
of 2.7 A - 3.6 A, and energies between 5 kcal mol™ and 15 kcal mol'.3”-% The nature of a
metallophilic interaction is a non-covalent metal-metal attraction that is weaker than an
ionic bond, stronger than a typical van der Waals interaction and comparable in strength
to a standard hydrogen bond, thus it is sometimes referred to as a “super van der Waals”
interaction. An early example of this gold — gold interaction was found in the
[AUu"(HDMG)][AU'Cl;] complex between gold(lll) and gold(l) centres (HDMG =
dimethylglyoxime). A more relevant example of the much more common gold(l) — gold(l)
interaction was later found in the CIsPAuCIl complex in 1962. Some recent examples that
highlight the usage of gold(l) — gold(l) bonds include the work of Schmidbaur,

Puddephatt,*® Laguna,*' Yam,* Fackler,*? and Leznoff.*?

Aurophilicity, or metallophilicity of heavy elements in general can be enhanced by
relativistic effects roughly by 20%, as noted by theoretical calculations performed by
Pyykko et al.** A relativistic effect is a phenomenon derived from Einstein’s theory of
relativity where electrons of the outer orbitals in heavy elements have an increasing
average velocity and approach the speed of light (due to the higher positively charged
nucleus), thus leading to an increase in mass of the outer electrons and a contraction of
the inner s and p orbitals. As a consequence of this phenomenon, mercury is a liquid at
room temperature due to weak relativistic effects, and gold absorbs blue wavelengths of

light to reflect a shiny yellow colour.**4¢ The combination of relativistic effects, with the



greatest effect observed in gold, and aurophilic interactions gives rise to the unique colour

and luminescent behaviour in gold(l) complexes.

Generally, the two common oxidation states of gold compounds are Au(l) and
Au(lll), yet Au(lll) exhibits much weaker aurophilic interactions than Au(l) due to its high
Coulombic repulsion.*” For simple systems that contain aurophilic interactions in the form
of linear, two-coordinate gold(l) AuRz, where R can be an anionic or neutral ligand, the
relevant mechanism of this luminescent property can be described as the transition from
the 5do* — 6po where the 5do* is an antibonding orbital of 5d,? and 6s/6p, (with the
direction of aurophilic interaction is defined as the principle z-axis). The emission of a
gold(l) complex can also originate from other pathways such as metal-to-ligand charge
transfer (MLCT), or in some less common cases, ligand to metal charge transfer (LMCT),
and ligand to ligand charge transfer (LLCT) in addition to its primarily metal-metal
interaction from aurophilicity.*® Au(l) atoms are also capable of forming an infinite 1-D
gold(l) chain that is held by aurophilic interactions and self — assembly into various
structures. The bond strength of a 1-D gold(l) chain is notably stronger than a diatomic
Au(l) — Au(l) aurophilic system, thus reducing the energy gap between the HOMO and
LUMO, resulting in a red — shift in emission spectra of 1-D chain systems compared to

isolated Au(l) dimers.

The concept of closed — shell metal ions with the same charges forming an
attractive bond was initially viewed as implausible. While the molecular orbital diagram for
a closed — shell d'° dimer system does not fully explain why these metallophilic interactions
are an attractive interaction, it was suggested that metallophilic and particularly aurophilic
interactions are induced by correlation effects and enhanced by relativistic effects.®® A
more reasonable and accepted view currently for metallophilic and aurophilic interactions
is that they are driven by London dispersion forces.?% 44 & The strength of this interaction
decreases as distance increases, obeying the rule of London dispersion force. In short,
the attractive force between Au(l) atoms are largely van der Waals interactions that are

strengthened by strong relativistic effects.

1.2.2. Using aurophilicity to generate multidimensional structures

In addition to the useful property of photoluminescence, it has been shown that

aurophilicity can be utilized to increase the dimensionality of a supramolecular structure.



One of the most well-known compounds in gold chemistry is the ditopic, linear, gold(l)
containing anion dicyanoaurate, [N=C-Au-C=N]J, which was first mainly employed for gold
cyanidation - the process of extracting gold by combining aqueous cyanide solutions and
gold metal. It is also a metabolite from Au(l)-based drugs and used as a starting material

for reactions, notably as a versatile building block in coordination polymer chemistry.

Dicyanoaurate features a linearly coordinated and sterically unhindered gold(l)
metal centre which can form aurophilic interactions with neighboring dicyanoaurate
anions, and the lone pairs on the terminal nitrile groups can act as donors to another Lewis
metal and form CPs. This aurophilic bond is perpendicular to the linear dicyanoaurate
anion, and could potentially increase the overall supramolecular dimensionality of the CP.
Various examples of dicyanoaurate-based CP (including work from the Leznoff group)
have featured their structural properties and magnetism,*°-%¢ birefringence,*-%? included
emissive lanthanide dicyanoaurate-based materials,?® and illustrated thermal expansion.5*
The Patterson group also investigated primarily the structural and photophysical
properties of various dicyanoaurate-based CPs.?*7” These are some of many examples
showcasing the versatility of not only dicyanoaurate but also aurophilicity in coordination

polymers applications.

Designing emissive multidimensional structures using dicyanoaurate should
include another metal cation such as zinc (since it is colourless), or one of the lanthanides
that are independently emissive and have a range of coordination number from 3 to 12.78
For example, Zn[Au(CN);]. exists in multiple polymorphs (termed a, B, y, and 8).7%8 In
regard to the structure of a-Zn[Au(CN).]., it features four-coordinate N-cyano binding
around a tetrahedral zinc(ll) centre. (Figure 1.6) The N-cyano group comes from the
terminal nitrile on dicyanoaurate, and these dicyanoaurate anions are held together by
aurophilic interactions, with Au — Au distances of 3.11 and 3.16 A. This Au(l) — Au(l)
interaction creates multiple aurophilic chains to form an overall 3-D hexagonal network
and is responsible for the blue emission at 390 and 480 nm. Interestingly, Zn[Au(CN)]. is
sensitive to ammonia vapour, which results in yellow powder [Zn(NHs3)2][Au(CN).]. after
exposure. The structure consists of octahedral zinc(ll) centres linked to axial ammonia
and equatorial N-cyano units from dicyanoaurate. It has shorter Au — Au interactions of
3.06 A than its parent structure, with red-shifted emission to green at Amax = 500 nm. This

illustrates the dynamic coordination sphere of zinc(ll), changing coordination number from



4 to 6 after ammonia exposure and also the potential of luminescent sensory materials

using dicyanoaurate.

Figure 1.6: Crystal structure of a-Zn[Au(CN).]> with aurophilic interactions as
chains.” Colour scheme: Au, orange; Zn, blue; C, white; N, pink.

Despite being a useful framework in heterobimetallic coordination polymers, the
formation of aurophilicity in dicyanoaurate materials does not always occur, as any
presence of stronger repulsive interactions or steric bulk could suppress the weak
attractive aurophilic interaction in the solid-state structure.®! While the nature of the closed-
shell interaction of aurophilicity is unchangeable, it was suggested that the strength of
Au(l) — Au(l) interactions can be enhanced by changing to a more polarizable donor on

the gold(l) centre, in particular iodo- and thio-based ligands.8%8

Thus, one candidate that offers improved chemical softness (a more polarizable
framework) and is more ideal than cyanide to incorporate aurophilic bonds is gold(l) thiol-
based complexes, or aurothiolate motifs. Two common classes of aurothiolates include
monodentate, [Au(SR)],, and bidentate dithiolate ligands, RCS2Au, in which this bidentate
dithiolate form already contains an inherent intramolecular aurophilic core in the motif
(Figure 1.7).



Figure 1.7: Examples of different thiol-based gold(l) moieties (a) Two coordinate
monodentate gold(l) thiolate, (b) bis(dithiocarbamatogold(l)), and (c)
bis(dithiolategold(l)) which adopts the bidentate dithiolate framework
containing an intramolecular aurophilic core.

Some examples of bis(dithiocarbamatogold(l)) complexes including the work on
dipentyldithiocarbamate, ([S2CN(CsH11)2]", Pedtc’) which can respond to volatile organic
compounds.®® The unsolvated colourless crystal [Au(Pedtc)]. is non-emissive due to its
structure containing isolated dimers of [Au(Pedtc)]. with large intermolecular Au — Au
distances of 8.135 A between [Au(Pedtc)] units while still retaining an intramolecular Au(l)
— Au(l) interaction (Figure 1.8a). Exposing the crystals to dimethyl sulfoxide (DMSO)
solvent changed the colourless powder to orange and induced the formation of
intermolecular aurophilic interactions between dimers of [Au(Pedtc)]. to create an infinite

1-D gold(l) chain with a short intermolecular aurophilic interaction of 2.968 A (Figure 1.8b).

Another example of the bis(dithiocarbamatogold(l)) class that the Leznoff group
reported is [Au(dopdtc)]. (dopdtc = di(o-pyridyl)aminedithiocarbamate).®¢ This structure
features aggregation in the solid state between [Au(dopdtc)]2 units with intermolecular Au
— Au interactions of approximately 2.9 — 3.1 A (Figure 1.9a). Interestingly, the Au-Au-Au
angles deviated from linearity to a twisted conformation of approximately 108° and 166°,
which formed an overall 1-D kinked staircase aurophilic chain instead of the usually

observed linear or nearly linear chain (Figure 1.9b).
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Figure 1.8: Crystal structure of (a) non-solvated and non-luminescent [Au(Pedtc)].
showing isolated dimers of [Au(Pedtc)]. and (b) solvated structure of
[Au(Pedtc)]2.-DMSO containing infinite 1-D gold(l) chain that displays
photoluminescent properties (DMSO solvent and hydrogen atoms removed
for clarity). Colour scheme: Au, orange; S, yellow; C, grey; N, blue.

(a) (b)

Figure 1.9: (a) Crystal structure of [Au(dopdtc)]. containing kinked 1-D aurophilic chain
(b) 1-D kinked staircase aurophilic chain of [Au(dopdtc)]. (carbon atom
showed as wire frame and hydrogen atoms removed for clarity). Colour
scheme: Au, orange; S, yellow; N, blue.

1.2.3. Origin of photoluminescent properties

Compounds containing aurophilic interactions are often emissive. The origin of this
luminescence has been discussed briefly above, and the basic concept of luminescence
can be summarized and represented more in detail by using a Jablonski diagram (Figure
1.10)."* When a chromophore encounters a photon, the photon’s energy may be
absorbed, corresponding to a transition to a permissible vibrational sub-level of the
electronic excited state. The energy of the excited electron can be dissipated in multiple
ways, with two of the more mechanisms being vibrational relaxation and resulting heat

loss to the environment, or by relaxation with accompanying emission of a photon.
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Vibrational relaxation is a non-radiative process whereby the excited electrons first drop
to the ground vibrational state of the excited electronic state. The excess energy is then
converted as kinetic energy to other vibrational modes, which could lead to a variation in
dipole moment, bond length and angle in the excited state's molecular structure. If the
vibrational energy state overlaps with electronic states, an internal conversion occurs, and
the excited electron transitions from the higher excited electronic energy state back to the

electronic ground state, and it must maintain the same spin state through the transition.

The chromophore in the vibrational ground state of the lowest excited electronic
energy state can also relax back to the ground state via photoemission in a process known
as photoluminescence. This is a fast transition, on the order of nano to microseconds after
the electron is excited, with an excited state-lifetime in the range of 10°to 10 seconds.
In fluorescence, the spin state of the electrons remain the same during the transition to
the ground state, i.e., the transition is a singlet — singlet transition (S1 — Sp). The emitted
photon has a longer wavelength than the wavelength of absorbed photons due to non-
radiative relaxation processes in the excited state. The wavelength difference between the
maximum of the excitation band and the maximum of the emission band is termed the
Stokes shift. Emission bands are generally broad due to multiple vibrational ground states
that electrons can relax back into. A plot of an emission spectrum for given excitation
wavelength and excitation spectrum for given emission against excitation wavelength is
obtained in this manner (see Section 1.6). Fluorescence can only occur after an analyte
has absorbed radiation, and hence the intensity of emitted light will vary depending on the
amount of light absorbed. As such, the excitation spectrum, which plots the emission
intensity as a function of excitation wavelength, often closely matches the absorption

spectrum of the compound.'?®
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Singlet

Schematic representation of the important processes that occur in
photoluminescence spectroscopy, commonly known as a Jablonski
diagram. The notations drawn as solid arrows are referred to absorption
(A, light blue), fluorescence (F, purple), and phosphorescence (P, orange).
The dissipation of energy are drawn as red dashed arrows referred to as
internal conversion (IC) or vibrational relaxation (VR) and intersystem
crossing (ISC, black). The horizontal columns are specific spin multiplicities
and each substate within the horizontal column is shown as eigenstates.
Within each electronic state, a possible vibrational state of the molecule is
coupled with that particular electronic state. Xyz refers to the y’th excited
electronic state molecule with 0 being the ground state and z’th vibrational
substates of the singlet (X = S) or triplet (X = T) state.

Phosphorescence is another photoemission pathway by which excited electrons

can return to th
excited singlet

occurs. This is

e ground electronic state. This occurs when the process of conversion from
state (S10) to the triplet state (To2) through intersystem crossing (ISC)

possible due to the similarity in energy level of the lowest vibrational level

of the excited singlet state and the upper vibrational energy level of a triplet state. The

transitions between a ground state singlet and excited triplet states are formally forbidden

from taking pla

102 seconds.

ce, and thus phosphorescence requires a minimum of 10 seconds up to

This long excited state-lifetime is a key feature of phosphorescence,
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reflecting the conversion of spin state from an excited triplet state to the singlet ground
state. Due to the non-radiative energy loss in ISC, phosphorescence emission occurs at
a lower energy (higher wavelength) than the corresponding fluorescence, leading to a

larger Stokes shift.

The intensity of these transitions is dictated by the difference in population of initial
and final vibronic transitional electronic states, which can be explained and calculated by
using the Franck-Condon principle (Figure 1.11). In a classical picture, the Franck-
Condon principle approximates that the electronic transition likely occurs on fixed nuclear
coordinate due to larger size of nuclei than electrons, thus resulting in a relatively slow
nuclear motion compared to the fast electronic transition. In the quantum mechanical
terms of the Franck — Condon principle, this separation of electronic and vibrational
wavefunctions is based on the fundamental assumption of the Born—Oppenheimer
approximation, where wavefunctions of the molecular states of electronic and vibrational
components are separated. The probability of a vibronic transition is proportional to the
overlap integral between their vibrational wavefunctions. The ground state v’ = 0 is the
most populated according to the Boltzmann distribution at room temperature and
absorption would mostly happen from this particular energetic level. Given the shift in
nuclear coordinates of the excited singlet state, the absorption generally populates a
higher vibrational level instead of the lowest excited singlet state v’ = 0, as example by Vv’
= 3 in Figure 1.11. This transition dictates the absorption maximum of the molecule. The
excess vibrational energy is lost, and fluorescence would occur from only the lowest
excited singlet state v’ = 0, which is termed Kasha'’s rule, to the ground state at a longer
and fixed nuclear coordinate. This energy gap dictates the fluorescence maximum of the

molecule.

These concepts are important toward understanding the complex nature of
photoluminescent properties for aurophilic containing frameworks. A flexible system with
many degrees of freedom would result in more opportunities for non — radiative processes

and vice versa.
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Figure 1.11: The Franck — Condon energy diagram depicts a hybrid picture between
classical and quantum mechanics. The y — axis shows the energy of the
molecule and the x — axis is the nuclear separation. v’ and v’ represent
quantum numbers of the ground state and excited state. The solid arrows
indicate Absorption (A), and Emission (E). Absorption leads to a higher
energetic state and fluorescence leads to a lower energetic state, and the
shift in nuclear coordinates between ground and excited states indicates a
new equilibrium separation distance between nuclei in that state.

1.3. [Au(mnt)] and [Au(i-mnt)] materials and the literature
knowledge

With the above points in mind, efforts to design 2nd generation CPs with pre-existing
aurophilic interactions beyond dicyanoaurates focused on several requirements. The CP
framework targeted should ideally exhibit photoluminescent properties that arise from
aurophilicity. The building block should be anionic (compared to the neutral dopdtc-based
system above) so that cations can be utilized to tune the overall structural properties, and
to increase the solubility of the products in polar solvents. In addition, the Au-based
building block should contain softer donor ligands to increase the strength of aurophilic
interactions and should not be so sterically hindered as that might not be suitable to form
gold(l) chains.®"-8

Considering all the given parameters above, a dithiolate building block which

features the electron rich AuzS. core from a bidentate dithiolate ligand was chosen; this
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class of molecules, as noted above, has the requisite built—in intramolecular Au — Au
interaction, is anionic, and under the right conditions can aggregate together to make inter-
molecular aurophilic bond with other Au2Ss; cores, creating infinite molecular gold(l)
strings. Two known members of the bis(dithiolenegold(l)) family are maleonitriledithiolate
([(CN)SC=CS(CN)]%, (mnt)?) and its isomer iso-maleonitriledithiolate ([S,C=C(CN).J*, (i-
mnt)?) (Figure 1.12). Critically, these building blocks include sterically unhindered N-cyano
groups at the periphery of the building block that could bind to other cationic groups
(including metal centres) to form CPs. The small bite angles of these bridging bidentate
ligands encourage formation of this intramolecular aurophilicity. With the right choice of
cations, they can self-assemble into infinite 1-D gold(l) chains and generate higher-
dimensionality systems (see below).”®%-%2 The Leznoff group has thus in particular

focused on the gold(l) isomaleonitriledithiolate, [Auz(i-mnt),]* for these reasons.

In addition to their dynamic role in supramolecular structures, aurophilic
interactions often give rise to highly emissive materials whose photoluminescent
properties depend strongly on the geometry and extent (in particular, distances and
angles) of the Au(l) — Au(l) contacts. The sensitivity of their luminescent properties to minor
structural changes makes aurophilic interactions particularly suited to the design of
materials that respond to external stimuli such as mechanical stress (mechanochromism),
vapour (vapochromism), or temperature change.®*% Given these beneficial effects that
are desirable toward designing stimuli-responsive materials, these aurophilic-based
coordination polymer frameworks are a flexible “toolbox” and can be engineered
accordingly. The focus of this research is to explore [Auz(i-mnt)2]?> as an anionic building

block with a range of cations for aurophilic coordination polymers.

[Auy(mnt),]> [Aus(i-mnt),]*-

Figure 1.12:  Structure of (left) [Auz(mnt)2]* and (right) [Auz(i-mnt)2]%.
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In this context, the [Auz(i-mnt).]* framework is still underexploited, with very few
examples reported in supramolecular chemistry in the past decades that explored [Auz(i-
mnt);]* as tunable aurophilic materials or their ability to make coordination polymers.
[Auz(i-mnt);]*> was first reported by Fackler and co-workers in 1988 using [n-BusN]*
cations, and the structure of [n-BusN]2[Auz(i-mnt),] features isolated [Auz(i-mnt)2]? anions
without intermolecular aurophilic interactions, likely due to the steric hindrance effect of
the large cations (Figure 2.1). Much later, in 2015, the Leznoff group showed that
hydrogen bond containing cations, 3,5-dimethylpyrazolium and piperidinium, could be
employed to reduce the Coulombic repulsion barrier between the [Auz(i-mnt),]* anions,
thus inducing interaurophilic interactions between them to yield infinite 1-D gold(l) chains
of [Auz(i-mnt)2]? anions.* The emission drastically changed from green to red, consistent
with the lower-emission energy requirements for 1-D gold(l) chains vs. isolated dimers.
More recently, the Leznoff group also reported heterobimetallic systems using DMF-
solvated Ln(lll) cations with the [Auz(i-mnt)2]* building block, which also resulted in 1-D
gold(l) chains.®® Structurally, the Ln(lll) cations were bound by DMF solvent rather than N-
cyano groups from the [Auz(i-mnt):]> and so these are not formally CPs, except for their
1-D chain network structure generated by aurophilic interactions. This work presented two
vital considerations for designing aurophilic frameworks with [Auz(i-mnt)2]?>: the solvent
systems used are important, and a strong interaction (e.g. hydrogen-bonding) between
the cation and the N-cyano groups on the [Auz(i-mnt);]*anions are not necessarily

required to facilitate intermolecular aurophilic interactions between anions.

In other unpublished work from the Leznoff group, salts containing short
tetraalkylammonium RsN* (where R = Me, Et, and n-Pr) cations with [Auz(i-mnt),]* were
prepared similarly to the synthesis of [RaN]2[Au2(i-mnt),] in Chapter 2 and as according to
the reaction equation in Figure 1.11. The crystal structures of these products indicated the
presence of 1-D gold(l) chains. The supramolecular packing of these structures show
cations wrapped around the 1-D gold(l) chain to create a columnar structure when
observing down the 1-D gold(l) chains (Figure 1.13). The resemblance between
[R4aN]2[Auz(i-mnt)2] and some columnar structures that are present in the field of liquid
crystal materials prompted us to ask ourselves: Could we design emissive gold(l)
coordination polymers with tunable luminescence, morphology and mechanical softness

with a judicious choice of counter ion?
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EtOH, H,0

Ko JAus(i-mnt)y]  + 2RNX ———3= (R4N),[Au,(i-mnt)y] + 2KR4N

Figure 1.13: Reaction equation showing how (R4N)2[Auz(i-mnt).] is prepared.

Figure 1.14: Crystals structure of (PrsN)s[Auz(i-mnt),] illustrates (right) formation of 1-D
gold(l) chain, and (left) columnar supramolecular packing when looking
down the gold(l) chain. Colour scheme: Au: yellow, N: blue, C: grey, H:
white, S: orange.

1.4. Mechanical softness of materials and
mechanochromism

Surfactants are molecules composed of both hydrophilic head groups and
hydrophobic parts in the form of long alkyl chains, which can modify the surface properties
of the liquid state and self-assemble into various patterned micellar or vesicular structures.
These surfactants are classified as soft materials that function as systems that are tunable
and can self-assemble in a controllable manner. Given the large structural sizes of these
surfactants which are loosely packed, and held together by weak non-covalent
interactions, they are generally deformable and responsive under the influence of external

stimuli.

One particularly intriguing property among stimuli-responsive materials is
mechanochromism, which is defined as a change in colour upon applying mechanical
forces to the materials (i.e., pressure). If these materials also display luminescent
properties in addition to mechanochromism, it can be defined as a mechanoresponsive
luminescent material.®® Upon mechanical stress, these crystalline materials undergo a

phase transition in which the weak intermolecular interactions or molecular arrangement
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in the crystal lattice are altered or destroyed.'® Therefore, mechanoresponsive
luminescent materials can have flexible luminescent profiles with unique emission colors
after undergoing a structural change induced by pressure. This class of materials is
dynamic and can be useful in a wide range of applications as sensors, memory storage,

informational and security features. !

It is important to distinguish the concept of mechanical softness (i.e., physical
hardness and softness of the materials) and the chemical softness of the atoms (i.e., hard
soft acid base theory in relation to polarizability of chemical species). Mechanical softness
and hardness of materials refers to the ability to undergo local deformation, induced
mechanically by pressure or abrasion.'?® The hardness of a material can be quantified in
described in several ways, including elasticity, stiffness, strain, toughness, etc.'?
Mechanical softness is important toward designing materials that are stimuli responsive.
On the other hand, chemical softness refers to the polarizability of an acid or base. In
particular, a larger, low-charge, polarizable metal or ligand is termed "soft", while a hard
acid or base would typically have high charge density, be less polarizable, and smaller in
size. A hard acid generally binds strongly and more favourably with a hard base, and
similarly a soft acid prefers to interact with a soft base instead of hard base. This theory is

used to predict if a metal and ligand interaction is favourable or not.

These dynamics in property and morphology of [Auz(i-mnt);]> were seen through
a diverse portfolio of cations. One strategy that can further mechanically soften the
materials is to implement a known flexible cation such as a surfactant to this anionic
building block, which could induce a potential phase transition upon change in pressure
or temperature. In addition, surfactants are known to adopt various structures and play a
critical role as a template that controls the size or shape of overall structures. This
combination could open more methods to engineer and modify materials geared toward

luminescence, mechanical softness, and generating different morphologies.

1.5. Thesis goal

My research objective is to utilize the readily emissive [Auz(i-mnt),]* anion and combine it
with soft surfactant [RMesN]* and its derivatives cations (R = C,Hz2.+1, N =4, 6, 8, 10, 16)
to further enhance the mechanical softness of materials that ideally would display both

luminescent properties and could be responsive to external stimuli. Chapter 2 comprises
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two parts: the first part examines tetraalkylammonium cations [R4N]* with alkyl chains
longer than the prototypical "Bu-unit, and the second part is to investigate how changing
a single alkyl group chain length in the alkyltrimethylammonium cations [RMesN]",
combining with [Auz(-mnt)2]* could impact the supramolecular packing and emissive
properties, particularly with the goal of preparing soft, stimuli responsive gold(l)-containing
CP materials. The cations are all readily accessible, and the CTAB-containing cations in
particular are related to common surfactants. The research will also address the question
of how would long alkyl chains influence the photoluminescent and mechanical properties

of any aurophilic materials.

1.6. Characterization Techniques for Gold(l)-based CP
materials

The two properties of particular interest for the gold(l)-based materials herein are structure
(from X-ray crystallography; see below) and the luminescent properties, which are
obtained from measuring the absorption and emission spectra. The measurement of these
optical properties includes two related techniques: (a) Ultraviolet-visible (UV-Vis)

absorption spectroscopy and (b) a fluorometry experiment, using a fluorometer.

UV-visible Absorption and Reflectance Spectroscopy. UV-Vis spectroscopy is a
method to obtain the light absorption spectra of the compound, which in general is carried
out by passing incident photons of UV and visible light through a cell containing a solution
of the compound of interest, and a detector measures the intensity of the light that was
not absorbed, as a function of wavelength. The instrument is then measuring the light
absorbed or transmitted at individual wavelength over the range of UV to visible light to
give a UV absorption spectrum. The absorbance peak observed in the UV-Vis spectrum,
which indicates wavelengths that the molecules can absorb, is then used as the excitation
peak to measure emission spectra of potentially fluorescent materials. On the other hand,
performing UV-visible absorption spectroscopy for solid-state materials is more
challenging, and it is easier to measure the light that is reflected (i.e., not absorbed) from
solid materials instead, using a reflectance spectrometer setup. In reflectance
spectroscopy, a portion of light radiation is reflected on the upper interface of materials
and another fraction of radiation penetrates through the sample, which can be absorbed
or be reflected. The reflected radiation intensity from the sample is then collected as a

function of wavelength to obtain the reflection spectrum, which is the inverse of the
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absorption spectrum. Due to technical limitations, neither absorption nor reflectance

spectra were collected for the solid samples described in this thesis.

Excitation and Emission Spectroscopy. Excitation and emission spectroscopy are
part of a fluorometry experiment. The fluorometer consists of multiple parts: an excitation
light source such as a Xenon arc lamp hooked up with an excitation monochromator to
illuminate the material. Light that is emitted from the sample is then measured at 90° from
the incident radiation to minimize its interference, and then passes through an emission
monochromator to strike the detector; this geometry prevents both scattering and the
exciting light from reaching the detector. An excitation wavelength is required to be
specified when producing the emission spectrum, which specifies which wavelengths of
light the sample produces upon excitation. Similarly, an emission wavelength that the
fluorimeter needs to hold at while the excitation wavelength is swept through needs to be
specified - this generates an excitation spectrum, which illustrates at what wavelengths
the samples can absorb energy to produce its emission. Generally, for most fluorophores,
the absorption and excitation spectra should overlap and have similar peaks. The
absorption or reflectance spectra of solid-state materials that display luminescent behavior
are often tricky to obtain due to emitted photons being part of the reflected light during
excitation. A clear distinction that should be re-emphasized is that the UV-Vis absorption
spectrum would show a spectrum of wavelengths that the fluorophore absorbs whereas
an excitation spectrum displays the wavelength that the fluorophore would need to absorb
to emit at that particular wavelength. While it is still viable to obtain absorbance spectra in
this manner, another technique that we could utilize is to collect an excitation-emission
matrix (EEMSs).

Excitation-Emission Matrix. An excitation-emission matrix or excitation-emission
map (EEM) is a built-in data collection and presentation feature of the fluorometer, which
provides a 3D map of the excitation and emission wavelengths in two dimensions versus
fluorescence intensity of the materials in the 3rd dimension. These matrices are obtained
over a wide range scan of wavelengths by a series of synchronous emission and excitation
scans with an increasing and fixed wavelengths offset. An example of a completed EEM
map is shown in Figure 1.15, with the bright and intensive red — yellow colour (left y-axis;
intensity counts) representing the most emissive regions on the x-axis (emission
wavelength) and the corresponding excitation wavelength required to obtain it on the right

y-axis. The most intensive emissive wavelength region, which is highlighted by a red
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colour, is then chosen as the emission maximum to perform an excitation scan. Then, the
resulting excitation maximum is used to perform an emission scan one more time to

confirm if the emission maxima were correctly picked.

While EEMs are arguably a more convenient way to study solid-state fluorescence
using a fluorometer, without the need for measuring UV-vis absorbance spectra (to find
the ideal excitation wavelength), some limitations exist: EEMs are obtained by using a
fluorometer, which is by default a fluorescence measurement, and will ignore or miss any
absorbance and colour information for all non-fluorescent compounds. Another drawback
is that many fluorometers use single channel scanning and take longer times to collect the
entire EEM data set, thus dynamic structures that can undergo any structural change

during acquisition are also not suitable for EMM measurement.
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Figure 1.15: Example of a 2D Excitation-Emission Matrix (EEM) highlighting the
emissive wavelength via bright, intensive red/yellow region. The blue
region indicates the non-emissive wavelengths (where the counts are very
low). The x-axis is the emission wavelengths whereas the y-axis on the
right represents the excitation wavelength, while the y-axis on the left
represents the emissive intensity of the samples at each
excitation/emission pair in two dimensions.

Fluorescence Quantum Yield. Quantum yield (®) measures the efficiency of
emissive materials at a given wavelength, which is defined as the number of photons
emitted divided by the number of photons absorbed by the materials; a perfect efficiency
would thus be 1.0 (or 100%). The method to carry out quantum yield measurement in this
work involves using an integrating sphere sample module, which is a hollow spherical
attachment to the fluorimeter that allows maximum light reflection and captures all of the

light emitted from the sample. The procedure for calculating the quantum yield using the
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integrating sphere included three different steps: reference, indirect, and direct

measurement.'02.103

Infrared, Raman spectroscopy, Elemental Analysis, and Single Crystal X-Ray
Diffraction. These are a common set of techniques utilized to analyze and characterize
solid-state coordination polymers, and to give insight into the structural composition and
purity. Non-destructive techniques like IR and Raman spectroscopy are crucial to solid-
state materials by confirming the presence of key functional groups. For example,
cyanometallate-based CPs such as dicyanoaurate, [Au(CN)], contain an important
stretching mode vc=n, the energy of which can be utilized to determine if the N-terminus is
bound to another atom or not. In this thesis, focusing on [Auz(i-mnt)2]*, IR and Raman
spectroscopy are not as instructive since the materials prepared herein do not generally
have components that bind to the N-cyano termini, but IR and Raman spectroscopy are

still useful to check for the presence of unexpected impurities or bound solvents.

Elemental analysis (EA) is another quantitative tool to analyze the chemical
composition and purity of solid materials. The analytical method, also termed combustion
analysis, fully burns the material including carbon, hydrogen, nitrogen, and sulfur (CHNS)
into their respective gaseous oxide forms of CO2, H20, NO,, and SOy, which get passed
through gas chromatographic analysis to determine the percentage of CHNS elements in
the materials. This information can be used to confirm stoichiometric ratios of components

(e.g. metal:ligand:cation) in the final material.

One of the most vital techniques in the CP field is X-Ray diffraction (XRD), notably
single crystal X-Ray diffraction (SC-XRD). While the prerequisite to any SC-XRD
experiment is to have a high-quality single crystal through crystal-growth, it is one of the
most powerful techniques to determine the solid-state structure of CPs. Powder X-ray
diffraction (PXRD) is also another useful characterization tool to provide more evidence
about the phase transition, purity, and to compare with other similar structures.'® This
thesis relies heavily on both single-crystal and powder X-ray diffraction data to determine
solid-state supramolecular structures of the key materials herein. A detailed discussion of

the theoretical background behind X-ray diffraction is beyond the scope of this thesis.'%®

Thermal properties. To study the thermal stability/decomposition profile and

whether or not a phase transition as a function of temperature might occur with the gold(l)
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CPs herein, thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
can be used. TGA is primarily employed to investigate the thermal stability of materials,
and it shows mass losses as a function of temperature, thereby determining
decomposition temperatures in general. DSC can detect phase transitions of materials as

a function of temperature.
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Chapter 2. Designing Tunable Photoluminescence
and Stimuli-Responsive Coordination Polymers
using Gold(l) iso-maleonitriledithiolate as an anionic

Building Block
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2.1. Synthesis and Photoluminescent Properties of
[(CrH2n+1)aN]2[Auz(i-mnt)]

2.1.1. Introduction

As outlined in the introduction chapter, the non-covalent aurophilic interaction can be
exploited for designing tunable photoluminescent materials and control the overall
dimensionality of supramolecular structures in coordination polymers. While the
photoluminescent properties derived from aurophilic interactions are not guaranteed to be
observed, a fully ligand-supported anionic bidentate dithiolate coordination framework with
an intramolecular aurophilic bond, in this case [Auz(i-mnt).]* is postulated to favour the
observation of emission properties, given its inherent aurophilic bond. Thus, Chapter 2
concentrates on exploring tuning the supramolecular arrangement of [Auz(i-mnt)2]* by
employing long alkyl chain ammonium cations and exploring the stimuli-responsiveness
of the resulting materials via testing their mechanochromic properties. We will first discuss
the large tetraalkylammonium units, [(CnH2n+1)4N]*, as cations for [Auz(i-mnt)2]> and
whether these cations can induce intermolecular aurophilic interactions. A great emphasis
will be placed on the latter portion of the chapter, which focuses on the less bulky alkyl
trimethylammonium cations [RMesN]* (R = CiHzn+1, n = 4, 6, 8, 10, 16) that could allow
intermolecular aurophilicity between anions to form 1-D aurophilic chains with flexible

emission profiles as the alkyl chain is changed.

Previous work on the tetraalkylammonium cations with [Auz(i-mnt);]* showed that
the crystal structure of [n-BusN]o[Auz(i-mnt);] was seen as isolated Au(l) dimers with no
intermolecular aurophilic interaction. This was hypothesized as due to the large steric bulk
of the tetrabutylammonium ([n-BusN]*) cations that prevents the formation of inter-
molecular aurophilic interactions between the anions (Figure 2.1). In contrast, using the
appropriate cations, for example smaller cations that allow the intermolecular Au(l) — Au(l)
interaction between anions to form could consequently promote formation of infinite 1-D
gold(l) chains (Figure 2.2).

The [n-BusN]o[Auz(i-mnt)2] complex was reported to have a distinct green emission
maximum at Amax = 515 nm, which is typical for isolated gold(l) dimers.%*% Related
unpublished work in the Leznoff group using smaller alkyl chain lengths (e.g. PropylsN*,

MesN*) in tetraalkylammonium cations with the [Auz(i-mnt)]*> unit, found that these
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structures were able to form infinite 1D gold(l) chains with emission maxima that are
substantially red-shifted from the green wavelength. While these results adhered to the
hypothesis that smaller cations do not interrupt the inter-molecular aurophilic interaction
between anions and the emission profile is no longer green, we wanted to further explore
this idea by testing whether with bulkier tetraalkylammonium cations to pair with [Auz(i-
mnt);]* could produce similar results as the structure of [n-BusNJz2[Auz(i-mnt)z] and to

explore any phase transition these materials could have in response to temperature.

Figure 2.1: Crystal structure of [n-BusN]o[Auz(i-mnt),] illustrates the separation of
[Auz(i-mnt)2]% anion units and bulky [n-BusN]* cations, or isolated gold(l)
dimers. Colour scheme: Au, orange; S, yellow; N, blue; C, grey. Hydrogen
atoms are omitted for clarity.%

Figure 2.2:  Crystal structure (unpublished Leznoff group work) illustrating how the
appropriate cations could induce inter-molecular aurophilic interaction
between [Auz(i-mnt)2]* anion units, thus the formation of infinite 1D gold(l)
chains is observed. Colour scheme: Au, orange; S, yellow; N, blue; C, grey.
Hydrogens and [PropylsN]* cations are omitted for clarity. Synthesis and
structure by Jeffery Cheung and Jefferson Pells.
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2.1.2. Synthesis and Structures of [R4sN]2[Auz(i-mnt)2] Complexes

The synthesis of the [RaN]2[Auz(i-mnt);] salts was performed as follows: combine
1 equivalent of Ky[Auz(i-mnt);] to 2 equivalents of [(CnHz2n+1)sN]JX (X =Br, I; n=5,7, 8, i.e.,

linear alkyl chains) in a mixture of 1:1 EtOH:H20.

KolAus(i-mnt)y]  + 2R,NX — —becelone iR NLIAus(i-mnt),]  + 2KX

A dark red oily bubble appeared on the surface of the mixture after combining.
Further stirring resulted in the formation of an orange solid, which was collected via
vacuum filtration, washed multiple times to remove KX, and dried overnight to yield a bright
orange powder of [RsN][Auz(i-mnt);], which then was analyzed by the typical
characterization methods of CPs (e.g. %CHNS elemental analysis, IR spectroscopy).
Infrared spectra spectroscopy showed a common v(C=N) energy between 2190-2195 cm-
', which is consistent with the presence of terminal nitrile groups. It is expected that there
should be no interaction between cations or solvents with this terminal nitrile group, thus
it is unsurprising that the v(C=N) should be similar across the series. These materials are
slightly soluble in some fairly polar solvents including ethyl acetate and chloroform, and in
non-polar toluene, and are highly soluble in dimethyl sulfoxide (DMSO) and
dimethylformamide (DMF). The orange powdered materials were then used for crystal
growth attempts with various methods including vapor diffusion (e.g., dissolve the
materials in DMF and let MeOH, EtOH, i-PrOH, acetone, or acetonitrile diffuse inside),
slow evaporation, and layered diffusion, yet these materials did not crystallize well and
generally yielded poor quality crystals or microcrystalline powders, none of which were
suitable for SC-XRD analysis.

In one specific case, while efforts were made toward synthesizing and crystallizing
the [(CeH13)aN]2[Auz(i-mnt);] material, this compound was not completely purified and
contained some traces of a black solid at the bottom of the crystallization vials, which was
postulated to be evidence of a disproportionation reaction of gold(l) into Au(0) and Au(lll).
The structure of the gold(lll) complex formed and isolated during crystal growth, namely
[(CeH13)aN][Au"(i-mnt),], was revealed via SC-XRD. The crystal structure features isolated
gold(lll) anions with the closest Au — Au distance of 10.603 A, and with [(CsH13)sN]* cations

tiling between the isolated anions (Figure 2.3).
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Although no crystal structures of Au(l) derivatives of [R4sN]2[Auz(i-mnt)2] could be
obtained due to the low-quality crystals obtained from crystal growth, a comparison of their
photoluminescent spectra is another method to distinguish whether these materials
contain isolated gold(l) dimers or infinite 1D gold(l) chains. Isolated gold(l) dimers were

expected to emit a green colour similar to [n-BusN]2[Auz(i-mnt).], as discussed above.
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Figure 2.3:  Crystal structure of [(CsH13)sN]J[Au"(i-mnt),] illustrates an isolated gold(lll)
anion resulting from the disproportionation reaction of [(CeH13)aN]2[Aux(i-
mnt),]. Colour scheme: Au, orange; S, yellow; N, blue; C, grey. Au"-S
2.329(3) — 2.343(4) A, terminal C-N = 1.13(2) — 1.141(18) A, C=C
1.359(16) —1.386(15) A. Hydrogen atoms are omitted for clarity.

2.1.3. Photoluminescence properties of [(CnH2n+1)aN]2[Auz(i-mnt)2]

The photoluminescent properties of these salts were investigated by first obtaining
their excitation-emission matrix spectrum. In general, the EMM spectra of these materials
illustrate that the emissive regions are located approximately at 525 nm (Figure 2.4). The
excitation spectra were collected by monitoring emission at 525 nm, yielding excitation
maxima (Amax) between 450-480 nm; the resulting excitation maxima were then used to

obtain emission spectra.

The luminescence spectra indicated that these compounds all emit green light,
thus suggesting that these structures are likely in the form of isolated gold(l) dimers and
do not form 1-D gold(l) chains (Figure 2.5). Some emission spectra produced a sharp and

noticeable shoulder peak at 580 and 590 nm, which potentially corresponds to an
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instrumental artifact. The excitation and emission Amax Of each structure is summarized in
Table 2.1, which highlights the similar green emission across the systems. Interestingly,
the [(C7H15)aN]o[Auz(i-mnt);] material showed particularly bright emission among the
tetraalkylammonium series (® = 10%) and possessed the closest emission at Amax = 520
nm to the reference compound [n-BusN]2[Auz(i-mnt)z], which has an emission Amax= 515
nm. The emission spectra of the other two compounds, [(CsH11)sN]J2[Auz(i-mnt);] and
[(CsH17)aN]2[Au2(i-mnt).], also exhibited similar green emissions at Amax= 532 nm and 530
nm, respectively, although the [(CsH11)sN]* system shows a potential impurity of Kz[Aua(i-
mnt).] that emits at 625 nm (Figure 2.8). These observations further confirmed that bulkier
tetraalkylammonium cations, when pairing with [Auz(i-mnt),]> do not support

intermolecular aurophilic interactions between anions and form isolated gold(l) dimers
instead.
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Figure 2.4: EEM spectrum of the [(C7H1s5)sN]2[Auz(i-mnt)2] structure illustrates the
emissive region at ca. 525 nm.
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Figure 2.5: Excitation (dotted line) and emission (solid line) spectra of
[(C7H15)aN]2[Auz(i-mnt).]. The sharp peak at ca. 580 nm is an instrumental

artifact. The inset is a photo of the green-emitting solid material on a UV-
light table.
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Table 2.1: Summary of luminescence wavelengths (nm) of [(CnH2n+1)aN]2[Auz(i-mnt)2]
and the reference compound [(n-BusN)]2[Auz(i-mnt),] at room

temperature.
[RaNJ* [n-BusNJ* [(CsH11)aN]* [(C7H1s)aN]"  [(CeH17)aN]"
Excitation max 420 450 480 485
(nm)
Emission max (nm) 515 532 520 535
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Figure 2.6: EEM spectra of (a) [(CsH11)sN]2[Auz(i-mnt)2] and (b) [(CsH17)aN]2[Auz(i-
mnt),] illustrates emissive region at ca. 530 nm.
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Figure 2.7: Excitation (dotted line) and emission (solid line) spectra of
[(CsH17)aN]2[Au2(i-mnt)2]. The inset is a photo of the emitting material on a

UV-light table.
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Figure 2.8: Excitation (dotted line) and emission (solid line) spectra of
[(CsH11)aN]2[Auz(i-mnt)2]. The peak at 625 nm is attributed to some
remaining Ko[Auz(i-mnt);] starting material. The inset is a photo of the
emitting material on a UV-light table.

2.1.4. Thermal Properties of [(CnH2n+1)4N]2[Auz(i-mnt)]

The phase behaviour of one of these compounds was investigated by differential
scanning calorimetry (DSC) and optical microscopy, performed on the [(C7H15)aN]2[Auz(i-
mnt),] salt. When heated to 150 °C, some black traces started to appear on the orange
solid, and the sample completely converted into black solid at 170 °C. DSC and optical
microscopy showed no obvious phase transition. The fact that the material turned black
when heated could be consistent with a potential disproportionation reaction that occurred,
or simply decomposition of the material, although the TGA suggests mass losses only at
higher temperatures. Indeed, the thermogravimetric analysis (TGA) of both [n-
BusN]2[Auz(i-mnt)z] (Figure 2.9) and [(C7H15)sN]2[Auz(i-mnt)2] (Figure 2.10) show many
similarities, particularly a common significant mass drop past 210 °C, which indicates
decomposition of the materials at this higher temperature; note that this temperature of
mass loss is higher than the temperature at which the material turns black (i.e., without an
accompanying mass loss). Mass loss takes place in stepwise manner, with distinct events
observed at 210°C (calculated as 48% sudden mass loss, and another 12%) and 500 °C
(calculated as 13% mass loss); a similar degradation pattern is observed for
[(C7H15)aN]2[Auz(i-mnt)2].
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Figure 2.9:  Thermogravimetric analysis curve of [n-BusN]2[Au2(i-mnt).] with mass loss
occurring around 210 °C.
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Figure 2.10: Thermogravimetric analysis curve of [(C7H15)sN]o[Auz(i-mnt),] with mass
loss occurring around 230 °C.
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2.2. Synthesis and Characterization of [RMe;N];[Aux(i-
mnt);]

2.2.1. Introduction

The aim of switching from tetraalkylammonium to alkyl-trimethylammonium cations
was to reduce the steric hindrance that disrupts the formation of aurophilic interactions
that facilitate the formation of infinite 1D gold(l) chains between the anions. These
amphiphilic alkyl-trimethylammonium salts, particularly the cetyl trimethylammonium
bromide (CTAB), are widely known to adopt distinctive supramolecular arrangements in
both the solid state and lyotropic liquid crystal phases as the alkyl chain length is varied.""”
21 CTAB is commonly used as a tool to assist structural self-assembly of various
compounds. We speculated that by tuning alkyl chain length on these organic cations
could guide the self-assembly of the [Auz(i-mnt)2]* units into different supramolecular
packing motifs without disrupting the aurophilic chain and increasing the alkyl chain length
could provide the necessary flexibility for generating softer materials. Cations [RMe3sN]*
with an even number of carbons (R = CyHz2n+1, N = 4, 6, 8, 10, 16) on the alkyl chain were

investigated, as they are cheaply commercially available.

2.2.2. Synthesis and Structures of [RMe3N]2[Auz(i-mnt)]

The targeted salts [RMesN]o[Auz(i-mnt).] (RMesN = butyltrimethylammonium [Ca.
MesN]*, hexyltrimethylammonium [CeMesN]*, octyltrimethyl ammonium [CsMesN]*,
decyltrimethylammonium [CioMesN]*, and cetyltrimethylammonium [CieMesN]*) were
synthesized by cation metathesis. Two equivalents of RNMe3X (X = Cl or Br) were added
to an orange solution of Ky[Auz(i-mnt).], resulting in dark orange [CsMesN]2[Auz(i-mnt)2],
[CsMesN]2[Auz(i-mnt)z] and [CioMesN]2[Auz(i-mnt)], or light orange [CaMesN]2[Auz(i-mnt)2],
or green [CisMesN]2[Auz(i-mnt)2] powders. These materials in general are not soluble in
water or non-polar solvents, are highly soluble in DMSO, DMF, and are moderately soluble
in MeCN, CHCI; and chloroform.

EtOH, acetone

Ko[Aua(i-mnt)o]  + 2RMezNX —————3 [RMe3N][Aux(i-mnt)] + 2KX

Finding the right combination of solvent systems and crystal growth techniques
that yielded suitable single crystals for X-Ray diffraction was challenging. Slow

evaporation and vapour diffusion in a 5-dram vial were the two techniques for crystals
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growth in this series that were found to be most successful. In addition, the amount of
materials used for crystal growth could sometimes influence the texture of crystals; too
much could lead to fiber-like textures and too little could yield low-quality crystals. Attempts
toward growing suitable crystals of the [CsMesN]*, [C12MesN]™ and [C1sMesN]2[Auz(i-mnt)z]
analogues were unsuccessful, resulting in typically long needle-shaped crystals that
showed evidence of twinning and were generally low-quality and not suitable for collection
of SC-XRD data. Among these, the [CsMesN]2[Auz(i-mnt)] crystal structure resolved better
than the other two, but the hexyl chains display multiple positionally disordered and could
not be modeled properly, and the low-quality of the structural data limited its use for any

structure-property correlations and thus was not included herein.

Similar to [(C7H15)aN]2[Auz(i-mnt)2], when heated to around 150°C, crystals of
[RMesN].[Auz(i-mnt),] started to crack and change morphology, as observed by optical
microscopy for R = C4, C10 and Css; further heating changed the materials to completely
black at approximately 160°C. TGA data of the representative sample [CisMesN]2[Aux(i-
mnt).] indicated ca. 25% mass loss at ca. 210°C, which is consistent with loss of the i-mnt
ligand (calculated as a 23% loss); further heating resulted in decomposition/loss of
[CisMesN]* (Figure 2.11), although a detailed decomposition pathway and identification of
the volatile products was not attempted. No phase transitions were detected for any of the
[RMesN]2[Auz(i-mnt),] materials, and these materials started to change colour after ca.
150°C.
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Figure 2.11:  Thermogravimetric analysis of [CieMe3N]2[Auz(i-mnt)2].
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No substantial differences in the v(C=N) peak was observed in the IR spectra of
these salts; they all lie within the range of 2193 — 2198 cm™', which suggests that there is

no presence of any interaction to the N-terminus in the gold(l) anion.

During the process of crystal growth, it was noted that occasionally a small yet
noticeable amount of black solid, which we speculated was gold(0) based on the near-
zero values of %CHNS from elemental analysis, appeared at the bottom of the
crystallization vials, similar to observations in the [(CnH2n+1)aN]J2[Auz(i-mnt);] series.
Formation of this byproduct is believed to arise from either photo-induced or thermal
oxidation during the crystal growth process to yield both gold(0), and gold(lll)-containing
structures of the form [RMesN]z[Au"(i-mnt).]. Some of these [RMesN]2[Au"(i-mnt),] salts,
including [C4sMe3sN][Au"(i-mnt),], [CsMesN][Au"(i-mnt).], and [C12MesN][Au"(i-mnt).] were
isolated and structurally determined by SC-XRD (Figure 2.12); the CsMes; and CsMes
versions are extremely poor-quality structures and are not included herein but their identity
as Au(lll)-based salts is clear. This oxidation event was not examined further, as it falls
outside the scope of the current project. It is advised to cover or keep vials in the dark to

minimize the [RMesN]z[Au"(i-mnt),] salts from forming.

Figure 2.12:  Crystal structure of representative gold(lll) analog [C12MesN][Au"'(i-mnt),]
showing isolated gold(lll)-containing anions with no presence of any
aurophilicity. Colour scheme: Au, orange; S, yellow; C, grey; N, blue.

All of the reported solid-state structures of [RMesN]2[Auz(i-mnt);] in this chapter

display aggregation between [Auz(i-mnt)2]% units, forming infinite 1-D aurophilic chains
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with varying intermolecular Au(2) — Au(1)’ distances of 2.8845(9) — 3.0095(7) A and
intramolecular Au(1) — Au(2) distances of 2.7827(9) — 2.8170(7) A. In addition, these
structures show the trimethyl headgroup of the [RMesN]" cation oriented near the [Auz(i-
mnt);]* anion. As postulated, the shape of the cation strongly impacted the
supramolecular arrangement of the 1-D chains; the conformation of the [Auz(i-mnt)2]?units
both within the dimer and relative to each other along the anionic chain also varies

depending on the incorporated cation. Each system is described in detail below.

For [CsMesN]o[Auz(i-mnt),], two structures were obtained: a solvent-included and
a solvent-free system. The solvent-included structure has the same space group and
similar unit cell parameters and aurophilic interactions compared to the solvent-free
structure. Specifically, the crystal structure of the solvent-free [CsMesN]2[Auz(i-mnt);]
system, obtained from the slow evaporation of a toluene and acetonitrile mixture, contains
dinuclear [Auz(i-mnt)2]?>- moieties with an intramolecular Au(l) — Au(l) distance of 2.8170(7)
A; the Au2S, core adopts a highly twisted conformation, quantified by the C1-S1-S2—-C2
and C1-S3-S4-C2 dihedral angles of 53.2(8)° and 44.4(8)°. Adjacent [Auz(i-mnt)2]* units
are orthogonal, forming a continuous 1-D aurophilic chain via an intermolecular Au(l) —
Au(l) bond of 3.0095(7) A (Figure 2.13a). The trimethyl headgroups of both [CsMesN]*
cations are positioned near the central Au(l) atoms while the butyl chain is oriented
perpendicular to the 1-D gold(l) chain (Figure 2.13b). Moreover, the butyl chains on
[CsMe;sN]* that are located near each [Auz(i-mnt)2]? unit are rotated by roughly 90° to its
adjacent neighbour, while remaining perpendicular to the gold(l) chain. Viewing along the
c-axis, the [C4MesN]" cations surround the isolated 1-D aurophilic chains in a pseudo-

hexagonal packing motif (Figure 2.14).

When [CsMesN]2[Auz(i-mnt),] was crystallized from vapour diffusion of methanol
(MeOH) into an acetonitrile solution, the MeCN-solvated [CsMesN]o[Auz(i-mnt)2]-MeCN
system was isolated; it is isomorphic to [CsMesN]z[Auz(i-mnt).], with one interstitial MeCN
molecule that fills in the cavity between the columnar gold(l) chains. The aurophilic
interactions remain similar to the non-solvated form (Figure 2.15). The intramolecular and
intermolecular Au(l) — Au(l) distances are measured at 2.7992(7) and 2.9700(7) A
respectively; the Au2Ss core has C1-S1-S2-C2 and C1-S3-S4—-C2 dihedral angles of
53.8(8)° and 47.2(8)° (Appendix A).
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Figure 2.13: (a) Crystal structure illustrating the 1-D aurophilic chain in [CsMe3N]2[Aux(i-
mnt)z]. [CsMesN]* cations are omitted for clarity. Au1-Au2 = 2.8170(7) A,
Au2-Au1’ = 3.0095(7) A. Au1-Au2-Au1’ = 180.0° and (b) The relative
orientation of [C4sMesN]* cations to the 1-D gold(l) chain; i-mnt ligand and
hydrogen atoms omitted for clarity. Colour scheme: Au, orange; S, yellow;
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Figure 2.14: Pseudo-hexagonal crystal structure of arrangement of 1-D chains in
[CsMesN]2[Auz(i-mnt)z], viewed down the ¢ axis. Hydrogen atoms are
omitted for clarity. Colour scheme: Au, orange; S, yellow; C, grey; N, blue.

38



Figure 2.15: Supramolecular arrangement of [CsMesN]o[Auz(i-mnt)2]-MeCN displaying
pseudo-hexagonal packing, viewed along the c-axis. MeCN solvent
molecules are filling in the cavity between the gold(l) chains. Hydrogen
atoms are omitted for clarity. Colour scheme: Au, orange; S, yellow; C,
grey; N, blue.

The [CsMesN]o[Auz(i-mnt),] and [CioMesN]o[Auz(i-mnt),] systems are isostructural
and have some similarities in both structural and supramolecular packing to the crystal
structure of [CsMesN]2[Auz(i-mnt)z]. Both structures feature 1-D chains consisting of [Auz(i-
mnt)2]? units, each of which exhibit a twisted configuration around the Au(l) core, where
[CioMesN]o[Auz(i-mnt)2] displays a higher torsional angle at C1-S1-S2-C2 than
[CeMesN]o[Auz(i-mnt);] of 37.1(14)° (Figure 2.16a) and 22.8(8)° (Figure 2.17a)
respectively; both dimers, however, are substantially less twisted than in the
[CsMesN]2[Auz(i-mnt)z] structure. These structures display shorter intermolecular Au(l) —
Au(l) distances of 2.9154(13) A and 2.8845(9) A compared to [CsMesN]2[Auz(i-mnt)z].
Unlike in the [CsMesN]2[Auz(i-mnt)z] system, these alkyl chains all exhibit some positional
disorder near the ammonium headgroup on the alkyl chain and are aligned approximately
parallel to the 1-D gold(l) chain (Figure 2.16b, Figure 2.17b). These long alkyl chain
cations together wrap around the 1-D gold(l) chain to construct a tetragonal

supramolecular packing (Figure 2.18). It should be noted that the [CsMesN]2[Auz(i-mnt),]
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structure contains an accessible void of 230 A% which contains diffuse electron density
consistent with disordered solvent. Attempts to model these potential solvent molecules
in the void as either methanol or acetonitrile were not successful, but IR data shows the

presence of both of these solvents in the crystal.

(a) N1

(b)

Figure 2.16: (a) Crystal structure illustrating the relative orientation of the 1-D aurophilic
chain in [CsMesN]2[Auz(i-mnt)z]. [CsMesN]* cations are omitted for clarity.
Au1-Au2 = 2.7827(9) A, Au2-Au1’ = 2.8845(9) A. Au1— Au2— Au1’ angle
=180.0°. (b) The relative orientation of [CsMesN]* cations to the 1-D gold(l)
chain; i-mnt ligand and hydrogen atoms omitted for clarity. Colour scheme:
Au, orange; S, yellow; C, grey; N, blue.
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Figure 2.17: (a) Crystal structure illustrating the relative orientation of the 1-D aurophilic
chain in [CioMesN]2[Auz(i-mnt)2]. [C1oMesN]* cations are omitted for clarity.
Au1-Au2 =2.7836(13) A, Au2—-Au1’ = 2.9154(13) A. Au1— Au2-Au1’ angle
=180.0". (b) The relative orientation of [C1oMe3sN]* cations to the 1-D gold(l)
chain; i-mnt ligand and hydrogen atoms omitted for clarity. Colour scheme:
Au, orange; S, yellow; C, grey; N, blue.

a b

Figure 2.18: Tetragonal arrangement of 1-D aurophilic chains viewed along the c axis
in (a) [CsMesN]z[Auz(i-mnt).] and (b) [CioMesN]2[Auz(i-mnt).]. Hydrogen

atoms are omitted for clarity. Colour scheme: Au, orange; S, yellow; C,
grey; N, blue.
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In the case of [C1sMesN]2[Auz(i-mnt)], the anionic 1-D chains of gold(l) dimers are
still observed, with nearly identical intra- and intermolecular aurophilic distances of
2.8151(6) A and 3.0090(5) A, respectively, when compared to the [CsMesN]z[Auz(i-mnt)]
structure. However, each [Auz(i-mnt);]* unit displays a planar conformation, having two
very small C—S—S-C dihedral angles (0.9(6), 8.1(6)°), unlike the twisted conformations
observed with smaller alkyl chain cation systems. The Au-Au-Au angle along the 1-D chain
is more acute (172.1°) than in the other systems (180°), indicating a small but significant
deviation from linearity (Figure 2.19). Interestingly, the adjacent 1-D gold(l) chains arrange
together in parallel 2-D sheets that are separated by the long cetyl-chain cation (Figure
2.20a) with a distance between these 2-D sheets of 22.395(3) A (Figure 2.20b). The cetyl
chains adopt a zig-zag geometry, are more ordered, and are tilted by approximately 56°
to the plane of the 2-D sheets (Figure 2.20c). These individual gold(l) chains within the 2-
D sheet are separated by an orthogonal distance of 11.0193(17) A (Figure 2.20d).
Critically, when observing the structure along the b—axis, the supramolecular packing of
[CisMesN]o[Auz(i-mnt)2] is completely different from the columnar-type packing as
described previously - instead, it could be best described as lamellar. The ordering of
multiple layers of cetyl chains cation tilted at an angle and sandwiched in between the
planes containing 1-D gold(l) chains resembles the ordering in a smectic C liquid crystal

phase (Figure 2.21).

Figure 2.19:  Crystal structure of [CisMesN]2[Auz(i-mnt)z], showing the 1-D aurophilic
chain. Cetyltrimethylammonium cations are omitted for clarity. Au1-Au2 =
2.8151(6) A, Au2-Au1’ = 3.0090(5)A. Au1-Au2-Aut1’ = 172.1°. Colour
scheme: Au, orange; S, yellow; C, grey; N, blue.
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These observations of the [CisMesN]2[Auz(i-mnt);] crystal structure showed that
the supramolecular packing can be controlled by a variation of the alkyl chain length of
the cations while still generating the 1-D gold(l) chains. In this case, the longer alkyl chains
change the supramolecular assemblies from pseudo-hexagonal to tetragonal columnar to
lamellar phases. Therefore, the alkyl chain length should be viewed as another key aspect

that could affect the arrangement of the molecules when designing new coordination

(b)
A I

(d)

11.0193(17) A

Figure 2.20: Crystal structure of [CisMesN]2[Auz(i-mnt),] illustrates (a) the 1-D gold(l)
chains are orientated in parallel sheets (blue plane) that sandwich cetyl
chain cations; (b) the distance between individual 2-D sheets; (c) cetyl
chains (red plane) are tilted by approximately 56° relative to the plane of
the 2-D sheets; (d) the orthogonal distance between each gold(l) chain
inside the 2-D sheet of 11.0193(17) A. The i-mnt ligand, nitrogen and
hydrogen atoms are omitted for clarity. Colour scheme: Au, orange; C,

grey.

polymers.
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Figure 2.21: The supramolecular packing in the crystal structure of [CisMesN]2[Auz(i-
mnt).] features multiple tilted cetyl chain cations versus the plane of 1-D
gold(l) chains and share many similarities with smectic C liquid crystals.
The red plane shows the direction of the alkyl chain cations. The i-mnt
ligand, nitrogen and hydrogen atoms are omitted for clarity. Colour scheme:
Au, orange; C, grey.

2.2.3. Photoluminescence properties of [RMesN]2[Auz(i-mnt)2]

Due to the presence of both intra and intermolecular aurophilic interactions, all the
materials herein exhibited photoluminescence in the solid-state. The luminescence data
can be categorized into one set of similar data for the columnar-packed systems, including
[CsMesN]", [CeMesN]*, and [C1oMesN]* salts, and a distinctly separate observation for the
lamellar structure [C1sMesN]2[Auz(i-mnt)2]. The columnar systems in general feature broad
excitation bands from ca. 400 to 600 nm and an orange — red emission at Amax = 590 —

630 nm at room temperature, which are summarized in Table 2.2 and are described below.

[CsMesN]2[Auz(i-mnt)2] shows one pronounced excitation peak centered around
515 nm with another somewhat conspicuous excitation band at 410 nm. The
corresponding emission spectrum displays a single broad band at Anax = 610 nm with
quantum yield (®) = 5% (Figure 2.23). The solvated isostructural form, [CsMesN]2[Aux(i-
mnt)2]-MeCN, displays a single, broad excitation band between 400 nm to 580 nm that is
also centered close to the excitation peak of its unsolvated structure at Amax = 510 nm.
However, the emission maximum of the solvated structure is blue-shifted by 21 nm with

emission at Amax = 591 nm (Figure 2.25).
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Figure 2.22: EEM spectrum of the non-solvated [CsMesN]2[Auz(i-mnt),] structure
illustrates the emissive region at ca. 610 nm.
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Figure 2.23: Excitation (dotted line) and emission (solid line) spectra of

[CsMesN]2[Auz(i-mnt)z]. The small sharp peak at 640 nm is an
instrumental artifact.
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Table 2.2: Summary of luminescence data for [RMesN]2[Auz(i-mnt);] structures at

296 K.
[RMesN]* Excitation Amax (nm) Emission Amax (nm)
[CsMesN] 515 610
[CsMesN] - MeCN 510 591
[CsMesN] 585 630
[C1oMesN] 578 615
[CisMesN] 510 550
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Figure 2.24: EEM spectrum of the solvated [CsMesN]2[Auz(i-mnt),] -MeCN structure
illustrates the emissive region at ca. 590 nm.

----- A em = 591 nm

= A ex = 510 nm

0.8

S
=)

o
=

Intensity (a.r.b)

02 ¢

0.0 s L

300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 2.25: Excitation (dotted line) and emission (solid line) spectra of [CsMesN]2[Auz(i-
mnt)2]-MeCN.
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Interestingly, when exposing the un-solvated crystals of [CsMesN]2[Auz(i-mnt).] to
MeCN vapor, the emission maximum is immediately blue-shifted to the same Amax = 591
nm as the emission peak recorded for the [CsMe3sN]2[Auz(i-mnt)2]-MeCN structure. Leaving
the [CsMesN]2[Auz(i-mnt)2]-MeCN crystals over time (20 minutes) for de-solvation to occur
led to a similar emission spectrum of [CisMesN]2[Auz(i-mnt)2] (Figure 2.26), thus the
conversion and the associated emission spectra that are observed is reversible. The

mechanism of this conversion remains unclear.

The excitation spectra of both [CsMesN]2[Auz(i-mnt)2] and [CioMesN]2[Auz(i-mnt),]
are both alike with a more red-shifted excitation compared to the [C4sMesN]* systems and
showing a wide excitation band with a range from = 400 nm to 600 nm. It should be noted
that the sharp signals in the excitation spectra are instrumental artifacts. The emission
spectra of both structures exhibit a prominent and broad emission band with a slight
variance in the emission maxima of [CsMesN]z[Auz(i-mnt);] (Figure 2.28) and

[C1oMesN]2[Auz(i-mnt),] (Figure 2.30) at Amax = 630 nm and Amax = 615 nm respectively.

Intensity
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Figure 2.26: Monitoring solid-state emission spectra of [CsMesN]2[Auz(i-mnt)2]-MeCN
(Aex = 490 nm) upon de-solvation of MeCN over 20 min at 2 min intervals.
Relative intensity of emission at 591 nm over time (inset). The letter “m”
noted in legends is short form for minute with Om when the experiment

started.
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Figure 2.27: EEM spectrum of the [CsMesN]2[Auz(i-mnt);] structure illustrates the
emissive region at ca. 625 nm.
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Figure 2.28: Excitation (dotted line) and emission (solid line) spectra of [CsMesN]2[Aux(i-
mnt)2].
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Figure 2.29: EEM spectrum of the [C1oMesN]2[Auz(i-mnt)2] structure illustrates the
emissive region at ca. 605 nm.
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Figure 2.30: Excitation (dotted line) and emission (solid line) spectra of
[C10Me3N]2[AuZ(i-mnt)2].

The anomaly regarding the luminescent properties among the [RMesN]o[Aux(i-
mnt),] series appears in the smectic-like structure [CisMesN]2[Auz(i-mnt).] (Figure 2.32).
The pronounced excitation band is narrow with a range of = 400 nm to 520 nm with the
excitation maxima centered at Amax = 510 nm, similar to the excitation spectrum of
[CsMesN]2[Auz(i-mnt)z] (Figure 2.23). However, the emission spectrum of [C1sMesN]2[Auz(i-
mnt),] features an emission band that is half the width compared to the columnar-packed

systems. In addition, the emission maximum of [C1sMesN]2[Auz(i-mnt).] strongly deviates
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from the typical orange — red emission of the columnar-packed structures [RMesN]2[Aux(i-

mnt),], instead shifting to a higher-energy green emission centred at Amax= 550 nm.

The emission maxima of all structures in the [RMesN]2[Auz(i-mnt)z] series, which
all contain intermolecular aurophilic interaction between anions, are very red-shifted as
compared to the isolated gold(l) dimers in [n-BusN]Jo[Auz(i-mnt)z] (Amax = 515 nm; Table
2.1). The origin of the photoluminescent properties for the [RMesN]2[Auz(i-mnt).] series is
discussed more extensively in Section 2.2.4. It is worth pointing out that aurophilicity and

its emission mechanism is a complex topic with many on-going discussions in current
literature 35, 37, 39, 95, 108, 111,112
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Figure 2.31: EEM spectrum of the [C1sMesN]o[Auz(i-mnt),] structure illustrates the
emissive region at ca. 550 nm.
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Figure 2.32: Excitation (dotted Iline) and emission (solid line) spectra of
[C16Me3N]2[AuZ(i-mnt)2].

2.2.4. Relationship between Crystal Structures and their Luminescent
Properties

Aurophilic-containing structures are often emissive. The emission from a simple
linear, monometallic coordination polymer species as [Au(CN).] is generally assumed to
primarily arise from metal-to-metal charge transfer between aggregated aurophilic
[Au(CN),]* anions. In particular, the Au(l) — Au(l) distance is first thought to be directly
proportional to the energy gap (AE) between the bonding and antibonding orbitals of the
aurophilic interaction between gold(l) atoms, in which a shorter aurophilic bond would lead
to a larger energy gap between HOMO and LUMO and therefore, result in an overall red-

shift of luminescence.'?”

The photoluminescence in dinuclear gold(l) coordination polymers however is
more difficult to interpret due to many dynamic variables that interplay and contribute
toward determining the emission energy. Recent work in the Leznoff group with a series
of gold(l) dithiocarbamate complexes showed that they can display very different emission
energies while retaining nearly identical Au — Au distances but differing in the Au-Au-Au
angle, which can influence the overlap of the Au(l) orbitals that normally contribute to

aurophilic interactions.®® It has also been shown that the emission spectra of gold(l) thiol-
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based dimers are likely assignable as ligand-to-metal-metal charge transfer (LMMCT) [S
— Au — Au], and this is likely also the case for an infinite gold(l) chain of gold-thiolate
dimers."® However, structural flexibility of the chelating dithiolate ligands around the
dinuclear Au(l) core, in this case in [Auz(i-mnt)2]*, is another important factor worth
considering as a more rigid structure could prevent the dissipation of energy through the
nonradiative relaxation process;'® depending on the amount of twist, the LMMCT
assignment could also change, as was observed in a series of related Aux(dithiolate),
systems.'"® On the other hand, a more flexible framework (decreased molecular rigidity)
could be susceptible to external physical or chemical stimuli.®>'"" In other words, the
structural properties of the chelating dithiolate ligand could affect how energy is being
transferred from the ligand to the aurophilic bonding network. Aurophilic bonds that are
sensitive to any structural modification could therefore result in a change in emission

energy.

In an attempt to correlate the photoluminescence properties of [RMesN]o[Aux(i-
mnt);] systems with their corresponding structural arrangements, four parameters that
could potentially impact the emission energy from the aurophilic gold(l) chain were
examined: (1) the inter-molecular aurophilic distance (Au2-Aut’); (2) the average intra-
torsional angle around Au(l) atoms (measured as C-S-S-C, the a torsional angle; Figure
2.33) in the [Auz(i-mnt)2]?> anion, which is calculated by taking the average angle of the
(C1-S1-S2-C2) and (C1-S3-S4-C2) torsional angles; (3) the smallest inter-torsional angle
around Au(l) atoms that represents the conformation between gold(l) dimer units (S3-Au2-
Au1’-S1’, the B angle; Figure 2.33) between [Auz(i-mnt).]?> anions; and (4) the angle along
the gold(l) chains (Au1-Au2-Au1’) (Figure 2.33). The molecular torsional angles, a and 3,
in the [Auz(i-mnt),]> anion were chosen in addition to the Au-Au-Au angle and aurophilic
distance, as it provides insights into structural flexibility and conformation of the
framework, and was a key factor in the related Aux(dopdtc). system where a high twist
generated a change in the ordering of the orbitals and the associated emission energy
assignment.’® The intra-molecular aurophilic distance in the [Auz(i-mnt),]* units across
the [RMesN]2[Auz(i-mnt),] series was noted but was not considered as a factor contributing
to the changes in emission energies because these distances were very similar across

the series. The solvated structure [CsMesN]2[Auz(i-mnt)2] - MeCN is also included herein.

The Au-Au-Au angle of each [RMesN]o[Auz(i-mnt)z] structure is summarized in

Table 2.3, highlighting the presence of linear 1-D gold(l) chains with shorter alkyl chain
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cations, with the exception of the 172.1° angle in [CisMesN]2[Auz(i-mnt)z]. For the other
three factors, correlation graphs for the intermolecular aurophilic distance (Figure 2.34),
intra-torsional angle (Figure 2.35) and inter-torsional angle (Figure 2.36) are outlined
below.

Table 2.3: Summary of the Au — Au — Au angle values of each structure in
[RMesNI]o[Auz(i-mnt)2].

[RMesN]*  [CsMesN]*  [CsMesN]'MeCN  [CsMesN]*  [CioMesN]*  [CisMesN]*

Angle (°) 180 180 180 180 172.1
NCYCN
|c1 NC
51”7 \s3 ICN
a B 5" /S
Au—--- ul_____ AUZ—/—‘———AUS____AU _____ Au

Figure 2.33: Labelling on each atom of the [Auz(i-mnt)2]> core, used for structure-
property correlation discussion. The atoms that comprise the a and
torsional angles are highlighted in blue and red respectively.
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Figure 2.34: Plot of the intermolecular aurophilic distance between the anions and
emission maximum (in nm) for each structure in the [RMesN]2[Auz(i-mnt)2]
series, where R = C,4, Cs, C1o, C1s represents the length of the alkyl chain
in the cation. CsMe represents the solvated structure [CsMesN]o[Aux(i-

mnt)2]-MeCN.
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Figure 2.35: Plot of average intra-torsional angle of C-S-S-C (a) within the anion and
emission maximum (in nm) for each structure in the [RMesN]2[Auz(i-mnt)2]
series, where R = C4, Cs, C1o, C16 represents the length of the alkyl chain
in the cation. C4sMe represents the solvated structure [CsMesN]o[Auz(i-

mnt)2]-MeCN.
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Figure 2.36: Plot of the inter-torsional angle of S-Au-Au-S (B), which represents the
conformation between gold(l) dimers, vs. emission maxima (in nm).

In general, there is a weak correlation between both the interaurophilic distance
and the intra-torsional angle versus emission maxima, with the exception of [CisMesN]* as
an outlier. There is no correlation between the inter-torsional angle and emission maxima.
Further examining these parameters, it can be seen that both [CsMesN]* and [CisMesN]*
species have nearly identical intermolecular aurophilic distances but the linearity of Au —
Au — Au angle and large intra-torsional angle with [C4sMesN]*, which thus adopts a twisted
conformation, whereas [C1sMesN]" is flatter and has a smaller Au — Au — Au angle of 172°,
results in a unique emission energy. It is possible that some or all of these individual
components contribute to some degree toward the overall emission properties of
[RMesN]o[Auz(i-mnt)2] and not solely be attributed to only one parameter. More
importantly, the supramolecular packing is not the only thing that changes as the cation
alkyl chain length increases. Incorporating these cations was hypothesized to make the
materials mechanically softer, thus opening the potential for designing new

mechanoresponsive aurophilic-based materials.

2.2.5. Examining Mechanochromic Behaviour of [RMe3sN]2[Auz(i-
mnt)2]2

Given the flexible structural parameters in the aurophilic 1-D chains and their
supramolecular arrangements, which are clearly sensitive to small changes in cation, the

responses to mechanical stimuli for all solids of [RMesN]2[Auz(i-mnt);] were examined. All
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powdered materials were ground from crystals of [RMesN]2[Auz(i-mnt)2] using a mortar
and pestle for 5 to 30 minutes at room temperature and any changes to their colour or

emissive properties were noted.

Upon grinding crystals of [CsMesN]2[Auz(i-mnt).], they undergo a colour change
from light orange crystals to dark red powder. The powdered materials emit red light
(details below), are stable at room temperature and did not convert back to the original
colour even after 3 months. The IR spectra before and after grinding are nearly identical,
suggesting that no reaction occurs that altered the chemical composition of the material.
However, these changes in colour and emission for [CsMesN]2[Auz(i-mnt).] only occur after

constant grinding for at least 2 min.

X-ray powder diffraction data was collected from the ground powder and compared
with the powder diffractogram generated from the single-crystal data of [CsMesN]2[Aux(i-
mnt);]. From these powder diffractograms, it is clear that the ground material is not
isostructural to its crystalline form, as evidenced by the major peaks become broader and
a peak disappearing at 13° (Figure 2.37). The two major peaks at 7° and 8° shifted by 0.8°
after grinding, which suggests that the crystals undergo a structural change when
experiencing pressure. We were unable to obtain more detailed structural information from
this data. The emission maxima of ground [CsMesN]2[Auz(i-mnt),] experienced a red-shift

of 55 nm to a red emission at Amax = 665 nm (Figure 2.38).
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Figure 2.37: Powder X-Ray diffractograms of [CsMesN][Auz(i-mnt).]. Diffractogram
generated from single crystal data (black), and collected after grinding with
mortar and pestle for 5 min (red).
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The diffractogram of [CsMesN]2[Auz(i-mnt),] revealed a substantial change after
grinding, with multiple peaks splitting at approximately 6° and most peaks becoming
broader (Figure 2.39). As previously mentioned, the crystal structure of [CsMesN]2[Aux(i-
mnt);] has a sizable void between the gold(l) chains that contains trapped solvent
molecules of MeOH and MeCN. The FT-IR spectrum of [CsMesN]2[Auz(i-mnt);] indicated
the presence of both MeOH and MeCN and these solvent peaks immediately disappeared
after grinding. Therefore, this dissimilarity in PXRD data before and after grinding in the
structure could be driven by the loss of solvent from the crystal, but the framework also
undergoes structural change that accompanies the solvent loss. Interestingly, the
luminescence spectra of [CsMesN]2[Auz(i-mnt),] crystals and the ground form (Figure 2.40)
exhibited no change; they are nearly identical in both excitation and emission spectra,
which shows that loss of solvent (and any resulting structural change) does not alter the

emission maxima in [CsMesN]z2[Auz(i-mnt);].
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Figure 2.38: Excitation (dashed lines) and emission (solid lines) spectra of crystals of
[CsMesN]2[Auz(i-mnt)2] (orange), and ground [CsMesN]o[Auz(i-mnt)2] (red) at
room temperature. The small sharp spikes in the spectra are instrumental
artifacts.

From the PXRD diffractogram of [CioMesN]o[Auz(i-mnt),] it is evident that the
ground structure has an identical pattern to the crystal form, albeit having slightly broader
peaks, which suggests that in this case the structure did not undergo any appreciable
structural changes or phase transitions upon applying pressure, but at most only

generated a decrease in domain size (Figure 2.41). Infrared spectra are also identical
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before and after grinding. The photoluminescent properties of the ground material

exhibited a small, red-shifted emission of 15 nm, which is unexplained.
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Figure 2.39: Powder X-Ray diffractograms of [CsMesN];[Auz(i-mnt),]. Diffractogram
generated from single crystal data (black), and collected after grinding with
mortar and pestle for 5 min (red).
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Figure 2.40: Excitation (dashed lines) and emission (solid lines) spectra of crystals of

[CeMesN]2[Auz(i-mnt)z] (green), and ground [CsMesN]2[Auz(i-mnt).] (red) at
room temperature. The sharp spikes in the spectra are instrumental

artifacts.
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Figure 2.41: Powder X-Ray diffractograms of [C1oMesN]2[Auz(i-mnt);]. Diffractogram
generated from single crystal data (black), collected after grinding with
mortar and pestle for 5 min (red).

More dramatically, the lamellar structure [CieMesN]2[Auz(i-mnt);] undergoes a
drastic change in emission upon applying very mild pressure (e.g. from the pressure
exerted by a spatula tip), with a red-shift in emission maximum to 660 nm from 550 nm
visually observable as a green to red-colored emission under a broadband UV-lamp
(Figure 2.42). Further substantial grinding (e.g. with a mortar/pestle) induces a further red-
shift in the emission, to Amax = 670 nm after 5 min and Amax = 680 nm after 30 min.
Interestingly, the emission band of the ground form is three times broader compared to
the narrow band of the crystalline form, with a significant red-shift of emission Amax of 120
nm (Figure 2.43).

The PXRD diffractogram data indicates that a structural change occurred after
each stage of grinding (Figure 2.45). When pressure is slightly applied using the tip of a
spatula to crystals, the powder diffractogram displayed a new and unique 20 peak at
approximately 6.3° in which this intermediate can be attributed to a new crystalline phase.
This critical observation indicates that scratching crystals generates a mixture containing
a new intermediate crystalline phase transition; some starting material also remains.
Substantial grinding past 5 min removes the unique peak, widens all peaks, and all traces
of the starting material disappears; this represents full conversion to a new phase that is

more amorphous than the original crystals. The unit cell was also enlarged after grinding,
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as evidenced by a minor shift of the lowest-angle diffraction peak to a lower 28 angle (4°

to 3°), but no further structural elucidations of these materials were pursued.

Scratch\ Grind
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Figure 2.42: Emission change from green to orange when scratching [C1sMesN]2[Auz(i-
mnt);] crystals with the tip of a spatula; further grinding converts the
material to a powder with a dark red emission at room temperature.
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Figure 2.43: Excitation (dashed lines) and emission (solid lines) spectra of crystals
[C1sMesN]2[Auz(i-mnt),] (green), and ground [CisMesN]2[Auz(i-mnt)z]
(orange) at room temperature.
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Figure 2.44. EEM spectrum of the ground [C1ieMesN]2[Auz(i-mnt);] structure illustrates
the broad emissive region at ca. 660 nm.
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Figure 2.45: Powder X-Ray diffractograms of [CisMesN]2[Auz(i-mnt).]. Diffractogram
generated from single crystal data (black), collected after applying mild
pressure of a spatula tip (red), collected after grinding with mortar and
pestle for 5 min (yellow), and after grinding for 30 min (blue).

The observed broadening of the peaks can be understood in term of the Scherrer
formula, which can be employed to estimate the crystalline size of materials from the peak
width in a diffraction pattern. The Scherrer formula can be summarized as L = (K*A)/ (8 *
cos(8)) where L is average crystallite size, K is constant related to crystallite size, taken

as 0.9, A is the X — ray wavelength in nanometer, B is the full width at half maximum in
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radians, and 0 is Bragg’s angle in radians. After grinding the crystals of [C1sMe3sN]2[Auz(i-

mnt),], peaks become broader and the crystalline size decreases.

In summary, grinding crystals of [CsMesN]2[Auz(i-mnt)2] removes solvent that was
trapped in the crystal lattice. Although it is still unclear why the [CioMesN]o[Auz(i-mnt);]
system does not exhibit any change upon grinding, the consequence of grinding in general
for [CaMesN]2[Auz(i-mnt)z] and [CisMesN]2[Auz(i-mnt).] is to induce structural changes and
a red-shift of the emission maxima, which can be related to applying pressure to aurophilic-
containing systems.® Notably, the [C1sMesN]2[Auz(i-mnt);] structure displays a high level
of softness and a significant change in emission when applying mild pressure from a
spatula tip, creating a new intermediate phase that exhibits red emission instead of the
parent green-emission. This result is consistent with the hypothesis that the softness of
materials could be further increased when combining softer cations, in this case a
surfactant, to the already structurally-sensitive aurophilic-containing framework [Aux(i-

mnt),]%.

2.2.6. Conclusion

This chapter first explored how tetraalkylammonium cations further reinforced the
idea that steric hindrance of the cations could disturb inter-aurophilic bond formation,
whereby the [Auz(i-mnt);]* units would remain as structurally isolated gold(l) dimers. In
addition, alkyl-trimethyl ammonium cations of the form [RMesN]" were utilized with the
[Auz(-mnt)2]?> building blocks, in order to examine their use as a tool to induce
intermolecular aurophilic interactions between the dimers, impact the supramolecular
structural morphology, and manifest mechanochromic behaviour as part of the

investigation of using "soft" surfactant-style cations.

All [Auz(-mnt)2]* salts of the investigated [RMesN]* series formed intermolecular
aurophilic interactions between anions to create 1D gold(l) chains. These cations are less
bulky than the tetraalkylammonium cations, thus allowing propagation of the
intermolecular aurophilic network. When looking beyond the 1-D gold(l) chains, they also
assisted in the self-assembly of supramolecular packing structures. The resulting
structures demonstrated intriguing differences of supramolecular packing and different

luminescent profiles from only small changes in the length of alkyl chain C, on [RMesN]*
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cations, suggesting that the system is indeed very responsive to small changes in the

cation.

The idea that materials can be further mechanically softened using soft surfactant-
type cations, specifically [CisMesN]* in this case, was explored via mechanochromic
properties. This combination of a surfactant-type cation and the sensitive Au-containing
framework [Auz(i-mnt)2]? led to a more flexible structure, which in this case gave rise to a
change from columnar to smectic C-like structures as the alkyl chain-length increased.
The pronounced softness of [CisMesN]2[Auz(i-mnt),] is also evident from a structural
change, as applied pressure led to red-shifted emission. While there is no evidence of
phase transition upon heating, we have displayed an example for enhancing the softness
properties of coordination polymeric materials while maintaining the emissive properties

inherent in the aurophilic interactions, by the incorporation of soft surfactant cations.

2.2.7. Experimental

2.2.7.1. General Procedures and Physical Measurements

All reactions were conducted under ambient atmospheric conditions. The
synthesis of potassium iso-maleonitriledithiolate, Kz(i-mnt),'?? chloro(tetrahydrothiophene)
gold(l), AuCl(tht),">® and potassium gold(l) iso-maleonitriledithiolate, Kz[Auz(i-mnt)],%
were carried out according to literature procedures. All other reagents were purchased
from commercial chemical vendors and used as received. Infrared spectra were measured
on a Thermo Nicolet Nexus 670 FTIR equipped with a Pike MIRacle attenuated total
reflection (ATR) sampling accessory (equipped with a germanium crystal, range 4000 —
700 cm™). Elemental microanalyses (% C, H, N, S) were performed by Dr. Wen Zhou and
Carol Wu at Simon Fraser University on a Carlo Erba EA 1110 CHN elemental analyzer
or a Thermo Fisher Scientific FlashSmart CHNS elemental analyzer respectively. Solid-
state luminescence spectra were obtained on an Edinburgh FS5 Spectrofluorometer in a
solid sample holder SC-15 (horizontal sample) using a xenon arc lamp. Experimental
specifications were 1 nm excitation and 2 nm emission slit widths, 1 second dwell times,
and 3 averaged scans per spectra. Solid-state quantum yield spectra were collected with
the same instrument using the integrating sphere solid sample holder SC-30.
Thermogravimetric analyses were performed by Dr. Wen Zhou on a PerkinElmer TGA

4000 using a heating rate of 2 °C min™'. Phase transition temperatures and enthalpies
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were probed using differential scanning calorimetry (DSC) on a DSC Q2000 instrument
(TA Instruments) with a Refrigerated Cooling System 90 (TA Instruments). The rate of
heating and cooling measurements was carried out at a rate of 10 °C/min. Optical
microscopy experiments were carried out on an Olympus BX50 microscope equipped with
a Linkam LTS350 heating stage.

2.2.7.2. X-Ray Crystallography

Single crystal and powder samples were secured to MiTeGen MicroMounts using
paratone oil. All crystallographic data were obtained on a Bruker SMART Apex Il Duo CCD
diffractometer with TRIUMPH graphite-monochromated Mo Ka (A= 0.71073 A) radiation
or a Cu Ka (A = 1.54184 A) Incoatec microsource. An Oxford Cryosystems Cryostream
was used to cool and maintain a temperature of 220 K for (CsMesN)2[Auz(i-mnt).]-(MeCN),
(CeMesN)2[Auz(i-mnt)z], and (CsMesN)o[Aux(i-mnt);] crystals during data collection, while
others were collected at room temperature. Power X-Ray diffraction data (PXRD) were
recorded by performing data collection frames of total 3 individual @ 360° scans with a

maximum 20 value of approximately 60°.

All structures were solved using intrinsic phasing in APEX III'"® and subsequent
refinements were performed in ShelxLe''* and Olex2.""® Diagrams were prepared using
VESTA''® showing isotropic and thermal ellipsoids drawn at 50% probability. Attempts to
model disorder in the butyl chains of (CsMesN)2[Auz(i-mnt).] could not completely resolve
the chains, with many positional disorders present along the butyl chains, whereas the
solvated analog (CsMesN)s[Auz(i-mnt)2]-(MeCN) display nearly identical structural
properties and crystallographic parameters, but without the disorder in the butyl chains. In
addition, the crystal structure of (CsMesN)2[Auz(i-mnt).] shows multiple disorder along the
hexyl chains, was weakly diffracting even at low temperature and the crystals were
twinned, hence the data quality was low. However, the crystallographic parameters of

(CeMesN)2[Auz(i-mnt)] salts were nearly identical through multiple different collections.

2.2.7.3. Syntheses

[(C7H15)4N]2[AU2(i-m nt)zl.

To a gently heated 10 mL solution of 1:1 H2O:acetone of pre-dissolved Ka[Auz(i-mnt)2],
(100 mg, 0.133 mmol), tetraheptylammonium iodide ((C7H15)sNI); (144 mg, 0.268 mmol)

in 5 mL of acetone was added in one portion to form oily particles. The mixture was then
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further concentrated until an orange solid formed, which was then washed 3 times with 5
mL of 1:1 EtOH:H.O to remove Kl and dried under vacuum overnight to obtain a bright
orange powder. Yield: 128 mg (65%). Anal. Calcd. for CesH120NsSsAU2: C 51.39%, H
8.09%, N 5.62%, S 8.57%. Found: C 50.92 %, H 8.15 %, N 5.70%, S 9.35 %. IR (ATR,
cm™): 2955 (m), 2926 (s), 2857 (m), 2195 (vc=n, S), 1467 (M), 1354 (s), 1223 (m), 949 (w),
855 (w).

[(CsH17)4N]2[AU2(i-mnt)z].

The synthesis of [(CsH17)aN]J2[Auz(i-mnt);] was performed similarly to [(C7H1s)aN]2[Aux(i-
mnt)2] but using tetra-octylammonium chloride. Yield: 118 mg (57%). Anal. Calcd. for
C72H136N6eS4AuU2: C 53.78 %, H 8.52 %, N 5.23 %, S 7.98 %. Found C 54.1 %, H 8.32 %,
N 5.03 % ,S 7.49 %. IR (ATR, cm™): 2955 (m), 2926 (s), 2855 (m), 2195 (vc=n, S), 1467
4(m), 1353 (s), 1223 (w), 949 (w), 855 (w).

[(C5H11)4N]2[AU2(i-m nt)2].

The synthesis of [(CsH11)sN] was performed similarly to [(C7H1s5)sN]2[Auz(i-mnt);] using
tetra-pentylammonium chloride. Yield: 103 mg (54 %). Anal. Calcd. for CssHgsNsSsAu2: C
45.34 %, H 6.98 %, N 6.61% , S 10.09 %. Found C 44.83 %, H 7.15 %, N 6.83 % , S
10.53 %. Anal. Calcd. for C4gHgsNsSsAU2 + 5% Ko[Auz(i-mnt)z]: C 44.40 %, H 6.67 %, N
6.67%, S 10.35 %. IR (ATR, cm™): 2959 (m), 2931 (s), 2872 (m), 2190 (vc=n, S), 1468 (M),
1347 (s), 1222 (w), 949 (w), 856 (w).

[CaMesN]2[Auz(i-mnt)2].

To a gently heated 20 mL solution of 1:1 EtOH:H,O of K;[Auz(i-mnt);] (100 mg, 0.133
mmol), butyltrimethylammonium chloride (CsMesNCI) (45 mg, 0.297 mmol) in 5 mL of
water was added in one portion. From the initial light orange solution, a bright yellow
precipitate formed immediately, which was collected, washed with H>O, and air-dried via
vacuum filtration. Yield: 105 mg, 87%. This crude material was dissolved in a slightly
heated solution of 1:2 toluene and acetonitrile and the solution was slowly evaporated
under ambient conditions overnight to yield light orange needles of [CsMe3aN]2[Auz(i-mnt)z].
Anal. Calcd. for C2H36S4NsAu2: C 29.14 %, H 4.00 %, N 9.27 %, S 14.15%. Found: C
28.92 %, H4.05 %, N 9.49 %, S 13.76%. IR (ATR, cm™): 2961 (m), 2873 (w), 2195 (vc=n,
s), 1467 (m), 1357 (vc=c, S), 1224 (w), 969 (w), 856 (w). (CsMesN)2[Auz(i-mnt)z] was
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ground using mortar and pestle for 10 min. IR (ATR, cm™): 2961 (m), 2874 (w), 2195 (vc=n,
s), 1462 (m), 1357 (vc=c, s), 1224 (w), 969 (w), 857 (w).

[CsMe;sN][Auz(i-mnt)2] - (MeCN).

Crystals of (CsMesN)2[Auz(i-mnt)2] - (MeCN) suitable for single crystal X-ray diffraction
were grown via vapour diffusion of MeOH into a saturated MeCN solution of
(CsMesN)z[Auz(i-mnt)]. IR (ATR, cm™): 2945 (m), 2883 (m), 2261 (w), 2198 (vc=n, W),
1451 (w), 1369 (vc=c, w), 1026 (s), 971 (w). Elemental analysis could not be obtained due
to the rapid desolvation of the crystals back to (CsMesN)o[Auz(i-mnt),].

[CsMG3N]2[AU2(i-mnt)2].

To a gently heated 20 mL solution of 1:1 EtOH:H.O of K;[Auz(i-mnt);] (100 mg, 0.133
mmol), octyltrimethylammonium chloride (CsMe3NCI) (62 mg, 0.298 mmol) in 5 mL of H,O
was added in one portion. From the initially light orange solution a dark red precipitate
formed immediately, which was collected and washed thoroughly with 15 mL of cold 1:1
EtOH:H20 and air-dried overnight via vacuum filtration. Yield: 101 mg, 74 %. Crystals of
[CsMesN]2[Auz(i-mnt)2] suitable for single crystal X-ray diffraction were grown via vapour
diffusion of MeOH into a [CsMesN]2[Auz(i-mnt),] saturated MeCN solution. Anal. Calcd. for
C30H52S4NsAu2: C 35.36 %, H 5.14 %, N 8.25 %, S 12.59 %. Found: C 35.01 %, H 5.16
%, N 8.35 %, S 12.10 %. IR (ATR, cm™): 3222 (s), 2923 (m), 2856 (w), 2230 (s), 2193
(vean, 8), 1469 (m), 1354 (vc=c, ), 1223 (w), 968 (w), 857 (w). (CsMesN)z[Auz(i-mnt),] was
ground using mortar and pestle for 10 min. IR (ATR, cm™): 2923 (m), 2856 (W), 2194 (vc=n,
m), 1469 (m), 1354 (vc=c, s), 1223 (w), 968 (w), 857 (w).

[C1oM83N]2[AU2(i-m nt)zl.

To a gently heated 20 mL solution of 1:1 EtOH:H,O of Ky[Auz(i-mnt)2](100 mg, 0.133
mmol), decyltrimethylammonium bromide (C1oMesNBr) (76 mg, 0.271mmol) in 5 mL of
EtOH was added in one portion. A dark red precipitate formed immediately, which was
collected, washed thoroughly with 15 mL of cold 1:1 EtOH:H.O and air-dried overnight in
vacuum filtration. Yield: 119 mg, 84 %. The material was then dissolved in a slightly heated
solution of 2 : 1 acetonitrile and acetone and the solution was slow evaporated under
ambient conditions overnight to yield red needles of [CioMesN]2[Auz(i-mnt)2]. Anal. Calcd.
for Cs4He0S4NsAu2: C 37.98 %, H 5.63 %, N 7.82 %, S 11.93 %. Found: C 37.84 %, H 5.71
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%, N 7.45 %, S 12.61%. IR (ATR, cm™): 2956 (w), 2921 (m), 2850 (w), 2193 (vc=n, S),
1475 (w), 1352 (Vo=c, S), 1224 (w), 958 (w), 858 (w).

[C16Me3N]2[AuZ(i-m nt)2].

To a gently heated 20 mL solution of 1:1 EtOH:H,O of K;[Auz(i-mnt);] (100 mg, 0.133
mmol), cetyltrimethylammonium bromide (C1sMesNBr) (100 mg, 0.274 mmol) in 5 mL of
EtOH was added. From the initially light orange solution a green precipitate formed
immediately, which was collected and washed thoroughly with 15 mL of cold 1:1
EtOH:H»0 and air-dried via vacuum filtration. Yield: 126 mg, 76 %. The material was then
dissolved in a slightly heated solution of 1 : 1 of acetonitrile and acetone and this solution
was slow evaporated under ambient conditions overnight to yield green needles of
[CieMesN]2[Auz(i-mnt)2]. Anal. Calcd. for CasHgaNeSsAuU2: C 44.43 %, H 6.81 %, N 6.76 %,
S 10.32 %. Found: C 44.78 %, H 6.86 %, N 6.82 %, S 10.70 %. IR (ATR, cm™): 2919 (s),
2851 (m), 2197 (vc=n, S), 1468 (w), 1356 (vc=c, s), 1226 (w), 960 (w), 857 (w).
(C1eMesN)2[Auz(i-mnt)z] was ground using mortar and pestle for 30 minutes, generating a
red emissive material. IR (ATR, cm™): 2921 (s), 2852 (m), 2197 (vc=n, S), 1468 (m), 1353
(ve=c, S), 1226 (W), 959 (w), 857 (w).

[(CeH13)aN][Au"(i-mnt).]

A few crystals of the gold(lll) analog [(CeH13)sN][Au"'(i-mnt),] were collected through an
attempt to grow [(CeH13)sN]2[Au'z(i-mnt),] crystals via slow evaporation of an i-PrOH:MeCN
mixture containing pre-dissolved [(CeH13)sN]2[Auz(i-mnt)2]. No other analytical data was

obtained.
[C12MesN][Au"(i-mnt)]

A few crystals of the gold(lll) analog were collected through an attempt to grow
[C12MesN]z[Au'z(i-mnt)] crystals via slow evaporation of a MeCN:EtOH mixture containing

pre-dissolved [C12MesN]2[Au'2(i-mnt);]. No other analytical data was obtained.
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Chapter 3. Future Project and Conclusion

The goal of this thesis was primarily to explore and design tunable photoluminescent
properties by utilizing aurophilicity in gold(I) coordination polymers and alkyl
trimethylammonium cations [RMesN]* and how a simple change in R-alkyl length could
alter the overall supramolecular packing and photoluminescence. In addition, we also
explored if the softness of surfactant cations could be translated to induce external stimuli-
responsive properties, in this case in the form of mechanochromism. This final chapter
gives an overall outlook from the work in Chapter 2 and suggests potential future projects

with some preliminary results to that end.

3.1. Branched Long Alkyl Chains as Next Generation
Cations for Improved Mechanical Softness

The next step for this project is to examine whether improved morphological
softness can be created by combining even softer, long-alkyl chain cations: the most
straightforward alteration to this end is using branched alkyl chain structures. While these
cations are harder to access commercially and might require another synthetic step, the
idea is to incorporate a branched alkyl chain instead of the already utilized linear alkyl
chains, which in theory should make the cations even softer by impeding close packing

between molecules. An example of one potential cation is shown in Figure 3.1.

\.\ + k\k
N C n
/ Ha
Figure 3.1: Long alkyl chain with a methyl branch on a trimethylammonium cation.

Other cations that we could investigate that might yield similar results as described
previously are the dialkyl dimethylammonium cation family, i.e., [Ro2Me2N]*, where the alkyl
groups are long chains (Figure 3.2). Some preliminary results using the didecyl
dimethylammonium cation with [Auz(i-mnt),]* show that this material has the tendency to

form fiber-like textures during crystal-growth, and these fiber-like crystals emit a bright red
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colour under a UV lamp. No structural information has been obtained to date on this new

<

CH,

series of materials.

>N+\/\/\E2J(\"K

Figure 3.2: Dialkyl dimethylammonium cations as another example for engineering
emissive and soft frameworks.

3.2. Quaternary Alkyl Pyridinium Units as Soft Self-
Assembling Cations

To better understand how long aromatic systems containing long alkyl chains
would influence the framework compared to the alkylammonium series, quaternary
ammonium like alkylpyridinium cations that possess long alkyl chains could be employed
to promote structural changes under external stimuli (Figure 3.3). By nature, many of these
cations are components of ionic liquids, similar to the imidazolium series of cations (see
below), which suggests that they could also be harnessed to soften materials to induce
phase transitions. Furthermore, given the possibility of 1 interactions in the cationic
aromatic system that could modulate the formation of aurophilic bonds between anions
and tunability of luminescence that could occur from a small change in the length of the

alkyl chain, alkylpyridinium cations are also a promising building block for exploration.

A

=

A—Z+

Figure 3.3:  Alkylpyridinium cations where R is the long alkyl chains.
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3.3. Symmetrical Alkyl Imidazolium Units as lonic Liquid
Cations

Similarly to the alkyl pyridinium, alkyl imidazolium cation families are often key
components of ionic liquids, which are salts that exist in the liquid state at low temperature
depending on the anion that the imidazolium cation is paired with. These ionic liquids are
less organized compared to more orderly crystalline solids and have been widely used in
soft functional materials. An example of an imidazolium cation is the symmetrical
imidazolium [Rz(imi)]*, where the R group is an alkyl chain that bonds directly to the
nitrogen atoms; these symmetric versions are more commercially accessible than the
unsymmetrical form. In addition, given the small size and less steric hindrance than the
[n-BusN]* cation, it can also support the generation of a 1-D aurophilic network of [Auz(i-
mnt);]* units, as seen in the crystal structures of [Mez(imi)]2[Auz(i-mnt);] (Figure 3.4) and
[i-Pr2(imi)]2[Auz(i-mnt)2] (Figure 3.5), both of which are preliminary results from this series

that are reported herein as guides for future work.

The structure of [Mez(imi)]2[Auz(i-mnt).] displays a kinked 1-D gold(l) chain with a
Au-Au-Au angle of 168° and adopts a highly twisted conformation around the i-mnt ligand,
with C-S-S-C torsional angles of 40.3(14)° and 25.9(15)°. Similarly, the structure of [i-
Pra(imi)]2[Auz(i-mnt)2] also prompts intermolecular aurophilic interactions between [Aua(i-
mnt)2]?> anions to produce a 1-D gold(l) chain and also exhibits a highly twisted i-mnt
conformation, with C-S-S-C torsional angles of 18.8(7) and 60.3(13)°. The supramolecular
packing of [i-Pr2(imi)]o[Auz(i-mnt);] resembles more of a pseudo-hexagonal structure when
observed along the c-axis, whereas due to the kinked 1-D gold(l) chain, the

[Mez(imi)]2[Au2(i-mnt).] represents a distorted view of a more tetragonal columnar packing.

Interestingly, when examining a bulkier aromatic imidazolium cation, in this case
the 1,3,5-bis(trimethyl)diphenyl imidazolium,[(MesPh)(imi)]* system, the crystal-growth
process yields particularly well-formed crystals. SC-XRD reveals the presence of a 1-D
aurophilic chain with an Au-Au-Au angle of 175.4(2)°, a flatter conformation of the i-mnt
ligand more similar to the structure of [CisMesN]o[Auz(i-mnt).], with a C-S-S-C angle of
4.2(4)° and an intermolecular Au(l) — Au(l) distance of 3.0677(6) A (Figure 3.6a), which is
similar to the distances of 2.9431(18) and 2.9481(4) A in [Mex(imi)]2[Auz(i-mnt)2] and [i-
Pra(imi)lo[Auz(i-mnt)2] respectively. The supramolecular structure shows a pseudo-

hexagonal packing with the cations filling up the space between each column of gold(l)
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chains (Figure 3.6b). Photoluminescent properties indicate a similar green emission to
[CisMesN]o[Auz(i-mnt)2] at Amax = 560 nm. These preliminary results show that when
working with the [Auz(i-mnt)2]%> unit using small cations, which include the [CsMesN]*,
[Mez(imi)]* and [i-Pra(imi)]* cations, the [Auz(i-mnt).]* unit typically adopts a twisted
conformation and as the cations get bulkier with [C1sMe3sN]" and [(MesPh)2(imi)]* units as
examples, the [Auz(i-mnt)2]? unit exhibits a flatter conformation, as indicated by smaller C-
S-S-C torsional angles. These flatter conformations also share a similar green emission
compared to the orange-red colour shown with other cations. While this is only based off
observations of limited structural profiles, it is worthwhile to keep this in mind when working

with other series of cations on [Auz(i-mnt);]* anions.

Figure 3.4:  Crystal structure of [Mez(imi)]2[Auz(i-mnt);] (a) solvated form with
dimethylformamide (DMF) and a kinked 1-D gold(l) chain with
intermolecular Au(l) — Au(l) distance of 2.9431(18) A and a Au — Au — Au
angle of 168° and (b) supramolecular packing when viewed down the c-
axis.
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Crystal structure of [i-Pr2(imi)Jo[Auz(i-mnt);] illustrates (a) a 1-D gold(l) chain

Figure 3.5:

with an intermolecular Au(l) — Au(l) distance of 2.9481(4) A and a Au — Au
— Au angle of 175.8° and (b) pseudo-hexagonal closed packing when

looking down the gold(l) chain.
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Figure 3.6:  Crystal structure of [(MesPh)z(imi)]o[Auz(i-mnt)2] (a) 1-D gold(l) chain with
an intermolecular Au(l) — Au(l) distance of 3.0677(6) A and a Au — Au — Au
angle of 175.4(2)° and (b) pseudo-hexagonal packing with the cations filled
in between the cavity of the gold(l) column when looking down the gold(l)
chain.

3.4. Global conclusion

What is the future for the [Auz(i-mnt)2]* building block? All suggested projects
above are only among the very few lists of potential avenues that researchers could utilize
with emissive aurophilic-based materials in general and gold(l) dimers such as [Aux(i-
mnt)2]% in particular. In Chapter 2, we have shown a strategy that cations containing long
alkyl chain [RMesN]" could assist in the self-assembling of supramolecular architectures
and induce mechanochromic properties in addition to its tunable photoluminescent profile.
State-of-the-art computational chemistry can be accompanied in addition to experimental

data to further dissect the complicated nature of aurophilicity. There are many transition
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metal cations and ‘soft’ organic cations (e.g., surfactants, ionic liquid cations, etc.) that can
be incorporated into [Auz(i-mnt)2]> and other gold(l) dithiolate-type coordination polymers
to construct emissive materials with useful chemosensing and other stimuli-responsive

applications toward pressure, solvents or metal ion detection, and temperature.
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Appendix.

Crystallographic Tables

Table A1: Crystallographic for [Cation][Au"(i-mnt),]

[Cation]* [(CeH13)aN] [C12MesN]
Chemical formula Cs3Hs5NsS4AU C23H26N5S4AU
Formula weight (g-mol) 845.05 696.716
Crystal system Triclinic Monoclinic
Space group P-1 P24/n

a(A) 10.02151(6) 11.571(2)

b (A) 14.0295(10) 8.4138(15)

c (A) 14.2374(11) 29.751(5)
a(®) 98.742(3) 90

B (°) 103.802(2) 93.159(7)

y () 95.570(3) 90

Vv (A% 3422.4(2) 2892.0(9)

V4 19 2

T (K) 298 298

Peaicd (9-cM™3) 4.228 3.891

g (mm™) 36.997 32.066

R, Rw [lo 2 20 (lo)] 0.0807, 0.2434 0.0515, 0.1353
Goodness of fit 0.988 0.986
Reflections [lo =2 20 (lo)] 9517 7194
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Table A2: Crystallographic Table for [RMesN]2[Auz(i-mnt),] systems
[RMesN]* [CsMesN] [CsMesN]-MeCN [CsMesN] [CioMesN] [CisMesN]
Chemical formula C22H31NeS4AU2  C24H39N7SsAUL CsoHs52NeS4AU2 Ca4HsoNeS4AU2 CaeHsaNeAU2S4
Formula weight (g-mol')  892.25 947.82 1018 1075 1243.42
Crystal system Orthorhombic Orthorhombic Tetragonal Tetragonal Triclinic
Space group Pccn Pccn P4,/n P4s/n P-1
a(A) 11.8045(4) 11.8692(6) 19.3453(8) 19.6131(6) 11.4743(15)
b (A) 24.8794(10) 24.2777(11) 19.3453(8) 19.6131(6) 11.6209(14)
c (A) 11.6530(4) 11.5383(5) 11.3345(4) 11.3981(4) 22.395(3)
a(°) 90 90 90 90 82.300(4)
B (°) 90 90 90 90 78.901(5)
Y (%) 90 90 90 90 73.578(4)
Vv (A% 3422.4(2) 3324.8(3) 4241.8(3) 4384.5(2) 2800.7(6)
V4 4 4 4 4 2
T (K) 296 220 220 299 296
Pealcd (-CM3) 1.732 1.893 1.596 1.629 1.474
g (mm™) 8.826 9.091 14.854 14.395 5.415
R, Rw [lo = 20 (lo)] 0.0482,0.2169 0.0466, 0.1356 0.0565, 0.2976 0.0816, 0.2526 0.0480, 0.1154
Goodness of fit 0.9839 1.0307 1.1237 1.0561 0.9651
Reflections [lo = 20 (lo)] 3125 4138 3538 3716 19379
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Table A3:

Selected bond lengths, bond angles, and torsional angles in [RMesN]2[Auz(i-mnt)2]

[RMesN] [CaMesN] [CsMesN]-MeCN [CsMesN] [C1oMesN] [C1sMesN]

Au — Alintra (A) 2.8170(7) 2.7992(7) 2.7827(9) 2.7836(13) 2.8151(6)

AU — AUinter (A) 3.0095(7) 2.9700(7) 2.8845(9) 2.9154(13) 3.0090(5)

Aul —Au2 — Aut’ (°) 180 180 180 180 172.062(18)

Au—S (A 2.286(4), 2.287(4), 2.279(4), 2.282(6), 2.291(3), 2.285(3)
u-S(A) 2.287(4) 2.292(3) 2.279(3) 2.293(6) 2.288(2), 2.280(2)

C_S(A 1.729(10), 1.727(9), 1.714(9), 1.175(18), 1.175(7), 1.707(6)
-S®A) 1.723(10) 1.737(10) 1.729(9) 1.729(17) 1.726(8), 1.730(6)

C=C(A) 1.387(16) 1.383(15) 1.360(14) 1.40(3) 1.365(11), 1.391(10)

C=N(A 1.17(2), 1.145(16), 1.152(18), 1.20(4) 1.130(9), 1.140(13)
=NA) 1.138(19) 1.138(18) 1.142(19) 1.13(4) 1.146(10),

S_AU—S(° 177.38(12), 177.19(12), 173.45(12), 173.9(3), 173.12(2)
—Au=-S() 177.33(18) 177.15(12) 174.24(12) 174.96(18) 173.02(7)

C1-S1-8S2-C2(°) 53.2(8) 53.8(8) 22.8(8) 37.1(14) 0.9(6) , 8.1(6)

C1-83-S4-C2(°) 44.4(8) 47.2(8) 26.4(8) 28.7(15) 0.9(6), 8.1(6)




Reflections [lo = 20 (lo)]

249857

Table A4: Crystallographic table for [Rz(imi)]2[Auz(i-mnt)2]
R Me i-Pr MesPh
Chemical formula ngMngAuSog S43H64SBAU4N1 CsoHs4AU2NsSs
!z)ormula weight (g-mol 3632.38 1849 45 1289.18
Crystal system Orthorhombic Monoclinic Monoclinic
Space group P2:22; Pc C2/c
a(A) 14.534(8) 12.0352(14)  32.046(2)
b (A) 17.287(7) 24.361(3) 13.7852(10)
c(A) 45.335(18) 11.5229(12) 11.7655(10)
a(®) 90 90 90
B (°) 90 100.610(3) 94.966(4)
v (%) 90 90 90
V(A 11390(9) 3320.7(6) 5178.1(7)
Z 2 29 4
T (K) 150.15 298 298
Poalcd (g-CM) 2.118 3.931 1.654
M (mm™) 22.077 32.397 5.863
R, Ru [lo 2 20 (lo)] 0.0513,0.1059  0.0933, 0.2473 0.0279, 0.0572
Goodness of fit 1.074 1.066 1.012

7194 48198
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Table A5: Cambridge Crystallographic Data Center (CCDC) crystallographic
deposition number for Q2[Auz(i-mnt)2].

Q Deposition
Number
CsMesN 2365649
CsMesN-MeCN 2365647
CsMesN 2365646
CioMesN 2365648
CisMesN 2365650

[(MesPh)(imi)] 2379948
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