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Abstract

The primary objective of this research is to evaluate whether bismuth (Bi) can be used as
a substitute for lead (Pb) in cyanoaurate-containing coordination polymers. Lead is toxic
to health and a general environmental concern, so finding a safer alternative is crucial.
Bismuth, which is in the same period of the periodic table as lead, can have the same
electronic configuration, i.e., Bidp and Pb2pions. This research concentrates on examining
the structural patterns and comparing the stereochemical behavior of the lone pairs in Bi®*
and Pb?*. A wide range of compounds were prepared using a systematically varied set of
ligands and reaction conditions. Structural data were collected and analysed. In general,
a range of coordination compounds were made, with fewer coordination polymers. It is
hypothesized that different reaction conditions are needed to make the target materials.
Ultimately, a series of new Bi coordination compounds are described. By conducting these
analyses, the research aims to ascertain if Bi can be a suitable alternative to Pb in these
materials. The findings could significantly contribute to the development of synthetic
methods that are safer and more efficient routes to making coordination polymers, while
reducing the reliance on Pb and enhancing material performance. This exploration into
the substitution of Pb with Bi not only aims to improve the safety of these polymers but
also to optimize their functional properties, leading to broader applications and

advancements in the field of materials science.

Keywords :  Bismuth; dicyanoaurate; coordination polymers; stereochemical lone pair;

X-ray crystal structures; chelating ligands
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Chapter 1.

Introduction

1.1. Coordination polymers

Coordination polymers are a particular class of polymeric material consisting of
repeating units created by the coordination of metal ions with bridging (often organic)
ligands.! These materials contain a repeating 1D, 2D, or 3D network structure? and offer
a variety of intriguing properties, including porosity, catalytic activity, magnetism,
luminescence, and conductivity.! A subset of coordination polymers are metal-organic
frameworks (MOFs),® which are classified in particular as porous materials using organic
bridging ligands; they have a variety of uses, such as medication delivery, gas storage,
and catalysis.* In coordination polymers, the ligands function as links or connectors, and
the metal ions as nodes or vertices in a multi-dimensional framework structure. A three-
dimensional network is generated by the coordination bonds between the cationic metal
ions/nodes and ligands. By adjusting the kind and size of the metal ions and bridging
ligands employed in the synthesis of coordination polymers, their properties can be

customized.

Coordination polymers are a particular class of polymeric material consisting of
repeating units created by the coordination of metal ions with bridging (often organic)
ligands.! These materials contain a repeating 1D, 2D, or 3D network structure? and offer
a variety of intriguing properties, including porosity, catalytic activity, magnetism,
luminescence, and conductivity.! A subset of coordination polymers are metal-organic
frameworks (MOFs),® which are classified in particular as porous materials using organic
bridging ligands; they have a variety of uses, such as medication delivery, gas storage,
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ligands employed in the synthesis of coordination polymers, their properties can be

customized.



Coordination polymers are promising materials for numerous applications, including:

Gas storage and separation : Coordination polymers' surface areas and potentially
porous structures (especially for MOFs) make them potentially useful for gas storage and
separation.* Their flexibility in the solid-state also allows tuning of their ability to uptake

and release gases as a function of pressure.®

Catalysis: Due to their large surface area and distinctive structural characteristics,
coordination polymers and especially, MOFs can be used as heterogeneous catalysts.
Examples include the use of specific coordination polymers as catalysts for organic

processes like oxidation and hydrogenation.®

Sensing : The optical and magnetic features of coordination polymers (depending on the
choice of metal and ligand) make them suitable as materials for sensing applications. For
instance, coordination polymers have been utilised as magnetic sensors for organic
analytes (especially using the high/low-spin transition in Fe(ll)) and others as fluorescence

sensors for metal ions or toxic gases such as ammonia.’

Thus, coordination polymers are a rich area of research for materials science,
chemistry, and engineering since they have a variety of features and uses and researchers
worldwide have made substantial advancements in their design, synthesis,

characterization, and applications.

1.2. Components of Coordination polymers

As mentioned above, coordination polymers are made up of two main components:
metal ions and ligands, which can be either bridging or capping ligands, although at least
one bridging unit is required to propagate the dimensionality.*

1.2.1. Metal cations

Metal ions act as the nodes and connect with bridging ligands via metal-ligand
coordination bonds. Metal ions utilized span the entire periodic table, from main-group
metals to transition-metals (the most common case) and f-block ions as well. Metal cations
such as iron, cobalt, copper, zinc, and nickel are particularly common. The coordination

polymer's structure and properties can be considerably impacted by the metal ion used.



The characteristics of the coordination polymer can also be influenced by the metal ion's
oxidation state. For instance, copper(ll) ions tend to form octahedral geometries while
copper(l) ions are usually tetrahedral, which leads to very different network structures. In
addition, the synthesis and characteristics of coordination polymers may be influenced by
the size of the metal ion. Larger ligands with more binding sites may be necessary for
larger metal ions to establish stable coordination bonds; with proper control, this can lead
to a more porous structure with greater pore diameter. Thus, the structure, stability,
porosity, and reactivity of coordination polymers can all be considerably influenced by the
metal ion that is used. This thesis will focus on bismuth(lll)-based coordination polymers,

i.e., a d1%? main-group metal centre with a potentially stereochemically active lone- pair.

1.2.2. Bridging ligands

Bridging ligands link the cationic metal nodes together into a multidimensional
network. Thus, these ligands can coordinate to two or more metal ions at once, thus
"bridging” them. These ligands typically have two or more coordination sites, which can
bind to metal ions. Cyano, oxo, hydroxo, carboxylato, and thiocyanoato ligands are typical
examples of anionic bridging ligands, which will be the focus of this thesis, although there
are also limitless organic-based bridging ligands as well, such as 4,4'-bipyridine, 1,4-
benzenedicarboxylate.® The geometry of the bridging ligand, which may be linear, square
planar, or even octahedral, has a substantial impact on the overall geometry of the
polymer. For instance, an octahedral bridging ligand may result in a 3- dimensional array

while a linear bridging ligand may give a 1-dimensional chain.

o—0— ¢

1-D

2-D

3-D

@® Node — Ligand

Figure 1.1 Using nodes (metals) and bridging ligands to make 1 -D, 2-D and 3-D
coordination polymer frameworks.



1.2.3. Capping ligands

Capping ligands are ligands that bind to one metal ion but don't bridge to another
metal ion on the other side. These ligands can be described as "capping" the metal ion,
blocking coordination sites, and can be mono- or multidentate. Monodentate ligands
including halides, ammonia, and water are typical examples of capping ligands. However,
typically, the capping ligands are multi-dentate ligands featuring donor atoms such as
oxygen, sulphur, and nitrogen. By adjusting the coordination sphere of the cationic metal
centre, they aid in maintaining a regular repeating structure and control the dimensionality.
They can also bring additional physical and chemical properties to the system, e.qg., if the
ligand is emissive. Thus, depending on the selection of the metal centres as well as the
bridging and capping ligands, a wide range of physical and chemical properties of interest
can be designed and incorporated into the material, including optical, magnetic, or
conductive properties. Due to the flexible structure of these polymers, one or more of these
fascinating characteristics can be incorporated into the polymeric framework.

To further increase the dimensionality of the structure, coordination polymers can
also harness several additional weak interactions in addition to direct coordination around
the cationic metal centres. These weak interactions include hydrogen bonding, pi-pi
stacking, van der Waals forces, ionic/dipole interactions, and metal-metal interactions. The

strength of these forces typically ranges from 5 to 120 kJ/mol.°

1.3. Synthesis o f coordination polymers
The general procedures for the synthesis of coordination polymers are as follows:!

1. Selection of metal ions and organic ligands: As noted above, the formation of
coordination polymers depends on the selection of metal ions and bridging and capping
ligands. The ligands should be chosen to propagate a particular dimensionality and cap a
given number of coordination sites, whereas the metal ions should be chosen to favour a

particular coordination geometry and incorporate properties of interest.

2. Solvent. The solvent utilized in the synthesis also can impact the structure and
properties, particularly on whether it can act as a donor/capping ligand or not. For
example, water is often used as a solvent for the synthesis of coordination polymers,

particularly hydrophilic ones, and it also can remain bound to the metal cation, thereby



restricting the ability of bridging ligands to bind and limiting the dimensionality growth. A
wide range of organic solvents can also be used in coordination polymer synthesis,
including methanol, ethanol, isopropanol, acetonitrile, DMF, DMSO, and THF. Since
organic solvents can more easily dissolve non-polar ligands, they are frequently chosen
for the synthesis of hydrophobic coordination polymers; most of the examples above can
still act as donors, or at least be incorporated into the final crystalline products, and thus
impact the structure. Blends of solvents can also be used, particularly to ensure solubility

of both metal and ligand units simultaneously.

3. Mixing of metal ions and bridging/capping ligands : The metal ions and organic
ligands are dissolved in an appropriate solvent (as noted above) and combined. The
desired reaction conditions, the solubility of the metal ions and organic ligands, and the
solvent of choice are all considerations. Upon mixing, coordination bonds that connect the
metal ions and organic ligands into a multi-dimensional network develop; this can either
generate a rapid precipitate (especially if the resulting material is high dimensionality) or

the components can remain in solution.

4. Crystallization: If the precipitation of the product is not too rapid (or forms a powder),
then ideally the coordination polymer product would slowly form crystals from the solution.
The form and size of the crystals is strongly affected by the crystallization conditions, and
a great deal of effort is made in controlling and modifying the conditions (concentration,
solvent type/blend, speed of diffusion, evaporation etc.) to favour slow formation of high-

quality single crystals for further analysis.*°

5. Purification : If crystals can be obtained, the crystals are washed and purified with
solvents in which they do not dissolve, to remove any impurities, including any unreacted

metal ions or ligands.

6. Characterization : To examine the structure, characteristics, and prospective
applications of the coordination polymer, a variety of methods are used, including X-ray

diffraction, spectroscopy, and thermal analysis; these are outlined in further detail below.

Overall, careful metal ion and capping/bridging ligand selection, control of
stoichiometry and counterion choice, and reaction condition optimization are necessary

for the synthesis of coordination polymers to produce a clean, isolable material.



1.3.1. Methods for synthesizing coordination polymers

Typically, the synthesis is carried out on the benchtop at room temperature using
solvents that are benign to the environment, including water, methanol, or ethanol.
Additional solvents used in the production of coordination polymers in this thesis include
methanol, acetonitrile, DMSO, nitromethane and DMF. The appropriate solvent is used to
dissolve each component. As noted above, the amount of free coordination sites on the
metal cation is often reduced by adding capping ligands first, but an extended network can
only form if there are still at least two coordination sites on the metal cation. The bridging
ligand is then added to the metal/capping ligand mixture. As noted above, if the synthesis
proceeds, one of two things may occur: either the solvent slowly evaporates, resulting in
crystals of a coordination polymer, or a coordination polymer immediately precipitates.
There are several widely used methods that regulate the crystallisation of appropriate
material, but the details of crystal growth techniques are beyond the scope of this
introduction. That said, generally there are two types of synthesis/crystallization processes
for coordination polymers: conventional and non-conventional; in conventional synthesis,
any additional energy is provided by conventional electric heating. On the other hand, in
unconventional synthesis, alternative energy inputs such as microwave heating,
electrochemistry, mechanochemistry, or sonochemistry can add energy to the mixture.
Note that in this thesis, only very standard room-temperature bench-top mixing procedures
were utilized and other methods, such as solvothermal or hydrothermal synthesis, which
involves heating the ligands and metal ions or clusters under high pressure in a sealed
vessel above the boiling point of the solvent (or water, in the case of hydrothermal)
followed by slow cooling to form crystals, was not used. Other methodologies, including
microwave-assisted synthesis (where the reaction mixture is microwave-irradiated,
causing a quick heating and cooling process to form coordination polymers) or gas-phase
synthesis (utilizing gas-phase deposition of each component, often to form thin-films),

exist but were not used herein.!

1.4. Gold(l) in coordination complexes and polymers

Gold has always drawn attention because of its distinctive appearance, as well as
its physical and chemical properties. Although gold in its metallic form is famously

chemically inert, the most prevalent oxidation state in the field of molecular gold chemistry



is gold(1), followed by gold(lIl).*? The gold(l) ion has gained considerable attention because
of the discovery of an unusual tendency for gold(l) atoms to behave as though they are
attracted in the solid state, termed "aurophilicity” (see below), which is one of the central
points of interest in this thesis. More generally, due to its distinctive chemical
characteristics, which make it suited for a variety of applications in industries including
medicine, electronics, and catalysis, gold(l) is a significant metal ion utilized in
coordination compounds.’? For example, d!® gold(l) forms stable complexes with
biomolecules like proteins and DNA because it has a high affinity for ligands that include
sulphur, such as thiolates.'® Due to their ability to engage preferentially with cancer cells
that have a high concentration of thiol-containing biomolecules, gold(l) complexes have
been developed as possible anticancer treatments. More generally, gold(l) compounds
can be used as catalysts in several different chemical processes.'* They can be utilised,
for instance, as homogeneous catalysts to convert alcohols into aldehydes and ketones,
and as heterogeneous catalysts for the oxidation of carbon monoxide. Given the historical
inertness of gold, this recognition that both gold(l) and gold(lll) can be highly active
catalysts has been very surprising.

In addition, many gold(l) complexes are Iluminescent, especially when
incorporating aurophilic interactions; this makes them ideal as sensors for detecting metal
ions, gases, and volatile organic compounds. Examples include the employment of
specific gold(l) complexes as fluorescence probes for the detection of poisonous gases
like carbon monoxide and nitrogen dioxide. The emissive properties of gold(l)-containing
coordination polymers will be explored in this thesis. Hence, the unique properties of
gold(l) make it an important metal ion in coordination chemistry, with many potential

applications in various fields.

1.4.1. Aurophilicity and its impact on the properties and structure of
coordination complexes

Aurophilicity is a term used in chemistry to describe the tendency of gold atoms or
complexes to interact through attractive gold-gold interactions in a coordination complex
or a molecule containing gold atoms.?® In this thesis, this interaction is also employed to
increase structural dimensionality. The properties of coordination complexes with gold(l)

can be significantly impacted by aurophilicity. Aurophilic interactions can affect the



complex’s solubility, stability, and emissive properties, among other physical and chemical
characteristics.

Aurophilic interactions usually occur at distances greater than typical covalent
bonding distances. Given this point, crystallographic data is frequently used to evaluate
whether there are gold-gold interactions present, where an interaction between two or
more gold(l) atoms is stated to exist when their distances from one another are less than
the sum of their van der Waals radii, which is thought to be 3.6 A.1® Aurophilic Au-Au
distances that range from as short as 2.8 A up to 3.6 A have been observed. In
supramolecular chemistry, where aurophilic interactions can promote the self-assembly of

molecules containing gold, aurophilicity is of special importance.

Aurophilic interactions are similar in strength to other fairly strong non-covalent
interactions, with energies of approximately 20-50 kJ/mol, similar to some hydrogen
bonds.® There are two key factors that influence how strong the aurophilic contact is
overall: First, it is recognized that the van der Waals forces between the large, polarizable,
closed-shell gold(l) atoms are the most important aspect. Also, gold(l) is subject to
unusually powerful relativistic effects.’® As a result, overall aurophilicity is sometimes
referred to as a "super van der Waals" force. Aurophilicity can be used as a tool to modify

supramolecular structures.

Simple gold(l) complexes that contain gold-gold interactions that increase their
structural dimensionality can be seen in molecular AuR2 systems (R = ionic or neutral
donors). Discrete molecules containing two or more gold(l) atoms can also join to form
dimers through aurophilic interactions. This results in the formation of multidimensional
systems.’ Thus, overall, aurophilicity is an important phenomenon that has a significant
impact on the characteristics and applications of coordination complexes containing
gold(l) atoms. Its exploration and study have produced innovative materials with

outstanding attributes and applications.

Critically, materials with aurophilicity are often luminescent.'® Photoluminescence
occurs when a material absorbs light and then re-emits it at a different wavelength, often
in the visible range. The presence of gold-gold interactions, which lead to the creation of
excited states with extended lifetimes, is generally mentioned as the cause of the

photoluminescence that may be seen in several aurophilic compounds. These excited



states can emit light when they decay through radiative mechanisms like fluorescence or
phosphorescence.

The structure and electronic characteristics of an aurophilic material may affect the
process and energy of photoluminescence. In particular, the emission wavelength is
known to be sensitive to the Au-Au distance in the material, with shorter distances leading
to lower emission energies;!® the Au-Au-Au angles in an aurophilic chain can also impact
the observed energy.!® Both fluorescent and phosphorescent emission can be observed,
depending on the system. Also, in addition to, or instead of the aurophilicity-based
emission, under some circumstances, the emission may be attributed to gold atom-based
metal-to-ligand charge transfer (MLCT) transitions, although this is often more prominent
at lower temperatures. Here are some examples of aurophilic compounds that exhibit

photoluminescence:

AGold(l) cyano/nitro complexes: These are small clusters of gold atoms that are stabilized
by ligands. They often exhibit bright yellow or orange photoluminescence. Examples
include Pb(terpy)[Au(CN)]> 2 and ["BusN]z[LNn(NO3)4Au(CN);] (Ln = Nd, Eu, Th, Ce).?*

AGold(l) alkynyl complexes: These are organometallic compounds that contain a gold
atom bound to a carbon-carbon triple bond. They often exhibit red or near-infrared
photoluminescence. Examples include [Au( CI CR) sf] (RE Ph, Butyl).??

Overall, the study of photoluminescence in aurophilic compounds could provide insight
into the electronic properties of these materials and their potential applications in areas

such as optoelectronics, sensing, and imaging.?

1.5. Cyanometallate -based coordination polymers and
[AU(CN)2]" containing materials

Cyanometallate-containing coordination polymers refer to a class of coordination
polymers that contain cyanometallate anions, termed [M(CN)x]™, as bridging ligands,
where M can include a wide range of metals, such as Cr, Mn, Fe, Co, Ni, Pt and others,
with geometries including linear (Ag, Au; see below), square-planar (Ni, Pd, Pt), octahedral
(Cr-Co) and higher coordination numbers (e.g., Nb, W, Re etc.).?* Cyanometallate-
containing coordination polymers exhibit a variety of interesting properties, including

magnetic, electrical, optical, and catalytic properties. These materials have received



significant attention in recent years due to their potential applications in fields such as
sensors, electronics, and catalysis.

The most famous cyanometallate-containing coordination polymer - indeed, the
first coordination polymer ever reported, in 1710 - is Prussian Blue (FesjFe(CN)esA 1 4
H-0), which is a well-known blue pigment originally used in paintings, but now used for a
wide range of applications. Prussian Blue consists of an alternating array of Fe(ll) and
Fe(lll) ions bridged by cyanide ligands, forming a three-dimensional cubic lattice structure;

more specifically, the Fe(lll) centres are N-bound to Fe(ll)(CN)s-units.?

Another well-studied series of cyanometallate coordination polymers are based on
the tetra-cyanonickelate/platinate building blocks - these are termed Hofmann clathrates,
Ni(NH3)2[M(CN)s] (M=Ni, Pd, Pt),which form a 2-D, square-planar network that is

responsive the inclusion of guests between the sheets.?®

Other examples of cyanometallate-containing coordination polymers include
metal- organic frameworks (MOFs) such as Cu(l)-CN-based MOFs, Fe(ll)-CN-based
MOFs, and Zn(ll)- CN-based MOFs. These materials have been studied for their gas
storage and separation properties, as well as their potential applications in electrocatalysis
and photocatalysis.?®

In all cases, the cyanide anion functions as an ambidentate linearly bridging ligand.
Both the nitrogen and the carbon atoms have a single pair of electrons that function as
donors and can connect two metal centres. Additionally, the metal cation can provide
electron density to the cyanide anion's antibonding orbitals, increasing the MC and MN
bond strength (and decreasing the CN bond strength simultaneously); this can be
monitored by IR and Raman spectroscopy.?*

For this thesis, another particularly relevant example of a cyanometallate
coordination polymer is Zn[Au(CN):]2, which forms several polymorphs and is an excellent
emission-based ammonia sensor.?’ In another related example, a series of Pb(ll)
dicyanoaurate-containing coordination polymers were prepared and show different
structures depending on the coordination geometry of the Pb(ll) centre: in [Pb(1,10-
phenanthroline):][Au(CN):]., the Au(CN);" units propagate a 2-D brick-wall structure, while
in the case of JARGN)Z the Bjtoorginate Phill) ceetre has more
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asymmetric Pb-N bond lengths and the supramolecular structure forms a 1-D chain/ribbon

motif.2°

1.5.1. [Au(CN)2]" as a building block and its role and importance

[Au(CN).]' is a linear, two-coordinate cyanometallate with a d'® Au(l) metal and
can act as a bridging ligand, as with other cyanometallates. It is used in electroplating to
deposit a thin layer of gold onto other metals, and it is also used in the extraction of gold
from ores. Compared to other cyanometallates, the linear geometry of [Au(CN)]' can lead
to more consistent coordination polymer superstructures. For instance, the only way to
create a 1-D chain using [Au(CN).]' is by using the two trans-cyanides to create an
MT NCT AuT CNT M chai n. I n addition, although the
create M-CN-M' linkages to increase structural dimensionality, [Au(CN).]' offers an extra
way to boost structural dimensionality: via aurophilic interactions.!” This is discussed
further in Chapter 2.

1.6. Characterization of coordination polymers

Characterization refers to the process of determining the chemical and physical
properties of the coordination polymers that were prepared, which is essential for
understanding their behavior and potential applications. Some common methods utilized

in this thesis to characterize coordination polymers are outlined below.

1.6.1. Single crystal X -ray crystallography

This is a technique used to determine the three-dimensional atomic structure of a
crystalline material. To discover more about the arrangement of atoms within a crystal
lattice, X- rays are used in this process. The method is widely used in biology, materials
science, and chemistry to identify the structures of molecules, proteins, and other
materials. In this method, an X-ray beam is directed towards a crystal, and the
scattered/diffracted X-rays are detected, and their intensity measured. To determine the
positions of the atoms within the crystal lattice, the X- ray diffraction pattern produced by
the crystal is examined. Details of the theory behind X-ray diffraction are found in a wide

range of textbooks,?® but a brief summary is provided here:
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Bragg's Law

Bragg's Law relates the angle at which X-rays are diffracted by the atomic planes in a
crystal to the wavelength of the X-rays and the distance between the planes. The law is

expressed as:

2dsind = na
where:
91 dis the distance between the crystal planes,
T d is the ang.]l rarebettion)ofthe Xdraynce ( a
f &=« is the waveaygngth of the X
1 nisaninteger (the order of the diffraction peak)
Bragg Equation
A B
Figure 1.2. Gr aphi cal Deri vation oFicture B soargeg 0 s
https://testbook.com/physics/braggs  -law)
ASi mple derivation of Braggds | aw

Consider the figure of beams in Fig 1.2. The phases of the beams align when the incident
angle match the reflecting angle. The incident beams stay parallel to each other until they

reach point Z. At this point, they strike the surface and travel upwards. At point B, the
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second beam is scattered. The distance traveled by the second beam is AB + BC. This

additional distance is an integral multiple of the wavelength.

f na = AB + BC

1 We also know that AB = BC

T nee = 2AB (equation 1)
T d is the hypotenuse of the
T AB = d sind (equation 2)

1 Substituting equation 2 in equation 1, we get:

nea = 2vdhickii 1 dt he

final
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Symmetry in crystals refers to the orderly and repetitive arrangement of atoms, ions, or

molecules in a crystalline material. This arrangement gives the crystal its overall shape

and properties. The symmetry of a crystal can be described using the symmetry elements,

specifically rotation axes, mirror planes, inversion centers, glide planes and screw axes.?®
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Unit Cell

The unit cell is the smallest repeating unit in the crystal lattice that, when repeated in all

directions, generates the entire crystal structure (Figure 1.3). It is characterized by:

ALattice Parameters : These include the lengths of the unit cell edges (a, b, c) and the

angles between them (U, b, 92).

ALattice Points : Points at which atoms, ions, or molecules are positioned. These points

define the geometric arrangement within the unit cell.

The unit cell is classified into different types based on its geometry:
1. Primitive (P): Lattice points only at the corners.
2. Body-Centered (I): Lattice points at the corners and a single point in the center.
3. Face-Centered (F): Lattice points at the corners and at the centers of each face.

4. Base-Centered (C): Lattice points at the corners and in the centers of two opposite
faces.

Space Group

Space groups describe the symmetry of the crystal in three dimensions, combining the
translational symmetry of the lattice with the point symmetry of the unit cell. Each space
group represents a unique combination of symmetry operations, including rotations,
reflections, translations, and glide reflections.? There are 230 unique space groups, which

are classified into seven crystal systems:
1. Cubic: High symmetry, with three equal axes at right angles (e.g., NaCl).
2. Tetragonal: One axis different in length, all axes at right angles (e.qg., rutile TiOF).
3. Orthorhombic: Three unequal axes at right angles (e.g., olivine).

4. Hexagonal: Two equal axes at 120° to each other, third axis perpendicular and

different in length (e.g., graphite).
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5. Trigonal (Rhombohedral): Axes are equally inclined and of equal length (e.g.,
calcite).

6. Monoclinic: Three unequal axes, withoneaxis (usually b) not at 90A

7. Triclinic: Three unequal axes, none at 90° (e.g., kyanite).

Space groups are essential for understanding and predicting the properties of crystals, as
they provide a comprehensive description of the symmetry and arrangement of atoms

within the crystal lattice.

Structure solution

Crystal structure solution involves determining the arrangement of atoms within a crystal.
This process typically includes collecting diffraction data, calculating and comparing
theoretical patterns to experimental data, and refining the structure to minimize

discrepancies.

AcCollection of Data: X-ray diffraction (XRD) or neutron diffraction is used to collect data.
When a crystal is exposed to X-rays or neutrons, the waves are scattered by the atoms in

(e.

the crystal, producing a diffraction pattern

ADiffraction Pattern Analysis: The diffraction pattern consists of spots (peaks) whose
positions and intensities provide information about the crystal lattice and the atomic

arrangement.

Calculated versus Experimental Data:

Using an initial model of the crystal structure, theoretical diffraction patterns are calculated.
These patterns are based on the proposed positions and identities of atoms within the
crystal. The actual diffraction pattern is obtained from the crystal experiment. The
calculated diffraction pattern is compared to the experimental pattern. Discrepancies
between the two highlight areas where the model may need refinement, which is an
iterative process where the model is adjusted to improve the fit between the calculated

and experimental diffraction patterns.

The R value (reliability factor) measures the agreement between the observed

diffraction data and the data calculated from a proposed model of the crystal structure. A
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lower R value indicates better agreement between the experimental data and the model,
suggesting a more accurate crystal structure solution. Thus, the solution of a crystal
structure involves collecting diffraction data, developing an initial model, comparing
calculated and experimental diffraction patterns, and refining the model to achieve a good
fit. The R value is a crucial parameter in evaluating the quality of the fit, and the refinement

process aims to minimize this value, leading to a precise and accurate crystal structure.

From a practical perspective the process of determining a structure using single

crystal X-ray crystallography typically involves the following steps:

1. Obtaining a high -quality single crystal : To generate a high-quality diffraction
pattern, a single crystal of the molecule of interest must be grown that is of

sufficient size and quality to produce a good diffraction pattern.

2. Collecting X -ray diffraction data : The crystal is mounted on a goniometer and
exposed to a beam of X-rays. A diffraction pattern appears on a detector because
of the X-rays diffracting off the crystal's atoms. The detector keeps track of each
diffraction spot's intensity and location, which can be used to determine the

molecule's structure.

3. Solving the structure : The diffraction pattern is used to determine the
arrangement of atoms, specifically, their electron density, which would produce the
observed diffraction pattern. This process is known as solving the structure, and is
accomplished using computational technigues embedded in the X-ray

crystallographic software.

4. Refining the structure : Once the initial structure has been solved, the atomic
positions are refined to improve the accuracy of the model. This involves adjusting
the positions of the atoms to better fit the observed diffraction data, using a
statistical measure termed the "R-value" to represent the difference between the
observed and calculated diffraction pattern. A lower R-value indicates a better

agreement and a higher-quality structure.

5. Validating the structure : The final step involves validating the structure to ensure
that it is accurate as well as reliable. To do this, it may be necessary to examine

the model for flaws or consistency issues, compare the structure to the molecule's
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known chemical and physical characteristics, and confirm that the model is

consistent with other experimental results.

Overall, single crystal X-ray crystallography is a very potent method for figuring out
the three-dimensional structure of molecules. It has had a significant impact on how we
understand molecular structure and function and has aided in the development of several

scientific fields, including chemistry, biochemistry, and materials science.

1.6.2. Thermogravimetric An alysis (TGA)

The TGA technique probes the thermal stability of materials by measuring changes
in their mass as a function of temperature or time. A small quantity (several mg) of the
substance is heated in a controlled setting while the weight is continuously tracked. The
substance may experience physical or chemical changes when the temperature rises,
such as evaporation, decompaosition, ligand-loss, oxidation, or reduction, which can cause
a loss or gain in mass. The TGA instrument records changes in mass that depend on
temperature or time and produces a thermogram, which is a graphical depiction of the
data. This data illustrates a combination of compaosition, purity and for this thesis, stability
with respect to ligand loss and decomposition and the temperatures at which those occur.

The mass losses can be matched sometimes to mass- fragments of the material.

1.6.3. FT-IR spectroscopy

This is a spectroscopic technique used to study the vibrational modes of
molecules. In this thesis the cyanide CN bond vibration is of particular interest, and is
typically in the region of 2000- 2250 cm'! in cyanometallates. The CN stretching frequency
is sensitive to both the metal to which it is C-bound, as well as whether the N-terminus is
bound to an additional metal or not, and how strongly it is bound; hydrogen-bonding
interactions with the N-terminus can also impact the n(CN) stretch. Thus, valuable
structural and electronic information can be gained by from analyzing the CN-stretching
frequency region. The presence of other functional groups, especially anions such as

nitrato or triflate, can also be confirmed using IR spectroscopy.
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1.6.4. Elemental analysis

Identifying the presence and %-amount of the elements carbon (C), hydrogen (H),
nitrogen (N), and sulphur (S) in a specific sample is known as elemental analysis (CHNS).
In a combustion chamber, typically with oxygen present, a small portion of the sample is
burned to completely oxidise all the carbon, hydrogen, nitrogen and sulphur, resulting in
carbon dioxide, water, nitrogen-oxides and sulphur dioxide, respectively. The gases
produced during the combustion process are then separated and detected, mainly using
gas chromatography. The CHNS% values are then utilized to help determine the
composition of the coordination polymer in question, especially the relative stoichiometry

of metal:ancillary ligand:cyanometallate bridging ligand.

1.6.5. Solid state emiss ion spectroscopy

This spectroscopic technique probes the excitation/absorption and emission of
light from a solid material;?° solution-analogues are more common, but in this thesis the
emissive properties of solid-state cyanoaurate-based materials are examined. In this
technique, the sample is scanned with an exciting energy at a particular wavelength (the
excitation energy), and the emitted light is collected with a detector and its wavelength

and intensity graphed.
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Chapter 2.  Research Objectives

2.1. Pb(ll) and the d °s? stereochemical lone pair

Lead(ll) has a 5d%¥°6s26p° electronic configuration. Although the s? electrons,
situated in the s-orbital, are formally spherical and therefore should not occupy any
specific region of the coordination sphere, depending on the ligands on Ph(ll), s-p mixing
can occur to different extents and the lone-pair can become what is called
ist er eochemi c ahereby ocaeupytaspedifioregiomaafitde coordination sphere.
When the lone-pair is evenly distributed (i.e., is mostly in the s-orbital), then the
coordination sphere is not impacted significantly by this lone-pair and the coordination
environmentis termed i h edior ect i onal 6 (Figure 2.1).
stereochemically active lone-pair then the coordination sphere will be very asymmetric,
and the lone-pair position can be readily observed; in this case the coordination sphere is
termed fi h e-diiectional. 2>2° The extent of this stereochemical activity can be determined
primarily using X-ray crystallography, where a hemi-directional coordination sphere shows
a broad range of short and very long M-L bond lengths (in which the position of the very
long lengths indicates the lone-pair position; Figure 2.1). 2°’Pb Solid-state NMR
spectroscopy has also been used to spectroscopically measure the extent of
stereochemical activity in Pb(Ill) complexes.**Gener al |l 'y, the mor e

ligands used, the more stereochemically active the lone-pair on Pb(ll) becomes.*?

1

M+
d— M0 —)
Holodirectional Hemidirectional

Figure 2.1.  Holodirectional and Hemidirectional coordination sphere

Lead(ll)-containing compounds are crucial in a variety of applications, particularly

in materials science, due in part to the lone-pair characteristics; they are often featured in
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materials with piezo-electric and ferroelectric behaviour, materials with high

irefringence/refractive index, and in solar cells.?° and refs. therein
biref /refract d d I lIs.2° and refs. th

Thus, lead(ll), with its potentially stereochemically active lone pair, can form
coordination bonds with ligands to produce intricate structures where both the coordination
sphere and the supramolecular structure are impacted by the lone pair. Considering the
properties of molecules containing lead(ll) and the remarkable coordination chemistry of
lead(ll), it is surprising that the inclusion of lead(ll) into coordination polymers has gotten
so little attention historically. However, in recent years, research has focused on
investigating the function of lead(ll) and its lone pair in coordination polymers in efforts to
exploit this lone pair of lead(ll) as a design element and as a source of chemical properties
of interest. There is now a substantial literature regarding lead(ll)- based coordination

polymers.3

2.2. Lead(ll) Dicyanoaurate coordination polymers

The Leznoff group has previously prepared a range of Pb(ll)-containing
coordination polymers using [Au(CN)2]' as the bridging unit, with the fundamental goals of
exploring the impact of the lone-pair on the supramolecular structures of these
cyanometallate coordination polymers, while also exploring their properties, particularly
their emission (from aurophilic interactions) and their birefringence. In collaboration with
the Kroeker group (Univ. Manitoba), solid-state 2°’Pb- NMR spectroscopy was utilized to
quantify the extent of stereochemical activity of the Pb(ll) lone- pairs in the systems.3! A

few representative examples of this prior work are shown below:

APb(H20)[Au(CN)2]2 : In this 2-D slab structure (Figure 2.2, left), the eight-coordinate
lead(ll) centre exhibits an asymmetry in the lengths of the bonds towards one of the
lead(ll)'s hemispheres, indicating that the lead(ll) is stereochemically active and
produces a hemidirectional structure. The dehydrated version, Pb[Au(CN)]., is a 3-
D structure with a much more symmetric (and therefore less stereochemically active)
lone-pair: the structure consists of a lead(ll)centre surrounded by eight N-bound
cyanides, with approximately equally Pb-N bond lengths. These materials also

contain aurophilic interactions and show substantial birefringence.*
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Pb(H,0)[Au(CN),],

Katz, Ye, Kroeker, Leznoff JACS, 2006, 3669 Katz, Leznoff JACS, 2009, 18435

Figure 2.2. Selected prior Leznoff group lead (II) cyanoaurate coordination
polymers

Pb( Br t éOHDoyAu(CHl),]: This compound has a stereochemically active

lone pair, which contributes to its high birefringence. The Pb(ll) centerin Pb ( Brt er py ) ( ¢

OH2)os[AU(CN);] is six-coordinate, being bonded to a Br-terpy unit, two Au(CN)2' units,
and a bridging water molecule (Figure 2.2, right). Additionally, two cyanide units may also
be associated with the Pb(ll): one unit is approximately 3.3 A away, which is longer than
any other reported PbT N bond | endoskeh but is
crystallographically disordered. Depending on whether or not those long interactions were
included the Pb(ll) coordination could be octahedral or a distorted pentagonal bipyramid.
The cyanourate anions form a tetranuclear cluster. The birefringence of the crystal is

influenced by the orientation of its molecular components and was measured to be 0.26.

Pb(phen)2[Au(CN).].: This compound is another example of a two-dimensional
lead(ll) coordination polymer, with an eight-coordinate distorted square-antiprismatic
lead(ll) core containing two trans-phen ligands in the lead(ll) coordination sphere. The
remaining four sites are occupied by two sets of N-bound cyanides that are also trans to
one another. This Pb(ll) centre is mostly holo-directional, consistent with the lower basicity
of phen relative to another related example, Pb(bipy)2[Au(CN)z]2, which is a 1-D chain with
an eight-coordinate distorted square lead(ll) centre with two bipy units that bind cis to the
lead(l1).2°

Pb(en)[Au(CN)2].: It has a complex topological structure, including a coordination-

bonded 1-D zigzag chain with Au(CN)z'units at the chain's termini, which form weak
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aurophilic interactions of 3.3798 A, which link the chains into a 2-D sheet. Given the
greater basicity of the ethylenediamine ligand, this Pb(ll) centre has an even more distinct
stereochemically active lone-pair and the lowest coordination number (5), along with a

rare Pb-Au interaction.?

2.3. Similarity between lead(ll) and bismuth(lll) with respect
to lone pair

Both lead and bismuth are members of the same period; lead has an electronic
configuration of [Xe]4f'* 5d° 6s? 6p?, which readily loses the 6p-electrons to generate
Pb(ll), with an s? lone-pair, as described above. Similarly, bismuth has the electronic
configuration [Xe] 4f* 5d'°6s26p2, where the 6p-electrons are again easily lost, forming
Bi(lll), which has the same electronic configuration of Pb(ll), with the same (formally) s?
lone-pair, i.e., the two are isoelectronic d'°s? systems.*? Generally, like Pb(ll), bismuth(lIl)
has a huge coordination sphere, is polarizable, and has coordination numbers ranging
from 3-10.

Thus, the properties and applications of materials that contain a Pb(ll)
stereochemically active lone-pair can theoretically be manifested in the electronically
similar Bi(lll) systems. This is of particular importance because, unlike highly toxic Pb,
bismuth is a non-toxic element; indeed, it is the active ingredient in Pepto-Bismol, a
common remedy for upset stomach. However, there is much less research conducted on
bismuth(lll) coordination polymers,® and the bismuth cyanoaurate-based coordination
polymers analogous to the aforementioned Pb(ll) cyanoaurate materials remain

unexplored.

Ultimately, the goal of the research is to determine whether bismuth can take the
place of lead in cyanoaurate-containing coordination polymers, investigate structural
trends and the extent of the stereochemical activity of the lone-pair in Bi(lll) vs. Pb(ll) and
explore the properties (especially emission) of the resulting bismuth-cyanoaurate

coordination polymer materials.
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2.4. Building Blocks targeted in this research

As discussed in Chapter 1, there are a wide variety of ligands that can be used in
the synthesis of coordination polymers, ranging from simple monodentate ligands to more
complex multidentate ligands. Since the primary goal of the research herein is to prepare
coordination polymers with analogous building blocks to the Pb(ll) research previously
conducted in the Leznoff group,? this section describes the scope of the building blocks
to be utilized herein.

(a) Bridging Ligand. Dicyanoaurate, [Au(CN);]', was used as a bridging ligand
throughout the thesis, to facilitate a direct comparison with the analogous Pb(ll)
work. More generally,dicyanoaurate is linear, can form aurophilic interactions and
has distinctive IR/Raman stretches associated with its cyanide groups; specifically,
the n(CN) stretch of KAu(CN); is at 2141 cm'?,

(b) Capping/Ancillary Ligands. Three heterocyclic multidentate nitrogen donors
were chosen to use as ancillary capping ligands (Figure 2.3). The ligand 2,2';6',2"-
terpyridine (Terpy) is tridentate; 2,2'-bipyridine (Bipy) is the bidentate version of
this poly-pyridyl ligand system, and 1,10 phenanthroline (Phen) is another
bidentate ligand, but of lower basicity and tighter bite-angle than bipy. All three of

these chelating ligands were utilized herein.

1, 10 phenanthroline(Phen) (2,2'-Bipyridine (Bipy)
Figure 2.3.  Capping ligands used in th is thesis

2,2":6',2"-Terpyridine(Terpy)

(c) Bismuth salts. Bismuth(lll) nitrate is a common source of bismuth(lll) in the
synthesis of coordination polymers. Bi(NO3); (which is purchased as a
pentahydrate) is soluble in water but at pH7 can form insoluble bismuth
oxo/hydroxo clusters, along with highly acidic aqueous solutions. The solubility can
be maintained by the addition of nitric acid, although this also provides large

concentrations of nitrate anion, which can act as a competing ligand.
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(d)

An alternative option that is less acidic is bismuth(lll) trifluoromethanesulfonate
(triflate), which is a generally non-coordinating counterion. This salt is soluble in
methanol, water, ethanol and other organic solvents, providing a wider range of
options for synthesis. A third option, bismuth(lll) chloride (BiCls) proved to have
too limited solubility and was not utilized herein.

Solvents. Here are the specifics of the various types of solvents used in the
project, based upon their solubility with the bismuth salts, the ancillary ligands and

the dicyanoaurate:

91 Acidic Water : As mentioned above, bismuth nitrate is a commonly used starting

material for the synthesis of bismuth-containing coordination compounds. It is
often dissolved in water, but the solubility of bismuth nitrate in water is limited.
Acidic water (e.g., pH 1, adjusted using HNO3) can increase the solubility of
bismuth nitrate by ensuring that hydroxo/oxo clusters are not formed and do not
precipitate.

Organic solvents : Methanol, DMF, and DMSO organic solvents were used.

Methanol - It can dissolve a wide variety of organic and inorganic compounds,
including metal salts. Methanol is a polar solvent that has a reasonably high
boiling point. Given that it readily dissolves gold and bismuth salts, methanol is
an ideal solvent for the synthesis of bismuth cyanometallate coordination

polymers.

N,N-dimethylformamide (DMF) is a commonly used solvent for the synthesis of
bismuth coordination polymers. Bismuth coordination polymers are often
synthesized using a solvothermal method, in which the reactants are dissolved
in a suitable solvent and heated under autogenous pressure to promote the
formation of coordination bonds. DMF is a popular solvent for solvothermal
synthesis of bismuth coordination polymers because of its high boiling point
(154°C) and its ability to dissolve a wide range of organic and inorganic
compounds. DMF is also a polar solvent, which facilitates the dissolution of metal
salts and promotes the formation of coordination bonds between the metal ions

and the organic ligands. However, although multiple attempts at solvothermal
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crystallization with DMF was utilized in this thesis research, none gave usable
crystals and thus no solvothermal syntheses are reported herein.

Dimethyl sulfoxide (DMSO) is another commonly used solvent for the synthesis
of bismuth coordination polymers. Like DMF, DMSO is a polar solvent capable of
dissolving a variety of organic and inorganic substances. Additionally, DMSO is
a powerful solvating agent that can aid in the dissolving of organic ligands and
metal salts which promotes the synthesis of coordination bonds. One of the major
benefits of using DMSO as a solvent for bismuth coordination polymer synthesis
is that it has a high boiling point (189°C) and a low toxicity compared to other
polar solvents. However, there are also some drawbacks to using DMSO as a
solvent for bismuth coordination polymer synthesis: due to its high boiling point,
it can take up to several months for it to evaporate, which means that crystal

growth will be exceedingly slow.

To summarize: Bismuth dicyanoaurate coordination polymers containing terpy,
phen, and bipy will be targeted for synthesis and characterization, their structures
determined and lone-pair stereochemical activity examined, and where appropriate, their
emission properties explored. Coordination polymer products as a function of bismuth salt
(i.e., triflate or nitrate), stoichiometry and solvent will be systematically examined, and

structural trends uncovered.
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Chapter 3.  Synthesis and structures of bismuth -
based complexes an d cyanoaurate -containing
materials

3.1. Introduction

In this section, the synthesis of bismuth cyanoaurate complexes with support from
nitrogen donor ligands was conducted. Subsequently, an examination of the structure and
potential material applications of bismuth coordination compounds ensued, employing
techniques such as single crystal X-ray crystallography, thermogravimetric analysis

(TGA), and solid-state emission spectroscopy.

3.2. Terpyridine -containing bismuth cyanoaurate
complexes and coordination polymers

3.2.1. [Bi(Terpy )(1-OH)]2[Au(CN) 2]4 (1)

The addition of a methanol solution of one equivalent of terpyridine to an aqueous
solution of one equivalent of bismuth(lll) triflate, followed by addition of 3 equivalents of
methanolic KAu(CN); yielded a yellow solution, and then crystals of [Bi(Terpy)(u-
OH)]2[Au(CN):]4 (1) were produced after a week of slow evaporation. Single crystal X-ray
diffraction reveals that the polymeric structure of [Bi(Terpy)(u-OH)]2[Au(CN)2]4 contains a
hydroxide-bridged dimer of the [Bi(terpy)] unit (Figure 3.1). Each bismuth centre is 7-
coordinate, consisting of a single terpy ligand, two bridging OH units and two [Au(CN)]'
moieties; an additional [Au(CN).]' counterion is unligated. The Bi-N(terpy) bond lengths
are 2.519(15), 2.556(15) and 2.46(15) A respectively. The [Bi(terpy)(u-OH).]> units are
linked via two parallel [Au(CN)2]' units (Au(1)), having Bi-N(cyano) bond lengths of
2.665(16) and 2.798(18) A. The Bi-O bond lengths are 2.183(13) and 2.339(12) A. Hence,
the local coordination geometry around the bismuth(lll) centre is asymmetric (Figure 3.2.),
consistent with the presence of a stereochemically active lone pair. Thus, overall, the
structure can be described as a 1-D columnar chain of [Bi(terpy)(u-OH)2l> units
propagated by [Au(CN).]' bridges (Figure 3.3.). These cyanoaurate bridges, along with
the unligated [Au(CN);]' units, form a diamondoid-shaped tetramer of Au(l) centres
between the [Bi(terpy)(u-OH)2]. units, with aurophilic interactions of 3.261(14) (Aul-Aul),
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3.46 A (Aul-Au2) and 3.439 A (Aul'-Au2 (Figure 3.3), all of which are well within the sum
of the van der Waals radii for two Au(l) centres of 3.6 A (considered the limit of
aurophilicity);¢ this gives the 1-D chain a more "columnar"-type thickness. The column is
also reinforced by BFOHAAANC hy dr o g e-©(1)wistandei=3.a40 X). Nigtedthat
1 is structurally very similar to the Pb bromoterpy complex (Fig. 2.2) which is also a 1D

gold chain with tetranuclear cyanoaurate clusters.

N3

C3

Figure 3.1.  Crystal structure of [Bi(Terpy)( mOH)]2[Au(CN):]s (1), focusing on the
asymmetric unit. Colour Scheme: Carbon, gray; Nitrogen, blue;
Oxygen, red; Gold, yellow; Bismuth, purple.

Figure 3.2 Coordination sphere of the bismuth centre in [Bi(Terpy (K-
OH)]2[Au(CN) 2]4 (1)
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Figure 3.3.

Table 3.1.

Polymeric supramolecular structure of

Selected bond lengths and angles for 1.

¥ i1

[Bi(Terpy)( mOH)]2[Au(CN) 2]4
(). Colour Scheme: Carbon, gray; Nitrogen, blue; Oxygen, red; Gold,
yellow; Bismuth, purple.

Type Bond length (A) Type Bond angle (°)
Bili N1 2.665 (16) N5 Bili N6 64.5(5)
Bili N5 2.519 (15) N5 Bil N4 66.99

Bili N7 2.798 (18) NG Bili N1 80.23(5)
Bili N4 2.469 (15) N7 Bil N4 74.48(5)
Bili N6 2.556 (15) NI Bili N7 84.17(5)
Auli Aul 3.2611(14) O4 Bil 0O4* 69.59
Auli Au2 3.461 NI Bil O1 74.74(5)

A u ILAu2 3.439 CI NI Bil 131.28(15)
Bili O1* 2.339 (12) OIiBili N5 81.20(5)
Bili O1 2.183 (13) N5 Bl N4 66.99(5)
Auli C1 2.000 (18) OT Bill N4 74.489(5)
AuZi C4 2.00Q(3) O1%Bill N7 77.25(5)
Au2i C3 2.001 (2) CIiAulC2 175.52(8)
Auli C2 1.970 (2)
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The IR spectrum shows n(CN) peaks at 2144 and 2161 cm't. The peak at 2144
cm'! can be assigned to the free Au-CN moiety as it is similar in energy to the 2145 cm'?!
observed for ["Bu4N]J[Au(CN),]. Other peaks such as 3112 cm'?, and 3081 cm'?! likely
correspond to hydroxide O-H stretches, while peaks such as 3042 cm'! correspond to
C-H bonds of terpy.® Consistent with the presence of aurophilic interactions, 1 also is
emissive in the solid-state, with emission at 560 nm when excited at 370 nm. However,
the quantum vyield is quite low, at 0.29%.
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Figure 3.4.  Solid state emission spectrum of  [Bi(Terpy)( mOH)]2[Au(CN) 2]4 (1).
3.2.2. Bi(Terpy)(NO 3)2[Au(CN) 2](H20) (2)

The addition of two equivalents of a methanol solution of terpyridine to two
equivalents of a nitric acid solution of bismuth(lll) nitrate (i.e., a stock solution of nitric acid
with bismuth nitrate dissolved therein; see experimental section for details), followed by
the addition of an aqueous solution of 3 equivalents of KAu(CN). yielded a yellow solution,
from which crystals of Bi(Terpy)(NO3)2[Au(CN):](H20) (2) were produced after a week.
The use of dilute nitric acid ensures that the bismuth(lll) nitrate salt remains soluble; in the
absence of added nitric acid, insoluble bismuth hydroxides tend to form. Single crystal X-
ray diffraction reveals that the polymeric structure of Bi(Terpy)(NOs)2[Au(CN)2](H20) (2)
contains a cyanoaurate-bridged dimer of a [Bi(terpy)(nitrate).(H-O)] unit (Figure 3.5). Each
bismuth centre in the dimer is 9-coordinate, consisting of two h2-chelating nitrate units, a
terpy ligand, an N(cyano) unit from a bound [Au(CN);] moiety and an aqua ligand. The Bi-
N(terpy) bond lengths are 2.504(15), 2.475(15) and 2.475(8) A (Table 3.2). The
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[Bi(terpy)(NOs3)2]> units are linked via two parallel [Au(CN)z]' units, having Bi-N bond
lengths of 2.664(4) A, although note that the bismuth(lll) centres are not linked by N-cyano
bonding from the same [Au(CN)]' unit, but instead these cyanoaurate bridges form the
dimer via Au(l) aurophilic interactions of 3.544 A (Figure 3.5). The Bi-O bond lengths from
the chelating nitrate anions are 2.733(3), 2.378(3), 2.599(3) and 2.519(3) A and, for the
aqua ligand, 2.546(12) A. Hence, the local coordination geometry around the bismuth (I11)
centre is asymmetric (Figure 3.6), consistent with the presence of a stereochemically
active lone pair. The Au-Au bond length of 3.544 A is at the outer range of the sum of the

van der Waals radii (3.6 A), and so should be considered as being a very weak interaction.

Figure 3.5. Dimeric form of Bi(Terpy)(NO 3)[Au(CN)2](H20) (2). Colour Scheme:
Carbon, gray; Nitrogen, blue; Oxygen, red; Gold, yellow; Bismuth,
purple.
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Figure 3.6.  Coordination

sphere of
Bi(Terpy)(NO 3)2[Au(CN)2](H20) (2)

the bismuth centre in

Table 3.2. Selected bond lengths and angles in 2

Type

Bond lengths (A)

Type

Bond angles (°)

Bili N5
Bili N6
Bili N7
Bili N2
Bili O7
Bili O3
Bili O1
Bili O4
Bili O5
Auli Aul
Auli C1
Auli C2

2.504(3)
2.475(3)
2.475(3)
2.664(4)
2.546(3)
2.519(3)
2.733(3)
2.599 (3)
2.378(3)
3.544

1.997(4)
1.980(4)

N7 Bil N6
NG Bill N5
N5 Bil O3
O3 Bil O1
OT'Bi I N2
N2 Bil O4
04 Bill O5
OI NI O7
O7 Bill N5
N7 Bil N2
BiIN2 C2
Bii C2 N2
CIi AutC2

66.02(10)
65.91(9)
83.52(10)
48.00(8)
72.20
76.85(16)
51.09(3)
74.84(12)
78.18(10)
83.44(13)
154.42
17.99

176.10

The IR spectrum shows a n(CN) peak at 2150 cm'?, assignable as the unbound

N(cyano) end of the [Au(CN).]' units; the bound n(CN) value would be expected to be

shifted to higher energy but was not observed. This compound was not visibly emissive

on a 375 nm light.
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3.2.3. [Bi(terpy)(H 20)(u-OH)]2[Au(CN) 2]4 (3)

The addition of two equivalents of terpyridine in a methanol solution to a methanol
solution of three equivalents of KAu(CN)., followed by the addition of this mixture to an
acidic solution (10 mL water : 0.1 mL conc. HNO3) of one equivalent of bismuth(lll) nitrate,
yielded a yellow solution, from which crystals of [Bi(terpy)(H20)(u-OH)]2[Au(CN)2]4 (3)

were produced after 5 days.

Single crystal X-ray diffraction reveals that the polymeric structure of
[Bi(terpy)(H20)(1-OH)]2[Au(CN).]s contains a hydroxide-bridged dimer of the [Bi(terpy)]
unit (Figure 3.7). Compared to the preparation of 2, the relative stoichiometries are
different and the amounts of methanol are higher, resulting in a slightly less acidic solution;
this can account for the incorporation of the hydroxo-unit in 3, whereas in 2 a neutral aqua
ligand completed the coordination sphere. The higher relative stoichiometry of added
KAuU(CN): in 3 also presumably influences the final structure, which has a higher 1:2 ratio
of Bi:Au (and no nitrates) compared to 2. There are two unique bismuth centres: one (Bi2)
is 8-coordinate, consisting of a single terpy ligand, two bridging OH units, two N(cyano)
ligands from Au(CN), moieties, and an aqua (H20) ligand with a Bi2-O3 distance of
2.718(16) A. The second bismuth centre (Bil) is very similar, but lacks the aqua ligand
within the coordination sphere; an H>.O molecule is present in the lattice, with a Bil-O
distance of 3.134 A (Figure 3.8). Examining the [Au(CN).]' anions in more detail, each
bismuth centre has one unique [Au(CN)z]' unit bound terminally (Aul and Au3), i.e., one
N(cyano) unit binds to the Bi(lll), while the other end dangles free. As well, a [Au(CN)2]'
unit (Aud) bridges between dimers by utilizing both N(cyano) ends as ligands, and an
additional [Au(CN)z]' counterion (Au2) is free, with no N(cyano) moieties bound to any

metal centre (Figure 3.8).

Focusing on the bismuth coordination spheres, the N(cyano) Bi-N bond lengths for
the dangling [Au(CN)2]' units are 2.684(12) A and 2.813(13) A, while the long bridging
N(cyano) bonds are 2.813(13) and 2.900(11) (Table 3.3). The Bi-u-OH bond lengths for
Bil are 2.384(5) and 2.147(5) A and a very similar 2.151(5) and 2.374 A for Bi2. The Bi-
N(terpy) bond lengths range between 2.457(5) - 2.900 (11) A. Hence, the local
coordination geometry around each bismuth(lll) centre is asymmetric (Figure 3.9),
consistent with the presence of a stereochemically active lone pair. Overall, the structure

can be described as a 1-D columnar chain of [Bi(terpy)(u-OH)2]2 units propagated by
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[Au(CN).]' bridges (Figure 3.8). These cyanoaurate bridges, along with the unligated
[Au(CN),]" units, form an asymmetric meandering 1-D chain of Au(l) centres between the
[Bi(terpy)(1-OH)2]- units, with aurophilic interactions of 3.201(5) (Aul-Au2), 3.129(5) (Aul-
Au4) and 3.354(5) A (Au3-Au4) (Figure 3.3.2), all of which are well within the sum of the
van der Waals radii for two Au(l) centres of 3.6 A. The column is also reinforced by Bi-
OHAAANC hydr oge rO(lpdistanteé = 2875 ANan@® N(10)-O(4) = 2.893 A.
(Table 3.3).

The bound water is lost above 150 °C, as illustrated by the thermo-gravimetric

analysis (TGA) data; more drastic decompaosition occurs above 190 °C (Figure 3.10).

Consistent with the presence of aurophilic interactions, complex 3 is emissive in
the solid- state; measurements were made at both room temperature at 77 K. At both
temperatures, two emission peaks were observed, with | nax of 360 and 540 nm at 77 K
(with an intensity ratio of 2.5 between them) and | max of 390 and 510 nm at room
temperature (intensity ratio = 1.73). These two peaks could be attributed to fluorescent
and phosphorescent emission from the aurophilic interactions, consistent with many other
similar observations.?” The low-energy peak appears to vary more between temperatures.
(Figure 3.9). A room temp. solid-state quantum yield of 1% was measured, consistent with

a low intensity of emission.

Figure 3.7. Supramolecular 1 -D chain  structure of [Bi(terpy)(H 20)(u-
OH)]2[Au(CN) 2]4 (3). Colour Scheme: Carbon, gray; Nitrogen, blue;
Oxygen, red; Gold, yellow; Bismuth, purple.
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Figure 3.8. Coordination sphere of Bil and Bi2 in [Bi(Terpy)(H 20)(u-
OH)]2[AUu(CN) 2]4 (3).

Figure 3.9. Au-Au 1-D chain motifs in [Bi(Terpy)(H 20)(1-OH)]2[Au(CN)2]s (3).
Colour Scheme: Carbon, gray; Nitrogen, blue; Oxygen, red; Gold,
yellow; Bismuth, purple.
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