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Abstract

The work presented in this thesis is focused on the design and discovery of new lumi-
nescent, porous, crystalline materials for targeted applications. In particular, we focus
on luminescent Metal-Organic Frameworks (MOFs) and Organic Molecules of Intrinsic
Microporosity (OMIMs), both belonging to emerging classes of synthetic materials that
are particularly promising due to their porosity, modularity, and the many dynamic
photophysical processes that can be exploited within them. While there is great potential
for these types of materials, their relatively recent discovery, less than two decades prior
to the writing of this thesis, means that they are still in early stages of development
and so very few examples exist that demonstrate the potential for real-world applica-
bility. Challenges persist in achieving targeted design, high stability, or processing for
integration into devices. The aim of this thesis is consider new ways of strategically
designing MOFs and OMIMs that may be carried a step closer to real-world application.
With problems like excess energy consumption and the depletion of clean air and water
supplies on the rise in today’s world, applications that can have a positive impact on the
environment are of particular interest. We present a luminescent MOF that is capable of
detecting trace amounts of fluoride contaminations in drinking water down to the parts
per billion (ppb) range. The interactions of this MOF with fluoride in aqueous solutions
are simultaneously electrostatic and specific in nature because of the carefully designed
structure of its active site. This allows the material to be easily regenerated and used over
10 cycles, setting it apart from most existing molecular and polymeric fluoride sensors.
We combined our MOF with a portable prototype sampling device that was designed and
built in-house to measure fluoride concentrations in natural groundwater samples taken
from three different countries, with the results showing excellent agreement with ion
chromatography analysis. The strategy that we use to obtain this selective yet reversible
interaction can be applied to the design of new MOFs that work on a similar principle.
In addition, we present a new OMIM that exhibits broad spectrum, tuneable white light

emission. The structural components and pore environment of the OMIM contribute
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to it having a high quantum yield in addition to tuneability that can be controlled by
guest molecules. Using this material, we obtain the highest thus-far reported value of
photoluminescence quantum yield for a single-species white-light emitter, with a nearly
pure-white emission colour. This has promising implications for the fabrication of new,
energy-efficient Organic Light-Emitting Diode (OLED) devices. In addition, introducing
structural changes to the base ligand of this OMIM allows us to obtain an even greater

range of colour tuneability as well as new features of guest-host chemistry.

Keywords: Metal-Organic Frameworks, Porous Organic Molecules, Luminescence, Sensing,
White-Light Emission
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Sommario

Il lavoro presentato in questa tesi si incentra sulla scoperta e la progettazione di nuovi
materiali porosi e luminescenti per specifiche applicazioni. In dettaglio, ci interessiamo
di reticoli metallorganici (MOFs) e molecole organiche porose (OMIMs) luminescenti.
Entrambi appartengono a una classe di nuovi materiali sintetici che, grazie alla loro
porosita e modularita, sono particolarmente promettenti per le possibilita che offrono
nell” utilizzo in vari processi fotofisici. Sebbene questi materiali abbiano un enorme
potenziale, il fatto che siano stati scoperti solo circa 20 anni prima della stesura di
questa tesi, comporta che siano ancora in una fase iniziale del loro sviluppo, con pochi
esempi che ne dimostrino 'applicabilita in situazioni reali. Le piu grandi difficolta che
persistono per questi materiali sono il controllo della loro struttura, la loro stabilita e lo
sviluppo di processi per I'integrazione in dispositivi. Questa tesi si incentra sullo studio
di nuovi metodi per la progettazione mirata di MOFs e OMIMs, per renderne possibile
I’applicazione nella quotidianita. Tra le applicazioni che suscitano il maggior interesse
spiccano quelle che possono avere un impatto positivo sull’ambiente, mirate per esempio
alla riduzione del consumo di energia o alla salvaguardia delle risorse idriche. Il primo
materiale che presentiamo ¢ un MOF luminescente per la rivelazione di tracce di fluoro
che possono contaminare acqua potabile. Questo MOF si basa sull’ interazione debole
e reversibile, ma tuttavia altamente selettiva, con gli ioni di fluoro. Questa interazione
genera una risposta ottica che quantifica la concentrazione di ioni di fluoro in un campione
fino a valori di parti per miliardo. La strategia usata per ottenere questa interazione
reversibile e altamente selettiva puo essere applicata alla progettazione di nuovi MOF
sfruttando principi simili. Presentiamo inoltre un nuovo OMIM che esibisce un’emissione
cromaticamente regolabile di luce bianca ad ampio spettro. I componenti della struttura
dell’ OMIM e ’ambiente all’interno dei suoi pori contribuiscono a conferirgli un’alta
resa quantica e la peculiare caratteristica di poter regolare I’emissione controllando le
molecole presenti all’interno dei pori. La possibilia di introdurre diversi ligandi in questo

OMIM puo permettere di ottenere un’ancora maggiore regolazione cromatica, nonche
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la possibilita di esplorare nuove caratteristiche dell’interazione chimica tra 'OMIM e le

molecole nei pori.

Parole Chiave: Reticoli Metallorganici, Molecole Organiche Porose, Luminescenza, Sen-

sori, Emissione di Luce Bianca
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Introduction

The urgent environmental crises of the 21st century include increasing energy consump-
tion, depletion of clean air and water supplies, and leeching of chemical toxins into
environmental resources. With many of these problems on the rise, significant research
efforts must be directed towards new solutions to both clean up and mitigate further
environmental damage. Important applications include the detection and capture of air-
and water-borne chemical toxins, and the development of new alternatives to widely-used,
energy-intensive electronic devices, to reduce global energy consumption. A significant
portion of such efforts may progress with the help of porous, functional materials that

are carefully designed to perform targeted functions.
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Figure 1.1 — MOFs and OMIMs. a. MOFs are porous, crystalline coordination
networks formed from organic ligands linked together by metallic ions or clusters. b.
OMIMs are porous molecular crystals whose porosity arises due to the formation of
intermolecular voids when the molecular substituents pack.



Chapter 1. Introduction

In particular, Metal-Organic Frameworks (MOFs) and Organic Molecules of Intrinsic
Microporosity (OMIMs), depicted in Figure 1.1, have been gaining popularity for a range of
applications, from gas capture, separation, and storage, to chemical sensing, catalysis, and
white light emission [1,2]. MOFs are porous, crystalline coordination networks consisting
of organic linkers held together in a periodic pattern by metallic vertices. OMIMs on
the other hand, are molecules, typically with bent, angular, or otherwise ‘awkward’
shapes, that pack together leaving intermolecular void spaces when they crystallise [3].
Their porosity is therefore extrinsic in nature. While the regular crystalline porosity
of these types of materials gives them an advantage in many applications that rely on
host-guest chemistry, their most valuable features are their chemical and structural
versatility. The range of organic and inorganic substituents that can be combined in the
synthesis of MOFs and OMIMs is virtually infinite. This provides material scientists
with a bottomless toolkit from which to construct new materials with precise desirable

properties.

The selection of light-emitting, or luminescent, components to construct these materials
is of particular interest because of the ease with which we can interact with light.
Incorporating luminescent materials into devices for sensing, for example, makes it possible
to detect a microscopic trigger event simply by eye. More importantly, luminescent
materials, whether incorporated into mobile phone and computer displays, or used in

artificial lighting, facilitate our interaction with the world around us.

One of the most striking demonstrations of the impact of luminescent materials discovery
is seen in the evolution of lighting systems. Incandescent light bulbs and fluorescent
lamps were the peak of artificial lighting technology for decades. Incandescent bulbs
generate light by heating resistive tungsten filaments, while fluorescent lamps rely on
the excitation of a light-emitting phosphor material by mercury vapour inside the bulbs.
The standard efficiencies of these devices are around 2% to 10% [6,7]. In 1993, the
combined efforts of Shuji Nakamura, Isamu Akasaki, and Hiroshi Amano resulted in the
first bright blue Light-Emitting Diodes (LEDs), based on gallium nitride (GaN) [8-10].
Combining these blue LEDs with existing red and green LEDs resulted in the very first
white LEDs. These devices were quickly commercialised to make solid state lighting
solutions that consume 75% less energy than traditional lights while lasting around 25
times longer [11]. Within a decade of the discovery, governments across the globe would
ban the manufacture and sale of incandescent light bulbs [12], as LEDs began to widely

substitute traditional indoor and outdoor lights.



Figure 1.2 — Applications of luminescent materials. Luminescent materials have
an extensive range of applications, including (clockwise from top) optical communication,
display technology, sensing, in-vitro [4] and in-vivo [5] bio-imaging, and ambient lighting.
Images reproduced with permission.

The discovery of novel, bright, efficient luminescent materials can equally impact a
wide range of different applications. Some examples, highlighted in Figure 1.2, include
communication, display lighting, biological imaging, and sensing. Organic and hybrid

luminescent materials are particularly relevant to imaging and sensing applications. Bio-
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logical imaging, both in-vitro and in-vivo, enables the visualisation of biological building
blocks and processes. It is usually carried out by ‘tagging’ enzymes or proteins with
fluorescent molecules (i.e. ‘probes’) that selectively bind to them, and then imaging
them with high-resolution optical microscopy [13]. While the capabilities of fluorescence
microscopy are extremely sophisticated, there is opportunity for developing new fluores-
cent probes that exhibit greater optical stability and brightness [14]. In-vivo imaging
in particular can benefit from efficient probes with near-infrared emissions, to minimise
the amount of fluorescence signal that is reabsorbed by surrounding tissue. For chemical
sensing, organic and hybrid luminescent materials have a greater degree of chemical
tuneability than inorganic compounds and can therefore be designed to selectively target
desired analytes. Optical signals are among the simplest means of registering sensing
events, as changes in luminescence can be quantified and converted into digital values
with the help of commercially available optoelectronic components. Combining the
applicability of luminescent compounds with the advantages of porous crystals results
in a fascinating sub-class of materials with expansive potential, that hold relevance in
multiple frames of reference. This sub-class of materials that are luminescent, porous,

and crystalline, is explored in this thesis.

1.1 Aim and Scope of the Thesis

The primary applications of MOFs, OMIMs, and other porous crystalline materials have
largely been gas capture and storage. However, most of the organic ligands that are used
to construct these materials, with their aromatic nature, tend to be luminescent under
Ultra-Violet (UV) excitation. Coordinating these ligands to metal centres, e.g. in the
formation of MOF! structures, can result in interesting changes in their luminescence
spectra, with different metal centres giving rise to different optical properties. In addition,
the fixation of luminescent organic ligands into rigid structures with regularly repeating
periodicity gives rise to interesting optical effects that may not be observed in their
uncoordinated, molecular form. Such effects are demonstrated in the large, and rapidly
increasing, number of publications that have focused on the synthesis and application
of luminescent MOFs over the past decade [17,18]. By thus paying attention to their
luminescence properties, one can leverage what might be an otherwise untapped advantage

that is inherent to the structure of these materials. This realisation has cultivated a

"While OMIMs are still in relative infancy and fewer examples of luminescent OMIMs exist [15, 16],
the same set of principles that concern luminescent MOFs may be applied to OMIMs as well.

4
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wide range of creative synthetic strategies and applications for luminescent MOFs in
recent years. For example, MOF-based optical sensors exploit their porosity and chemical
tuneability along with their luminescence to provide simultaneous detection and signal
transduction [19]. Luminescent MOFs have been designed for bioimaging applications,
in which their pores provide the dual functionality of also hosting guests such as small-
molecule drugs [20]. Light-emitting MOFs have been exploited to enhance the activity of
photocatalytic systems [21,22], and have even been designed to demonstrate frequency
upconversion, whereby low frequency incident light is converted into high-frequency
emitted light [23]. One important aspect of investigating luminescent MOFs and OMIMs
is that their inherent crystallinity makes it easier to shed light on photophysical processes
taking place within them. In many cases, substituting the metal that forms the nodes of
MOFs, for example, results in a topologically identical structure that exhibits entirely
distinct optical properties. By judicious selection of the components, and careful analysis
of the resulting optical behaviour, it becomes possible to infer what dynamical processes
may be occurring in the material on a molecular level. A far-reaching consequence of
access to such insights is the potential for targeted design of luminescent materials for
desired applications. Both OMIMs and MOFs, being roughly one and two decades old
respectively, are in the relatively early stages of their development. While they hold
immense potential for use in a variety of applications, very few examples exist so far
that demonstrate real-world pertinence. Being able to investigate and better understand
the processes occurring in the material on a molecular level can help guide the targeted

design of materials that come closer to real-world use.

This brings us to the aim of this thesis, which is to design new materials of the emerging
MOFs and OMIMs class, and carry them a step closer to real-world application. We
exploit the broad and exciting landscape encompassing porous, luminescent crystals,
with a particular focus on applications that positively impact the environment. With
the depletion of safe and clean drinking water sources in mind, we present a luminescent
MOF capable of sampling trace amounts of targeted chemical contaminants from drinking
water in the presence of a range of potential interferences. We describe a hand-held sensor
that we designed and built for use with our MOF for sampling untreated ground water.
With the consideration of the high cost and energy expense of lighting technologies, we
report a novel strategy to synthesising stable, colour-tuneable, and high-efficiency white
light emitters, inspired by bioluminescent organisms. In order to place considerations
for the design and synthesis of such materials into context, we first provide a general

introduction to MOFs and OMIMs in the following section.



Chapter 1. Introduction

1.2 Metal-Organic Frameworks

Metal-organic frameworks evolved from coordination compounds, which consist of metal
ions, connected via coordination bonds (i.e. mnon-covalent interactions), to organic
molecules or ligands. The first examples of crystalline coordination compounds with 2-
and 3-dimensional periodicity appeared in the form of clathrates; cage-like crystals whose
structures are maintained by the presence of small guest molecules trapped within the
cavities of the host lattice [24]. Their discovery in the 1950s inspired the development
of extended coordination networks that consisted of inorganic nodes linked together
by organic ligands to form net-like structures [25]. The ease with which the length of
ligands used in the synthesis of these coordination networks could be varied, resulted in
the emergence of a variety of different coordination network architectures [26]. While
many of these structures possessed cage-like voids, the size of the voids was limited by
the tendency of long linkers to entangle during synthesis, resulting in interpenetrated
nets [27]. Furthermore, since the voids would form by encasing guest molecules during
synthesis, these materials suffered from inherent instability whereby activation (removal
of the guest molecules, e.g. by applying heat and vacuum) resulted in the collapse
of the crystalline structure. The first example of a crystalline coordination network
that exhibited permanent porosity (i.e. that maintains its structure and porosity upon
activation) was reported by Omar M. Yaghi and coworkers in 1995 in the form of MOF-
2 [28]. With metal clusters in the form of dinuclear Cu?** paddlewheels as the nodes and
charged, chelating, 1,4-benzene dicarboxylate (BDC) ligands as linkers, MOF-2 was the
first example of a definitive MOF structure. Permanent porosity could be achieved in part
due to the chelation of Cu®t ions to form the paddlewheel clusters. This afforded more
rigidity to the overall structure than nodes composed of single metal ions would, while
the use of charged linkers increased the coordination bond strength. The combination of

factors paved the way for new strategies in MOF synthesis.

As illustrated in Figure 1.3, the two key components of MOFs - the metal nodes and
the organic linkers - determine their overall shape and topology. In structures where
the metal nodes consist of polynuclear clusters rather than single ions, the geometry of
the cluster controls the directionality and the connectivity of the net. For this reason,
polynuclear metal clusters are described as Secondary Building Unit (SBU) in MOF
structures. One of the most well-studied MOFs for example, MOF-5 (depicted in Figure
1.4a), consists of octahedral ZnysO SBUs that hold the connecting BDC linkers in a

perpendicular fashion to form a cubic net with open, scaffold-like pores [30]. Remarkably,
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Figure 1.3 — Shape-directing components of MOFs. a. Some examples of inor-
ganic SBU geometries, and b. Linker geometries and topocities that dictate the structure
of the MOF coordination network. Reproduced with permission from [29]

it was found that increasing the length of the linear linker resulted in the formation
of scaled nets with otherwise identical topologies to the original MOF-5. These scaled
structures were described as ‘isoreticular’ structures, and formed the first isoreticular
MOF (IR-MOF) series [31] shown in Figure 1.4a. The geometry of the organic linker
used in MOF synthesis equally contributes to the resulting structure topology. For
example, using the trigonal, tri-topic, benzene-1,3,5-tricarboxylate (BTC) as the linker
resulted in the formation of spherical cages seen in the MIL-100 series of MOFs [32],
where the name MIL represents the birthplace of the series, the Materials Institute
Lavoisier. Coordination of BTC with trivalent metals tends to favour the formation of
MOg octahedra (M = metal) depicted in Figure 1.4b, allowing the node metal used in
MIL-100 synthesis to be easily substituted. Isostructural analogues of MIL-100 could

7



Chapter 1. Introduction

therefore easily be formed using Al, In, Cr, and Fe. The diverse SBU geometries, linker
lengths, and linker topicities that can be combined in MOF synthesis have led to an
exponential growth in reports of new, highly porous MOF structures over the past two

decades.

a

Figure 1.4 — The earliest exemplary MOF structures demonstrate how build-
ing units determine overall topology. a. MOF-5 maintains its cubic geometry
resulting in an isoreticular series of MOFs (IR-MOFs) [31], and b. The use of tritopic
BTC in the synthesis of MIL-100 results in the formation of two types of pores [33] with
large spherical cavities [34]. Images reproduced with permission.

Owing to the exceptional porosity that could be achieved with linker elongation, the
earliest applications of MOFs were largely focused on gas capture and storage. However,
the ease with which chemical functionality could be introduced into either the MOF
SBUs or linkers led to a rapid expansion in their applicability. MOFs in which the SBUs

8
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consist of partially uncoordinated open metal sites, for instance, are widely used for
catalytic reactions and selective separation of gases [35,36]. There are two common ways
of incorporating open metal sites into MOF structures, illustrated in Figure 1.5. The first
arises when solvent molecules coordinate to the metal nodes during synthesis, but do not
act as stabilising ligands and can therefore be removed from the structure upon activation.
The exemplary HKUST-1 shown in Figure 1.5a (HKUST = Honk Kong University of
Science and Technology) MOF consists of Cu?* paddlewheels in which each Cu?* ion
is coordinated to two BTC linkers and one water molecule [37]. Removal of the water
molecule under heat and vacuum results in a high density of open metal sites in the pores
of HKUST-1, to which it owes its excellent performance in CO9 capture [38], catalytic
COg reduction [39], and propane/propene separation [40]. The other common method of
introducing open metal sites into a MOF, shown in 1.5b, is to engineer the formation of
defects in the crystal during synthesis. Defect engineering involves the introduction of
modulators to the synthetic reaction [41]. In the ZrgO4(OH)4-BDC MOF, UiO-66 (UiO
= Universitetet i Oslo), for example, known for its ability to maintain a high density
of defects without losing crystallinity, modulators in the form of mono carboxylates
like formic or acetic acid occupy metal coordination sites, resulting in ‘missing-linker’
defects [42]. Removal of these coordinated monocarboxylates creates open metal sites

that can be exploited for selective gas adsorption and catalytic reactions.

Where the formation of open metal sites is not an option, the extensive opportunities
offered by organic chemistry to design, synthesise, and functionalise the organic ligands
of a MOF make it possible to precisely tune the chemical environment within its pores.
This approach is particularly interesting for applications in the selective detection and

capture of volatile organic compounds in air, or ionic or heavy metal pollutants in water.

Given these synthetic strategies, we can easily imagine the design of MOFs with desired
chemical and structural properties for targeted applications. Combining the capabilities
of organic chemistry with the structural diversity of SBUs in this way results in the
formation of structures whose properties greatly exceed the sum of their individual

components.

1.3 Organic Molecular of Intrinsic Microporosity

A class of porous crystalline materials that have emerged even more recently than MOFs

are OMIMs. These are a type of porous molecular material, distinct from MOFs in
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Figure 1.5 — The presence of open-metal sites in MOF structures. a. HKUST-
1 consists of copper paddlewheels (inset) with two coordinated water molecules that can
be removed upon activation, exposing open metal sites and b. "Missing linker" defects
can be introduced to the structure of UiO-66 by including monocarboxylate modulators
in the synthetic environment. Reproduced with permission from [43]

that they are discrete molecules rather than coordinated networks, and can therefore
occur solvated as well as crystallised. The porosity of OMIMs arises because of their
characteristic awkward shapes, which prevent close-packing of the molecules in the
solid state and thus promote the formation of periodic intermolecular micropores. As
with MOFs, the pore sizes in OMIMs are typically comparable to the size of small
molecules, making them equally interesting candidates for capture, storage, separation,
and sensing applications. Their solubility however, may offer advantages over MOFs in
terms of processing. While MOFs predominantly occur as crystalline powders, solution-
processability of OMIMs makes them promising for the formation of porous crystalline

membranes, coatings, and films.
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Figure 1.6 — The way that OMIMs pack. a. A rigid triptycene derivative self-
assembles by hydrogen bonds to a porous crystal with large 1-D channels [44] b. Mi-
croporous OMIMs designed to frustrate packing [45] c¢. Microporous OMIM structure
capable of gas sorption [46]. Images reproduced with permission.

Due to the extrinsic nature of their porosity, it is difficult to either predict which
molecules might crystallise to form OMIMs, or to deduce the porous properties that a
given OMIM may exhibit upon crystallisation by examination of its molecular structure
alone. For this reason, the majority of porous molecular materials investigated in the last
century have been in the form of molecular cages or organic polymers, with relatively few
examples of crystalline OMIMs. One of the earliest examples of an OMIM is the so-called
Dianin’s compound, a bisphenol and acetone condensation isomer first prepared in 1891
by Russian chemist, Aleksandr Dianin [47]. The crystallisation of Dianin’s compound
into clathrates in the presence of guest molecules was first reported in the 1950s [48].
The molecules form six-membered rings, hydrogen-bonded via their hydroxyl groups,
that stack upon each other like columns. Their bent structure was found to result
in waisted, one-dimensional channels capable of reversibly adsorbing a range of guest
molecules [49]. Similarly rigid, angled, aromatic molecules are more likely to form OMIMs
that are stable upon activation and can be exploited for host-guest applications. Since
the computational prediction of molecular crystal packing remains a challenge, OMIMs

tend to be discovered rather than intentionally designed [2,50], with the most common
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identifier being a particularly low crystal density. One example, identified as an OMIM
six years after it was first synthesised, is 3,3’,4,4’-tetra(trimethylsilylethynyl)biphenyl [51].
Examination of the molecule’s crystal structure revealed similarities to that of the
microporous zeolite A, and upon successful evacuation of its pores, reversible adsorption
of nitrogen and hydrogen were successfully demonstrated. While hinged or awkwardly-
shaped molecules such as triptycenes [52] or propellanes have been used towards the
synthesis of new OMIMs [45], the formation of multiple polymorphs during crystallisation
limits the growth and characterisation of OMIM single crystals. Much of the solid-state
characterisation of OMIM properties, including the adsorption and desorption of guest

molecules, has therefore been carried out on amorphous samples.
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Figure 1.7 — Examples of molecular crystals that were found to be OMIMs.
a. Dianin’s compound forms a porous crystal that is capable of reversible gas capture
and b. 3,3’4,4’-tetra(trimethylsilylethynyl)biphenyl has an open microporous structure
similar to zeolite A. The inset illustrates the topological structures of the pores. TMS =
trimethylsilyl. Images reproduced with permission from [53].

While OMIMs are still in relative infancy, there is plenty of opportunity for progress in
the development of new structures, control of their crystallisation, and exploration of

new applications.
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1.4 Thesis Overview and Key Accomplishments

In this thesis, we focus on the applications-driven design of porous, crystalline materials
that emit light. The advantage of these materials is threefold: porosity allows the
exploitation of host-guest chemistry, e.g. for the detection and capture of pollutants
in air and drinking water. Crystallinity offers a greater degree of control over material
properties than can be achieved with amorphous materials. Luminescence allows us to

exploit these materials as a means to interact with our environment.

With this in mind, we report the design, synthesis, and characterisation of two novel,
luminescent, porous crystalline materials for applications in sensing and white light
emission. We focus on hybrid organic-inorganic crystals, and demonstrate how both
the inorganic and organic components can be carefully selected to contribute to the
overall properties of the material in a desirable way. The sensing material presented in
Chapter 3, for example, is a MOF named "Sion-105" that is designed to detect fluoride
ions, a commonly occurring chemical contaminant in drinking water, particularly from
wells. While non-toxic in very small amounts, fluoride ions can cause tissue damage and
crippling bone deformities when consumed over long periods in concentrations as low as 2
mg/L. The organic component of Sion-105 is functionalised to target fluoride ions, while
its metallic nodes, consisting of luminescent europium (Eu3) ions, serve two purposes:
(i) to distort the organic ligand, resulting in the formation of micropores that selectively
interact with fluoride ions to their small size, and (ii) to provide an optical signal when
fluoride ions are present. The white light emitter on the other hand, presented in Chapter
4, is an OMIM named "CusL3", in which broad-spectrum light emission arises from the
organic component, consisting of a bioluminescent molecule called luciferin. The metal
nodes, composed of Cu't and Cu?* ions, do not contribute to the emission colour of the
complex, however by locking the luciferin molecules into a rigid structure, they enhance
the intensity of light emitted. In addition, the copper nodes dictate the angular shape of
the complex, which is directly responsible for its OMIM-like crystal packing.

With a particular emphasis on optical properties, we investigate how the pore shape,
size, or chemical environment influence the characteristics of our materials in response to
guest molecules. The small pore size of Sion-105, for example, allows for selective sensing
of fluoride ions via a molecular sieving approach. Within the pore, the guest molecules
are exposed to the functional group which is incorporated in the organic ligand. As

explained in detail in Chapter 3, an interaction with this functional group gives rise to
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changes in the MOF’s Eu?t-based luminescence intensity, allowing for contaminants to
be quantified at trace levels. The pores of Cusli3 also play a key role in its performance
as a material. The optically emissive ligand contains a functional group that controls its
emission colour. Guest molecules in the pores of CusLs have access to this functional
group, and tuning the concentration of guest molecules results in tuning the colour of
light that is emitted. At an optimum concentration, the host-guest interactions give rise

to broad-spectrum white light emission.

Finally, structure-guest molecule-material property relations are exploited to demonstrate
real-world application of these materials. For Sion-105, we report a prototype of a
portable, easy-to-use device for sampling the concentration of fluoride in drinking water
sources. This prototype was designed and built in-house, with the support of an
electronics workshop at EPFL, and was used to with a sampling protocol that requires no
calibration, and gives reproducible, accurate results. The device was used to measure the
concentration of fluoride ions in untreated water samples taken from wells in Vietnam, the
United Arab Emirates, and Saudi Arabia, with the measurement results showing excellent
agreement with results from ion chromatography. The efforts of designing, synthesising
and characterising the material, investigating its optical properties, and designing,
optimising, and testing the device, have culminated in an article titled "Selective, Fast-
Response, and Regenerable Metal-Organic Framework for Sampling Excess Fluoride
Levels in Drinking Water", published by Ebrahim et. al in the Journal of the American
Chemical Society in February 2019. The tuneable, broad- spectrum light-emitting
Cuslis on the other hand, is reported in the context of a new strategy for the design
of materials to make Organic Light-Emitting Diodes (OLEDs). We demonstrate how
we formed a stable crystalline structure in which simple guest molecules can be used
to tune the emission, and thus obtain white light from a single emitter with amongst
the highest quantum yield so far reported. We report how the range of colours that
can be emitted by such materials can be tuned by introducing subtle changes into the
structure of the organic component prior to synthesising the crystal. Interestingly, our
investigation of the host-guest chemistry in the pores of our material provided insights
into a possible mechanism by which different bioluminescent organisms are capable of
emitting different colours of light; a natural phenomenon that thus far remains elusive.
The design, synthesis, characterisation, and investigation of this Cusli3 and its optical
properties have culminated in a patent that is currently under consideration, as well
as an article titled "Tuneable luminescence from a biomolecule-inspired single-species

emitter of white light" by Ebrahim et. al, which is in submission.
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1.5 Thesis organization

The structure of this thesis is as follows:

Chapter 2: In Chapter 2, we provide a brief, high-level summary of some of the relevant
photophysical properties of molecular crystals like MOFs and OMIMs. Reviewing these
concepts allows us to better understand the dynamic processes that arise in structures,
including those reported in Chapters 3 and 4. It also allows us to better attempt the
design of luminescent materials with desired properties, which is an interesting tool to

enable continued development of the work presented here in the future.

Chapter 3: Chapter 3 introduces Sion-105. Since the aim of this project was to create a
MOF-based luminescent sensor, we begin the chapter by reviewing some of the important
aspects pertaining to luminescent sensor operation and design. We then explain how we
used Sion-105 for our targeted application and created our hand-held prototype sensor

device for water sampling.

Chapter 4: In Chapter 4, we diverge from MOFs and sensing, to OMIMs and white
light. We describe our bioluminescence-inspired strategy to synthesise a tuneable, broad
spectrum, single-species emitter of white light. We detail the structural and optical
characteristics of this new material, and propose a mechanism for the tuneability of its

emission.

Chapter 5: In Chapter 5 we summarise the key findings of the thesis, and propose

future work which may be carried out to build upon each of the projects presented.
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Mechanisms of

Photoluminescence

Luminescence describes the spontaneous, non-thermal emission of light, resulting largely
from chemical or biological reactions (chemiluminescence/bioluminescence) or from
optical or electrical excitations (photoluminescence/electroluminescence). Luminescent
materials are ubiquitous, and form integral parts of devices ranging from daily-use
lighting, computer displays, and personal heart-rate monitors, to specialised industrial
instruments. This expansive reliance on luminescence drives continued research into
new luminescent materials that are more energy efficient, more environmentally and
spectrally stable, and capable of offering better control over the colour of light that
they emit. Metal-Organic Frameworks (MOFs) and Organic Molecules of Intrinsic
Microporosity (OMIMs) in particular, with their modularity and structural diversity,
offer many opportunities in this field. Given the range of potential of linkers, metal ions
or clusters, and guest molecules that can be incorporated into such materials, a variety
of photophysical phenomena can be exploited to enhance their luminescence properties.
Developing such materials for targeted applications requires some consideration of the

fundamental photophysical processes occurring therein.

Since the focus of this thesis is the design, synthesis, and characterisation of luminescent
porous crystals for targeted applications, we begin in this Chapter with a summary of
the key relevant photophysical principles. In particular, we make general distinctions
between the transitions occurring in organic luminophores and luminescent lanthanide
ions, and explain the mechanisms underlying the absorption and emission spectra of
these different types of emitters in extended crystalline structures. We then briefly review
some of the main experimental techniques used to characterise luminescent materials.
These principles and characterisation techniques were used in the design and analysis of

the materials presented in Chapter 3 and Chapter 4 of this thesis.
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Chapter 2. Mechanisms of Photoluminescence

2.1 Photophysics of luminescent materials

Despite their extended crystallinities, the electronic structures of materials like MOFs
and OMIMs are more similar to molecular systems rather than inorganic crystals, and
therefore tend to consist of spatially localised molecular orbitals in which localised
electronic transitions occur. These transitions, described briefly in the present section,
can be neatly summarised in a Jablonski diagram. Named after the Polish physicist
Aleksander Jablonski, this diagram serves as a visual tool to track the kinetic energy loss
pathways of photoexcited molecules [54]. Transitions including absorption, fluorescence,
phosphorescence, explained in this section, can be mapped onto a Jablonski diagram as
shown in Figure 2.1. The horizontal black lines depict the energy levels of a molecule,
with energy increasing vertically. Bold lines, labelled Sg, S1, So, represent the lowest
vibrational level of each singlet electronic state, with Sg referring to the ground state.
Lines labelled T4, etc. correspond to the triplet energies of the molecule. Dotted lines
represent the vibrational levels associated with the motion of atoms in the molecule. The
vibrational levels of higher energy states tend to become energetically more and more

closely spaced, eventually forming a continuum.

The absorption of photons by a molecule or metal complex can generate excitations that
correspond in energy to the energy of the incident photon. The eventual decay from the
photo-excited state back to ground state may occur radiatively, via the emission of a
photon, or non-radiatively, due to thermal effects that create vibrational or rotational
decay pathways. The different types of excitation and de-excitation transitions are

labelled with arrows in the Jablonski diagram.

While photons in the infrared and microwave regions of the electromagnetic spectrum
give rise to vibrational and rotational molecular excitations respectively, the energy
needed to change the electron distribution in molecules (typically of the order of several
electronvolts), corresponds to the UV and visible (UV-vis) region. The UV-vis absorption
and emission spectra of materials therefore provide key information about the electronic
transitions taking place therein. We refer to electronic transitions involving the absorption

and emission of UV-vis photons as optical transitions.

Optical transitions result from the interaction of a molecule with the electric field of
incident light. Therefore, a key factor in determining whether or not such transitions are
allowed to occur is the molecule’s transition electric dipole moment, given by Equation

2.1. When light is incident on a molecule, the action of its electric field component,
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Figure 2.1 — Jablonski diagram illustrating the various transitions that may arise
between the electronic states of a molecule. Electronic states, depicted by black lines,
are arrange vertically by increasing energy, and grouped horizontally by spin multiplicity.
States marked S refer to singlet states while states marked T refer to triplet states.
Transitions involving the absorption and emission of photons are marked with straight
arrows, while non-radiative processes are marked with wavy arrows.

described by the electric dipole operator fi, may cause an electron to transition from an
initial state W; to a final state W;. The redistribution of charges resulting from such
a transition may be dipolar in nature (i.e., the transition dipole moment, ps;, may be
nonzero). An interaction with the incident light will be more likely if the molecule can
host a transition whose resulting charge redistribution creates a dipole corresponding in
frequency to that of the incident light. In this case, the associated transition will appear

in the spectrum of the molecule. The larger the transition dipole moment, the greater
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the intensity of the transition.

pi = / W AT;67 (2.1)

Not all optical transitions are allowed, and the probability of pny; being nonzero is
contingent on the fulfilment of a set of selection rules, which emerge as a consequence of

the conservation of angular momentum.

2.1.1 Spectroscopic selection rules

The spectroscopic selection rules state that in order for a transition to be allowed:

1. the change in spin (AS) during the transition must be equal to zero

2. the change in orbital angular momentum (AL) must be equal to 0 or 1 (this
excludes L =0+ L =0)

3. the change in total angular momentum (AJ) must be equal to 0 or £1 (this excludes
J=0«+J=0), and

4. only those transitions in which the wavefunction undergoes a change in parity are

allowed

The first rule arises from the fact that photons, as spin-1 particles, will not affect the spin
of an electron. Transitions between orbitals of the same spin state are therefore allowed,
while transitions involving a change in spin multiplicity are forbidden. The second rule
accounts for the need of a dipolar charge redistribution, with a unit change in orbital
angular momentum, to accompany a transition. For this reason, intra-sublevel s¢s,
transitions are forbidden, as are those between s<+>d, p<+f, etc. The third rule accounts
for the fact that even when there is a unit change in orbital angular momentum of the
excited electron, the resultant total orbital angular momentum of the molecule depends
on the coupling of spin and orbital angular momenta. The fourth rule applies specifically
to centrosymmetric molecules, and implies that states with the same parity cannot be

connected by electric dipole transitions.
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2.1.2 Exceptions to the selection rules

The selection rules, which consider the angular momentum and symmetry of the molecular
system, are derived under several hypotheses which are not always met in reality. They
are, therefore, subject to exceptions. For example, the mixing of 7-acceptor and 7t-donor
ligand orbitals with metal d-orbitals in coordination compounds and metal complexes
results in the formation of transitions that are no longer purely d<+»d. This so-called
ligand field splitting due to the mixing of orbitals accounts for the presence of d-d
transitions in the spectra of transition metal complexes. Similarly, lanthanide ions under
the influence of a ligand-field encounter non-centrosymmetric interactions that allow
mixing of opposite-parity states into the 4f orbitals. As a result, 4f<>4f transitions become
weakly allowed. Exceptions arise in molecules and metal complexes containing heavy
atoms, in which spin-orbit coupling is significant. This results in a partial lifting of the
spin selection rule, so that spin-forbidden transitions become weakly allowed. Finally,
parity-forbidden transitions in centrosymmetric complexes can become weakly allowed
if the center of symmetry is disrupted, e.g. by Jahn-Teller distortion, or asymmetric
vibronic transition. These exceptions typically result in a partial lifting of the selection
rules, so that forbidden transitions tend to proceed at a slow rate compared to the allowed

transitions, and the resulting spectral emission lines are relatively weak.

Assuming that the selection rules are either met or relaxed, the key light absorption

processes occurring in MOFs and OMIMs can be considered.

2.1.3 Absorption processes

The absorption of a photon creates an excitation whereby an electron undergoes an
optical transition to a higher energy state. In most crystalline semiconductors with
delocalised band structures, the lowest-energy photons that can be absorbed to generate
an optical transition determine the energy difference between the highest occupied and
lowest unoccupied crystal bands (i.e., the valence band maxima and conduction band
minima, respectively). In molecular materials with high exciton binding energies like
MOFs and OMIMs on the other hand, the complex structure of the molecular orbitals
gives rise to highly localised optical transitions [55] that occur between the Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO).

These transitions may be localised on a given ligand, or they may involve charge- or
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energy-transfer between adjacent organic/inorganic building blocks.

Most MOF and OMIM ligands tend to be conjugated and/or aromatic in nature, and
therefore absorb UV-vis photons (hence may be referred to as chromophores) in 7t* <— 7
and 77 < n transitions [56]. The more highly conjugated a system is, the closer in energy
its ground and excited states tend to be [57]. Increasing the conjugation therefore redshifts
the absorption profile of a chromophore (see Figure 2.2a) and is a common strategy to
obtain MOFs with extended visible-to- Near-Infrared (NIR) light absorption [58]. Complex
ligands with a bridged electron donor and electron acceptor structure may maintain
Charge-Transfer (CT) transitions in which the excited electrons migrate from the donor

to the acceptor site of the molecule.

Metal-centred optical transitions generally arise from intraconfigurational (f-f or d-d)
transitions that become weakly allowed by ligand-field splitting, or from CT transitions.
Ligand-field splitting is the mechanism responsible for the colour of most transition metal
complexes and MOFs. Transitions in lanthanide ion (Ln3*) complexes, however, are a
more particular case. The shielding of valence 4f electrons by the Ln3* xenon core results
in a greater radial expansion of the 5s25p® subshells, which gives the valence electrons
an ‘inner’ character. The valence electrons therefore minimally interact with coordinated
ligands, and as a result, their ligand-field splitting remains small. Non-centrosymmetric
interactions that arise when the lanthanide ion is under the influence of a ligand-field
allow the mixing of electronic states of opposite parity into the 4f wavefunctions. This
relaxes the selection rules, so that intraconfigurational f-f transitions become partially
allowed, resulting in sharp characteristic emissions. Mixing of the 4f and 5d orbitals in
the presence of the ligand field gives rise to high-energy, parity-allowed, 4f-5d transitions.
These appear as broad features in the absorption spectra of Ln3t complexes. Since the
5d orbitals overlap with the ligand orbitals, the energy of these 4f-5d transitions is largely
influenced by the immediate chemical environment surrounding the lanthanide ions [59].

Some of the common CT transitions arising in molecular materials like MOFs and
OMIMs include Ligand-to-Metal Charge Transfer (LMCT), Metal-to-Ligand Charge
Transfer (MLCT), Ligand-to-Ligand Charge Transfer (LLCT) and Metal-to-Metal Charge
Transfer (MMCT). These transitions involve the migration of an excited electron between
ligands and/or metal ion centres. Many d-metal MOF, for example, host transitions
involving electron transfer from the ligands into the d orbitals of the metal nodes or
vice versa (Figure 2.2b). LMCT tends to occur in MOFs whose metal ions are in high

oxidation states, and are therefore easily reduced. Conversely, MLCT is seen in those
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Figure 2.2 — Mechanisms of photon absorption in MOFs. a. Increasing the
conjugation of aromatic molecules narrows the HOMO-LUMO gap, causing a red-shift
in the Sg — S; transition energy. b. Ligand-field splitting gives rise to MLCT and
LMCT transitionsin MOFs as well as in metal complexes. These processes account
for the colours of many transition-metal MOFs. c. Energy of the 4f-5d transitions in
Ln3* : CaFy (squares) and of the 2p (O)-4f LMCT transitions (triangles) demonstrate
the high CT energy of most lanthanides. Reproduced with permission from [59].
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MOFs whose metal centres are easily oxidised, and are coordinated to ligands with
low-lying orbital vacancies [60]. Electrons involved in CT transitions moves through a
considerable distance, which means that the resulting transition dipole moment tends to
be large, however, there tends to be a small overlap between the ground- and excited-
state wavefunctions in such transitions. For this reason, ligand-centred emission tends
to be brighter than emission due to LMCT or MLCT [61,62]. Since the CT excitation
of luminescent lanthanide ions is a key strategy for realising luminescent MOFs, it is
important to note the CT transition energies in lanthanide complexes. As seen in Figure
2.2¢, these transition energies are quite high, with the lowest-energy characteristic LMCT

transitions observed in Eu?t, Yb3t, Sm3*, and Tm?3*.

2.1.4 Dark excited-state processes

Before undergoing radiative decay, photo-excited electrons in a molecule may undergo a
number of non-radiative relaxation and energy transfer processes. In this section we briefly
summarise the key non-radiative, or dark, excited-state transitions that occur in molecular
systems like MOFs and OMIMs. These processes, including vibrational relaxation, internal
conversion, intersystem crossing, and energy transfer, are also highlighted in the Jablonski

diagram in Figure 2.1.

Vibrational relaxation occurs within picoseconds of the optical excitation, with the
excited electron thermally transitioning down the ladder of close-lying vibrational energy
levels to reach Si, from where radiative decay generally occurs. When excited to a
higher-lying energy (S,), another radiationless de-excitation process may arise from
the lowest vibrational level of S,, to a vibrational level of S,,_;. This process, known
as Internal Conversion (IC), may precede vibrational relaxation, radiative decay, or

non-radiative decay due to quenching processes.

The energetic position of the lowest triplet excited state, T, in a molecule, plays a decisive
role in the probability of having the third type of dark relaxation process, Inter-System
Crossing (ISC), arise. Due to combined effects of spin-correlation and Coulomb repulsion,
the spin-opposed T; level lies lower in energy than the spin-paired Sp level [63]. In
molecules and complexes that contain heavy atoms (e.g. S, I, transition metals, and
lanthanides), and in which the T; state lies sufficiently close in energy to Sp, coupling of
electronic spin and angular momenta can lead to an overlap of the T; and S; orbitals.

This gives rise to a nonzero probability for the electron to undergo a S; —T; transition,
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2.1. Photophysics of luminescent materials

known as ISC, whereby its spin flips and it occupies the T excited state. ISC is assisted
by spin-orbit coupling, vibrational coupling, and the presence of paramagnetic ions [64],

which is why it can be observed in many MOFs based on Ln3+ or period 6 metals.

In molecules with a donor-acceptor type structure, Energy Transfer (ET) processes occur
in which the excited state is transferred from the donor to the acceptor. There are
two mechanisms by which such donor-acceptor energy transfer can take place; Forster
Resonance Energy Transfer (FRET), and Dexter Electron Exchange (DEE). FRET relies
on Coulombic interactions between chromophores separated by around 1-10 nm. In
this process, dipole—dipole coupling between the excited state of the donor and ground
state of the acceptor allows for an excited state to be transferred from the donor to the
acceptor without electron exchange [65]. This can occur if transitions of equal energy
are possible in both species, and it requires a spectral overlap between the emission
spectrum of the donor species and the absorption spectrum of the acceptor species, as
illustrated in Figure 2.3a. DEE on the other hand, is a short-range process, typically
occurring in a range of 10 A, that relies on orbital overlap between a donor and acceptor
chromophores. This overlap allows the excited electron and corresponding hole from
the donor species to be injected to the acceptor, as shown in Figure 2.3b, in either a
simultaneous or two-step process [65]. An important consequence of energy transfer is the
so-called ‘antenna effect’, portrayed in Figure 2.3c, whereby a chromophore with efficient
light-harvesting properties transfers its excitation energy to a neighbouring species that
absorbs poorly. Exploiting the antenna effect is a common strategy used to populate the
radiative excited states of luminescent Ln3* jons, which are themselves poor absorbers. It
is worth noting that ET processes are strongly influenced by the orientation and spacing
of adjacent chromophores. Coulombic interactions tend to dominate many self-assembled
structures like MOFs, which is why FRET is the predominantly observed energy transfer
mechanism [66]. Having said that, the periodic arrangement of chromophores in MOF
structures in general provides a great deal of opportunity to investigate, model, and
interpret the many possible energy transfer pathways associated with these complex

processes.

2.1.5 Emission processes

While the various non-radiative decay processes described above are common, if the
S1 —Sg or Ty — Sp transition energy is too high to be dissipated by thermal interactions

with the surrounding medium, the electron may then return to Sy by emitting a photon.
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Figure 2.3 — Energy transfer processes. a. Long-range, Forster resonance energy
transfer process, b. Short-range Dexter electron exchange process, c. Portrayal of the
antenna effect for sensitizing luminescent lanthanide ions.

Since this thesis deals with luminescent materials, it is these spontaneous radiative decay
processes that are of interest to us. Radiative decay can take the form of either fluorescence
(S1 —Sg) or phosphorescence (T1 — Sp). Fluorescent and phosphorescent processes
can be differentiated based on their typical photoluminescence lifetimes; fluorescence is
characteristically fast with a lifetime of the order between ns to ms, while phosphorescent
emissions last significantly longer, with lifetimes often approaching the scale of several
minutes [23]. Since the S; energy level is, by definition, spin-paired with Sy, S; —Sp
radiative decay is favourable and fast. Systems that have undergone ISC, however, decay
from Ty, which is spin-opposed with respect to Sg. T1 —Sg decay is therefore spin
forbidden, and as a result, the excess energy slowly leaks out in the form of a weak
emission (phosphorescence) that continues over a long duration of time. Because of the

various dark relaxation processes that precede fluorescence and phosphorescence, the
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Figure 2.4 — The Stokes shift is the difference between positions of absorption and
emission band maxima corresponding to the same electronic transition.

energy of the emitted photons is almost always redshifted with respect to the excitation
energy (special cases of upconversion luminescence are not addressed in this thesis, but
the interested reader can refer to [23,67,68]). This shift, named after Irish physicist
George Stokes, is measured as the difference between the peak excitation and the peak
emission wavelengths of the same electronic transition. The Stokes shift, illustrated in
Figure 2.4, is larger in cases where the excitation of molecules results in the lengthening
of chemical bonds. For complexes analysed in solution or suspension form as many MOFs
and OMIMs are, the magnitude of the Stokes shifts is influenced by the polarity of the
solvent, with polar solvents usually giving rise to more significant Stokes shifts [23]. There
are two practical advantages to having a large Stokes shift in a luminescent molecule or
complex. First, it allows easy separation of the luminescence signal from the excitation
light source with the help of optical filters, enabling fluorescence detection to be measured
with a very low noise background. Secondly, a large Stokes shift implies low overlap
between excitation and emission wavelengths, which mitigates problems associated with

re-absorption of emitted light that can lower the efficiency of luminescent materials.

In the following section, we take a look at how the various photophysical processes that
we have discussed may manifest in MOF and OMIM structures. It should be noted that

due to the relative infancy of OMIMs as a class of materials, there are few reports of
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luminescent crystalline OMIMs. Therefore, although the principles discussed in this
Chapter are equally relevant to MOFs and OMIMs, the following section focuses more

on luminescence MOFs due to their relatively mature stage of development.

2.1.6 Luminescence in MOFs and OMIMs

While OMIMs may be constructed solely from organic chromophores, the optical proper-
ties of luminescent MOFs may arise from either one of their structural components, i.e.
from their organic linkers or from their metallic nodes. In some cases, chromophoric or
luminescent guest molecules may also be incorporated into the pores of these materials
to enhance or tune their optical properties. For example, small-molecule dyes introduced
into MOF pores give rise to extended absorption spectra in which the characteristic
absorption peaks of both the MOF and the guest [69] are present. Similarly, fluorescent
dye molecules or Quantum Dots (QD)s can be introduced as guest molecules to offer
new luminescence properties [70] to the host structure. Figure 2.5 uses the depiction
of a MOF to highlight the range of interactions involving light that can occur on such
structures. The most common way of making luminescent MOFs is to use luminescent
organic ligands with extended m-conjugation as linker components. In this way, the MOF
scaffold has added functionality, and appropriate linkers can be chosen depending on
the desired luminescence properties. MOFs with luminescent linkers may exhibit purely
linker-centred emission, where both the photon absorption and emission are localised on
the same organic ligand, or more complex emission involving absorption and emission
that occur in separate parts of the framework. The latter type of emission is facilitated
by non-radiative ET and CT processes such as FRET and DEE. As illustrated in Figure
2.5, transitions may occur between adjacent ligands, ligands and metal centres, or guest

molecules and either of the building blocks.

It is important to note how immobilising luminescent ligands into ordered, regular
positions as MOF linkers influences their optical properties. One important advantage is
the enhancement of luminescence quantum yield that comes with locking chromophores
into fixed, rigid positions and thus reducing vibrational and rotational losses [71]. The
stacking and relative orientation of the linkers in MOF structures can affect the positions
and profiles of their spectral peaks. For example, immobilizing chromophores as MOF
linkers can result intermolecular interactions that change the the Stokes shift of a
transition, as well as the Full Width at Half Maximum (FWHM) of its associated peaks,

compared to the free chomophore [72]. Intermolecular stacking between adjacent linkers
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Figure 2.5 — The photophysical mechanisms arising in MOFs involve light
absorption, charge- and energy-transfer processes, and ligand, metal, or guest-based
luminescence. The chemical and structural versatility of such materials provides a wide
range of opportunities to explore.
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can also give rise to new absorption or emission features based on to LLCT transitions. In
contrast to free chromophores or those in molecular complexes, where close chromophore
packing results in significant electronic coupling, MOFs provide a pathway towards
otherwise-inaccessible photophysical processes by separating and precisely organising the

chromophores within their structures.

Luminescence involving the metal nodes of MOFs is a less common strategy, but one that
also has unique advantages. Typically, transition metals do not significantly contribute to
the luminescence properties of MOFs, other than affecting the ligand-based luminescence
by the introduction of charge-transfer states. Luminescent lanthanides like Eu®t, Th3t,
Dyt etc. on the other hand, yend to dominate the emission when incorporated into
MOF structures. Since Ln3T ions have small absorption coefficients, the excited-state
levels in luminescent lanthanide MOFs are commonly populated by energy transfer from

a sensitizing ligand via the antenna effect [73]. In the sensitization of Ln®* ions, a photon
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is captured by the MOF organic linkers, then the energy is transferred to the metal ion,
which results in Ln3* emission. As a result of the poor expansion of the 4f orbitals, the
Ln3*-ligand bonds show minimal mixing of the metal and ligand orbitals with a covalency
of less than 10%. Because of this, photoexcited f-f transitions in lanthanides tend not
to perturb the binding pattern of lanthanide complexes [59]. The excited states in the
organic linkers and metallic nodes of Ln3t MOFs can therefore be treated separately,

and their resulting Ln3t-emissions remain characteristically sharp.

The considerations briefly summarised in this Section make it possible to attribute the
absorption and emission spectral features of MOFs and OMIMs to the appropriate corre-
sponding processes. This is particularly true in simple structures exhibiting purely-ligand
or Ln3*-based optical features. However, since many MOF structures are exquisitely
complex, it is common to have multiple simultaneous processes taking place, and the
relative contributions of various concurrent processes can be much more challenging to
deconstruct. In such cases, the inherent crystallinity of MOFs offers a great advantage.
Given the regular orientation of chromophores in luminescent MOF structures, the atomic
positions, relative distances, bond lengths, and angles of adjacent building blocks can be
precisely determined by X-ray diffraction. This greatly favours the use of computational
tools to model, predict, and gain deeper insights into the various interactions at play. In
the following section, we review the key parameters needed to experimentally characterise

the optical properties of a luminescent MOF or OMIM.

2.2 Characterisation of light emission

There are several key metrics by which to characterize the optical properties of luminescent
MOFs and OMIMs. These include its UV-vis absorption, its photoluminescence and
excitation spectra, its photoluminescence quantum yield (the number of photons emitted
per photon absorbed), and its luminescence lifetime (how long the material remains in

its excited state before radiative decay).

2.2.1 Steady-state absorption spectra
UV-vis absorption spectra are generally measured as the attenuation of a light covering a

range of wavelengths as it passes through a sample surface. Due to the solid powder form

in which most MOFs occur, they possess inherent surface inhomogeneities that cause
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significant light scattering. UV-vis absorption spectra of MOFs are therefore typically
calculated from their diffuse reflectance spectra. The diffuse reflectance of light (R) from
a sample is first measured from a carefully-ground sample that is tightly packed into a

cell of parallel quartz windows.

This spectrum is then treated by the Kubelka-Munk function [74], F(R), given by
Equation 2.2.

F(R) = = (2.2)

Where F(R) describes the absorption coefficient of the sample, k, over a scattering
coeflicient, s. By condensing the geometric irregularities of inhomogeneous samples into
a single scattering coefficient in this way, F'(R) effectively describes the propagation of

light through them.

The UV-vis absorption and diffuse reflectance measurements presented in this thesis were
carried out on a Perkin Elmer UV-vis spectrometer fitted with an integrating sphere and
a spectral range of 200 nm - 1000 nm, and a resolution of 1 nm. A a barium sulfate

standard was used to calibrate 100% reflectance.

2.2.2 Photoluminescence quantum yield

Photoluminescence Quantum Yield (PLQY) is the ratio of the number of emitted photons
to the number of absorbed photons, and provides measure of a material’s efficiency in
converting absorbed photon energy into light. For this reason, PLQY has been a key
criterion for the selection of luminescent materials in many applications. Measurements
of absolute quantum yields were carried out using a Horiba Fluorolog-3 equipped with
an integrating sphere. As best practice, reported quantum yield values are an average of

five independent measurements.

2.2.3 Steady-state emission spectra

Emission spectra were measured using a PerkinElmer LS55 spectrophotometer. Measure-
ments of MOF emission spectra in suspension were carried out in a quartz cuvette with
four optically clear windows, while solid-state measurements were carried out by packing

carefully ground MOF powders into a cell of anodized aluminium with one optically
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transparent quartz window. Excitation spectra of the key steady-state photolumines-
cence peaks were measured on the same instrument in order to determine the optimum

excitation wavelengths.

2.2.4 Transient photoluminescence

Time-resolved luminescence was recorded with an Edinburgh Instruments LP980-KS
flash photolysis setup. A 355 nm nanosecond pulsed laser (5ns pulse duration, 10Hz,
Ekspla NT342 model) with an integrated Optical Parametric Oscillator (OPO) system
(from 355 to 2500 nm tunability) has been used as pump source. Wavelength-specific

kinetic measurements were made using photomultiplier and digital storage oscilloscope.

2.3 Conclusions

In this Chapter, we laid out some of the key concepts and processes that play a relevant
role in describing the photophysics of MOFs and OMIMs. We explained that MOFs
and OMIMs are molecular systems in which localised optical transitions take place. We
briefly addressed the physical principles governing the probability of optical transitions
to occur, and the types of molecular systems in which forbidden transitions may be
expected to arise. With these basics established, we followed the possible paths that
a photoexcited molecular system may encounter on its way to radiative de-excitation.
These pathways were addressed in the order of their occurrence, i.e. photoexcitation,
possible excited-state transitions, and finally emission. We summarised how the various
photophysical processes discussed may manifest in MOF and OMIM structures. Finally,
we reviewed the methods and techniques that were used in this thesis to characterise

optical properties and identify photophysical processes.

In the following Chapter, we report our first example of how the photophysical processes
described here can be applied to the design and synthesis of a MOF with desirable
properties. Using the principles of a lanthanide excitation via the antenna effect, we
designed a luminescent MOF for the detection of trace contaminants in drinking water

samples.
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3

A Luminescent MOF for
Sampling Water Quality

In the previous chapters, we reviewed the basic principles underlying the design and
synthesis of Metal-Organic Frameworks (MOFs) and Organic Molecules of Intrinsic
Microporosity (OMIMs),with a focus on luminescent structures. We then described some
general mechanisms of luminescence originating from organic luminophores and from
lanthanide ions, as well as methods by which luminescent MOFs and OMIMs may be

realised and characterised.

In the following chapters, we turn to applications of luminescent MOFs and OMIMs,
and provide two detailed examples which have been developed in the scope of this thesis.
We start in this Chapter with chemical sensing applications. We review some important
basics about chemical sensors, and then describe in detail how we exploited lanthanide
ion luminescence to realise a new MOF for the selective, quantitative sensing of trace
amounts of fluoride ion contaminations in drinking water sources. Both the organic and
inorganic components of our MOF play key roles in its operation as a sensor. The organic
ligand interacts with the target analyte, and the luminescent lanthanide metal centres act
as optical transducers with a luminescence quenching response to the presence of fluoride
ions. We conclude the Chapter with a brief overview of how the principles we used in
this application can be extended for the detection of other chemical contaminants. The
contents of Section 3.3 are largely based on the report of a luminescent Eu**-MOF sensor
by Ebrahim! et. al, published under the title "Selective, Fast-Response, and Regenerable
Metal-Organic Framework for Sampling Excess Fluoride Levels in Drinking Water', in
the Journal of the American Chemical Society in February 2019. The contents of this

section have been reproduced with permission from the publisher.

The contribution of F. M. Ebrahim was to determine the application, establish characterisation
protocols, carry out optical and sensor characterisation experiments, optimise the sensing method,
co-design and fabricate the device, and write the manuscript with contributions from all coauthors.
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3.1 A Brief Overview of Chemical Sensors

Chemical sensing is a burgeoning application of MOFs that exploits their porosity,
crystallinity and modularity to create novel, tailor-made structures for the detection
of targeted analytes. The number of possibilities to exploit host-guest chemistry in
the design of MOF-based sensors is matched by the infinite number of ligand and
metal combinations that can be used in MOF synthesis. Even without turning to the
design and synthesis of novel structures, well-established methods of Post-Synthetic
Modification (PSM), including the introduction of defects to expose metal sites and
post-synthetic ligand funtionalisation to introduce new chemical functionalities, offer a

range of possibilities in the synthesis of MOFs for chemical sensing.

Chemical sensors are important devices in areas spanning medical diagnostics, food
and water quality control, environmental monitoring, and chemical threat detection.
Regardless of the application, there are two key components that typically make up
a chemical sensor. An active site, containing a recognition molecule (i.e. a receptor),
recognises and interacts with the target analyte, and a transduction element that converts
this interaction into a quantitative reading (Figure 3.1). A sensing event occurs when
target analytes either chemically bind or physically adsorb onto the active site. This
induces changes in certain physical properties of the sensor such as its rigidity or density,
its electrical conductivity or capacitance, or its Ultra- Violet (UV)-visible absorption or
fluorescence spectra. Depending on the type of physical change induced, an appropriate
transduction element is selected to convert the sensing event into a conveniently readable
(typically electrical) signal. Some common examples of the transducers used in MOF-
based mechanical, electrochemical, and optical sensor devices, include microcantilevers
or Quartz-Crystal Microbalances (QQCMs), electrochemical cells, and photoresistors or
photodiodes, respectively. Dynamic microcantilevers are oscillating cantilevers that
resonate at frequencies determined by their dimensions and material properties [75]. An
analyte binding event on the surface of a microcantilever will be detected as a shift
in the cantilever’s resonant frequency. In static microcantilevers on the other hand,
analyte sorption is determined by the bending of the cantilever, and measured by a
strain gauge [76]. QCMs are a type of acoustic wave sensor consisting of an AT-cut
quartz substrate patterned with circular electrodes on either side. The application of an
alternating voltage across the piezoelectric quartz crystal generates an oscillating shear
deformation, the frequency of which changes upon guest adsorption [77]. Although the

specific operating principles of different mechanical transducers are varied, the sensing
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Analytes Applications

Chemical sensor
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Figure 3.1 — Overview of chemical sensors. A standard sensor device consists
of an active site, or receptor, that can bind to or interact with any one of a range of
analytes. The binding triggers a change in the physical properties of the active site, and
the measurement of this change makes it possible to quantify the concentration of the
analyte present.

response in all such devices can equally be enhanced by coating the active mechanical
component with an appropriate MOF. Several examples of mechanical sensors can be
found in MOF literature; just two of which include sensing of alcohol vapours by ZIF-
8 [78], and CO2 by MIL-53(Al) [79], deposited on silicon microcantilevers. Figure 3.2

illustrates how MOFs can be coated onto micromechanical transducers.

The most commonly used electrochemical cells are based on a potentiometric operating
principle, whereby an ion-specific electrode is placed in contact with a sample, and the
concentration of a specific analyte is determined from changes in potential difference
between a working electrode and a reference electrode [81]. The incorporation of MOFs
into ion-specific electrodes can be achieved by fairly routine fabrication methods, and
several examples can be found in the literature. Davydovskaya et. al demonstrated
potentiometric sensing by drop-casting HKUST-1 onto TiN electrodes, resulting in
potential difference responses upon exposure to trace concentrations of various aldehydes

[82]. HKUST-1@graphene composites have been used for conductometric ammonia
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Figure 3.2 — Incorporating MOFs into micromechanical sensors. Films of
packed MOF crystals or crystalline powders may be deposited onto micromechanical
cantilevers (left) or QCMs (right) for sensing applications [80].

detection in devices fabricated by slurry blade-casting onto interdigitated electrode
substrates [83]. This MOF-derived device exhibited reversible ammonia binding with a

linear transduction response between 100 - 500 ppm at room temperature.

Simple photoresistors and photodiodes can be used as transducers when sensing events lead
to a change in the luminescence intensity of the receptor at a given wavelength. Optical
sensors that undergo changes in the position of absorption or emission peak positions on
the other hand, require slightly more complex optical transducers, capable of measuring
spectral changes. The richness of molecular photochemistry makes chromophores and
luminophores in general excellent candidates for a wide range of sensing applications.
This photochemistry is easily extended to MOF structures, as evidenced by abundant
examples in the literature of MOFs that may potentially be used as optical sensors.
There are several key parameters which are used as performance indicators of a chemical

sensor [84]. These include:
e Selectivity, the ability of the sensor to accurately measure the concentration of the
analyte in the presence of interfering molecules.

e Sensitivity, which refers to the minimum input that will create a detectable output

change, and can more precisely be defined as the ratio between the output signal
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and the measured analyte concentration.

e Linearity, the extent to which the actual measured curve of a sensor departs from

the ideal curve.

e Range of operation, the maximum and minimum values of analyte concentration

that can be measured.

e Response time, the time required for the sensor response to rise from 0 to a final

settled value within a tolerance band of the correct new value.

e Precision, which refers to the degree of reproducibility of a measurement. An ideal
sensor would output exactly the same value every time that a specific measurement

is repeated.

In order to make a MOF chemical sensor viable for implementation into a practical
device, it is crucial to keep these factors in mind. The process of developing a MOF-based
sensor naturally starts with the target analyte. Once the analyte is chosen, a MOF with
an appropriate receptor localised on the ligand or in the form of open metal sites, can be
identified or designed to interact with the target molecule. Knowing that MOF sensors
can be paired with different transduction mechanisms described in this Section to make
a device, one must select an appropriate transduction mechanism for the chosen MOF to
get the most selective, sensitive, precise, and rapid output. With the appropriate choice
of transduction mechanism, the system can finally be tested for the desired application,
characterised, and integrated into a device. These steps are nicely summarised in Figure
3.3. In the following section, we discuss why implementation of MOFs into devices
can be challenging, and why optical transduction holds the most promise for practical

implementation.

3.2 Integrating MOFs into sensor devices

In Section 3.1 we summarise the types of device formats into which MOF sensors can
be integrated, and highlight the key characteristics of a good chemical sensor. We now
address some of the practicalities of pursuing MOF-based sensors. A key challenge is
that the widely-used synthetic methods involving solution-phase self-assembly of MOFs
afford limited control over the homogeneity of crystal shapes and sizes [86]. This means

that MOF films, formed by drop-casting or spin-coating a MOF suspension onto a
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Figure 3.3 — The process of developing a MOF sensor. An illustrative flowchart
describing the process of developing a MOF sensor. Reproduced from [85].

device substrate, contain a high density of non-uniform crystallites and grain boundaries,
making calibration and reproducibility challenging issues for MOF-based electrochemical
and mechanical sensor devices [86]. The crystalline powder form in which most MOFs
occur does, however, make them well-suited to sensing applications based on optical
phenomena such as fluorescence and colour-change. This is because crystals are typically
carefully ground into evenly-sized crystalline particles, making both suspension- and
dry powder-based optical characterisation more reliable. With particles of a relatively
narrow size distribution either tightly packed together or homogeneously suspended in
an appropriate solvent, possible error from scattering is minimised, and reliable spectral
data can be recorded. This sample preparation strategy does not apply for electrical

measurements as it only serves to increase the number of grain boundaries and interfaces.
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As-synthesized luminescent or chromophoric MOFs may be therefore used for sensing in
air, gas, or solvent suspensions, without the need for film formation or other additional

processing [19].

Optical sensors range in complexity from simple chromic tools like litmus paper and
pregnancy tests, to chemically complex molecular cages that release luminescent guest
molecules upon interaction with an analyte. Chromic MOF sensors, which undergo a
change in their UV-vis absorption spectra, can be implemented into test papers where
the change in colour is easily detected by eye [87]. Common chromophoric ligands such
as porphyrins and pyrenes, which possess aromatic or conjugated segments, can be used
as the linkers to make chromic MOF sensors. Alternatively, ions of d-metals such as Cu,
Fe, and Co, among others, can be chosen as the as node metals to lend chromophoric
properties to MOF structures. An interesting example of a chromic MOF sensor, used for
NHj sensing, is seen in the ship-in-a-bottle structure of SION-10, reported by Gladysiak
et al [88]. The active site in SION-10 occurs in the form of mononuclear Cu?* complexes
that decorate the pores. Selective binding of NHs vapours results in an immediate
green-to-blue color change in the MOF upon exposure. While this is arguably the
simplest and most inexpensive way to convert a chemical sensing event into a signal, the
sensitivity of chromic sensors tends to be quite low, and quantifying the concentration
of an analyte with this method is difficult, at best. More accurate quantitative results
might be obtained from soluble chromic sensors used in conjunction with a spectrometer,

however this approach is extraneous to MOFs due to their insolubility.

3.2.1 Design of Luminescent MOF sensors

Chromic chemical sensors are based on a change in the colour of the sensing material
when it interacts with an analyte. Luminescent sensors on the other hand emit light
when they are photoexcited, and a sensing event causes a change in their luminescence
colour or intensity. Chromic sensor responses from insoluble crystalline powders can be
difficult to quantify. This is because the absorption spectra of solid powders are obtained
from measurements of their diffuse reflectance. While peak shifts are easy to identify
using this method, changes in intensity cannot be reliably measured due to the effects of
light scattering. The results that can be obtained from chromic MOF chemical sensors
are therefore binary in nature, and can indicate the presence of the analyte, but not its
concentration. It is much easier to obtain reliable quantitative measurements from MOF

sensors based on luminescence [19]. This is particularly true for MOFs that exhibit tuning

39



Chapter 3. A Luminescent MOF for Sampling Water Quality

of luminescence intensity in response to a chemical sensing event. The most common form
of signal transduction in luminescent MOFs is quenching, (less common is enhancement),
of photoemission due to guest adsorption [23]. In molecules containing aromatic subunits
(as many MOF ligands do) for example, UV excitation tends to populate the Lowest
Unoccupied Molecular Orbital (LUMO), leaving a strongly oxidizing hole in the Highest
Occupied Molecular Orbital (HOMO). Adsorption of an analyte that is either easily
oxidized or reduced on such a ligand can inhibit the radiative process and thus attenuate
photoluminescent signals. Commonly exploited interactions in MOF-based sensing are
those in which there is significant electron-donor/electron-acceptor orbital overlap, where
the MOF or analyte may play either role. As a consequence, the most easily-detected
analytes are those that are strong electron donors (e.g., amines) or acceptors (e.g.,
nitroaromatics, including common explosives). Rather than being oxidised or reduced by
interaction with the MOF, a target analyte may otherwise alter the redox potential of a
built-in donor or acceptor, and thus impact the luminescence. Factors contributing to
luminescence quenching/enhancement may also include steric effects, whereby interacting
analytes alter vibration or torsional displacement, shifts in absorption spectra, or changes

in the electronic structure of the luminescent MOF [89].

Typically, the change in luminescence intensity is directly proportional to the concentra-
tion of analyte present at the active site of the MOF sensor. Since the error in luminescence
intensity introduced by light scattering and reflection is minimal, luminescence-based
chemical sensors are easy to calibrate and have been shown to give precise quantitative
measurements. Even in luminescent MOFs whose spectral response involves a large
peak shift, the photoluminescence excitation wavelength in most cases remains constant,

greatly simplifying the process of calibrating them as quantitative chemical sensors.

In order to drive luminescent MOF sensors an additional step closer to real-world

application, some practical considerations need to be made, including;:

1. the environment in which the sensing must be carried out,
2. the expected interferences or possible false positive triggers, and

3. the concentration range of interest.

The typical environment of a target analyte determines how important factors like MOF

stability, hydrophobicity, and potential for film growth are. The expected interferences
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will determine whether relying on mechanisms like physisorption or mechanical sieving
will be sufficient, or if chemical functionalities need to be introduced to the pores to
improve selectivity. Finally, the concentration range of interest is an important factor to

consider at the device design and engineering stage.

Interaction with target analytes may occur in the form of physisorption, electrostatic
interactions, 7-7 stacking, bond formation or bond cleavage [90]. Electrostatic and
chemical interaction sites can be introduced into MOF structures either via ligand
functionalization or the exposure of open metal sites, while 7t-7t stacking interactions will
arise in MOFs with conjugated ligands. In many cases, the interaction mechanism can be
selected based on the nature of the target molecule. For example, aromatic compounds
may be targeted by stacking, and ionic compounds by electrostatic or Lewis acid-base

interactions.

Since mechanisms like physisorption and 77t stacking tend to be non-specific, it is
important to introduce features into the MOF structure that make it selective to the
target molecule. The existing literature on gas separation by MOFs offers considerable
insight into what types of structures and functionalities may be useful for specific analytes.
The simplest approach is via size exclusion (i.e. molecular sieving); whereby the pore
structure is chosen or tailored according to the kinetic diameter of the target molecule
and potential interferences present in the sample [91]. Molecular sieving exploits the fact
that molecules that are smaller than the MOF apertures can be absorbed, but larger
molecules cannot. We described in Chapter 1 how pore sizes may be determined by the
topology of a MOF, as well as the Secondary Building Unit (SBU)s, organic ligands
and the presence of functional groups added to the linkers. It is worth recalling that
while larger linkers might be expected to result in larger pores and/or apertures, MOFs
with long linkers tend to interpenetrate, resulting in smaller pores. To avoid this, it is
recommended to use chelating metal clusters as nodes, bulky linkers with some steric
hindrances, and/or to assemble MOFs in dilute conditions. PSM can be used to tune
pore dimensions by solvent removal, or by replacing coordinated solvent molecules with
functional ligands. Many examples exist where ligands functionalized with -NH,, -SH,
and -OH groups have been used to construct MOFs for sensing [19]. These functional
groups offer analyte recognition opportunities for a wide range of chemical species. For
this reason, PSM strategies have become an important way of introducing functionality to
MOF the accessible volume of MOF pores. Exposure of open metal sites can be achieved

by introducing missing linker defects. The method for defect growth varies from MOF
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to MOF, with the most well investigated example being that of UiO-66, in which the
addition of small amounts of formic acid or acetic acid during synthesis lower the kinetic
growth rate, giving rise to a higher density of open metal sites. Post-synthetically, the
removal of coordinated solvent molecules from the metal ions or clusters by activation
can also yield exposed Lewis acid metal sites. These can be used for reversible bonding
interactions, such as NO binding to Co?t, Cu?*, or Ni?*; or, they can be engage in
purely electrostatic interactions, such as quadrupole/charge interactions between COq

molecules and cobalt or aluminium ions.

Since spectroscopic characterisation methods require optical instrumentation that can be
challenging to miniaturise into practical sensor device formats, the bulk of MOF literature
reporting new structures for optical sensing demonstrate laboratory-level characterisation
results. In this thesis, we aim to address the gap in MOF-sensor device integration, by
focusing on the development of a novel luminescent MOF with a quantifiable turn-off

response.

3.3 A Luminescent Ln-MOF for sensing trace

contaminants in drinking water

Fluoride (F~) is commonly associated with the prevention of dental cavities, as low
concentrations promote the formation of enamel-strengthening fluorapatite on dental
surfaces [92]. Less recognized are the potentially severe detrimental effects that over-
consumption of F~ can cause. Prolonged consumption of water contaminated with
F~ at concentrations exceeding 1.5 ppm can lead to considerable health implications,
particularly in children and developing embryos. Over time, an intake of beyond 0.05 mg
per kg of body weight per day leads to excess mineralization within tissue and organs,
resulting in mottled enamel, [93] hindered functioning of the kidneys, [94] thyroid, [95] [96]
and brain, [95,97] and crippling bone deformities most commonly manifested in the legs
and spine [98,98]. Such forms of chronic F~ toxicity are endemic in over 25 countries,
with contamination typically leaching into drinking and irrigation water supplies through
rocks rich in F~ minerals, or waste from such industrial processes as aluminium smelting
and glass processing. [99] Research into new solutions for detecting F~ contamination
aims to surpass existing commercial devices in their accessibility to non-expert users
who require regular, laboratory-free sampling, such as remote populations in areas where

chronic F~ toxicity is endemic.
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The majority of recently reported methods for F~ sensing include molecular complexes
exhibiting turn-on [100], turn-off, or ratiometric color changes [101] arising from Si-O
bond cleavage, H-F bond formation, or Lewis acid-base interactions in the presence
of F~ [102]. In addition to molecular F~ sensors, a few reports have been published
on ion sensors based on MOFs. The reported MOF-based solutions include a turn-on
optical sensor in which signal transduction relies on the decomposition of the MOF
to release a fluorescent reporter molecule [103] and a turn-off optical sensor that uses
a combination of ligand-based and lanthanide-based luminescence to achieve highly
sensitive ratiometric fluorescence quenching signals when F- covalently binds to the
ligand functional group [104]. These notable examples demonstrate the promising
potential of MOFs in water-sampling applications. To further advance the performance
of chemical sensors in general and F~ sensors in particular, it is pertinent to focus on the
architecture of the active site where interactions with the analyte occur. Sensors relying
on covalent bond cleavage are mainly non-recyclable, while those based on covalent
bond formation may be difficult to regenerate without additional treatment under harsh
conditions (e.g., with a strong acid or base, which is particularly detrimental to many
MOF sensors). Electrostatic interactions, on the other hand, though easy to reverse, are

non-specific, resulting in poor selectivity [105,106].

We describe a water-stable, recyclable, luminescent lanthanide MOF, referred to as
Sion-105, which was synthesised to address these challenges. The active site in Sion-105 is
a three-coordinate boron (B) atom in a ligand that exploits Lewis acid-base interactions
with F~. The turn-off optical transduction mechanism relies on F~-triggered quenching
of the photoexcited red luminescence from the europium (Eu?T) metal nodes. Both
components of the MOF therefore contribute to its action as a F~-selective optical
sensor. When the ligand is linked to Eu3'T dimers to form crystalline Sion-105, it
adopts a propeller-like structure with B in the center, which, unlike the planar ligands,
inhibits access to the receptor. With the targeted F~ ion being the smallest anion
commonly found in drinking water, non-selective binding with potentially interfering
ions is prevented by further protecting the active site with bulky, protruding methyl
groups. This architecture of the active site leads to size-selective, weak electrostatic
interactions with the F~, resulting in a regenerable sensor with a rapid turn-off optical
response that stabilizes instantly. Using Sion-105, an easily reproducible F~ test method
is devised and incorporated with a portable prototype sensor device that was designed
and built in-house. The reliability of Sion-105 as a sensor is confirmed with blind tests

on groundwater samples collected from three countries spanning the Middle East and
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Far East Asia. Sion-105 is thus proposed as a practical solution for F~ concentration
sampling that is safe and accessible to non-expert users in communities impacted by

chronic fluoride toxicity.

3.3.1 Design and synthesis of Sion-105

The constituent blocks of Sion-105 were carefully selected to realize an effective F~-sensing
material. The B-functionalized tris(p-carboxylic acid)tridurylborane ligand (tctb3~) was
chosen because the central three-coordinate B acts as a Lewis acid active site for F~
ions, with the surrounding duryl groups offering size-selective steric protection from
unwanted interferences. Eu®t was selected as the metal node to exploit its visible-light
emissive properties. UV irradiation of Sion-105 photoexcites the ligand, which then
transfers energy to the radiative "Dy energy level of the Eu?* ions via the antenna effect,
described in Chapter 1. Subsequent °Dg - "F; (J = 0-6) transitions result in a bright
characteristic Eu?* luminescent emission, with a peak at 625 nm corresponding to the
5Dy - "F5 transition. This emission is quenched upon interaction of F~ ions with the B
Lewis acid site, to which larger ions have limited access. The interaction of F~ with the
B active site, rather than with the Eut dimers, is indicated by the turn-off luminescence
quenching response of Sion-105 to F~. As is well known from the literature, substitution
of a EuT-coordinated HoO molecule with a F~ ion would instead lead to a turn-on
optical signal due to the subsequent decrease in vibrational coupling [59]. The reliability
of Sion-105 as a sensor is confirmed with blind tests on groundwater samples collected
from three countries spanning the Middle East and Far East Asia. Sion-105 is thus
proposed as a practical solution for F~ concentration sampling that is safe and accessible

to use.

The formation of Sion-105 occurs via self-assembly during a one-step reaction of Hztctb
with Eu(NO3)? in a DMF/H20 solution at 120°C for 72 h. The resulting rod-shaped
colourless crystals, shown in Figure 3.5a, with the formula [Eu(tctb)(H2O)]2DMF,
crystallize in the Cz/c monoclinic space group. The asymmetric unit of Sion-105 is
seen in Figure 3.5b, and is composed of one Eu?T atom, one tctb®~ ligand, and one
coordinated HoO molecule, while the non-coordinated DMF molecules are disordered
within the pores. The main constituent of the crystal structure of Sion-105 consists of
binuclear Eu?t clusters (Figure 3.5¢), with two Eu®" atoms a distance of 3.9679(11)A
apart, linked together by two pa-bridging HoO molecules and two tctb3~ ligands with

n' : n'-bridging modes. The interconnection between Eu?* dimers and tridentate tetby
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Figure 3.4 — Structure and proposed luminescence mechanism of Sion-105.
The structure of Sion-105 consists of a sensitizing ligand coordinated to Eu®* dimers
that are bridged by two HoO molecules. The inset below illustrates the proposed turn-off
optical sensing mechanism, whereby interaction of F~ ions with the Lewis-acidic active
site of the ligand leads to quenching of the Eu®* emission. H atoms are omitted for
clarity.

ligands leads to the formation of a polymeric framework extending in three dimensions.
The phase purity of Sion-105 and its stability upon activation, immersion in pure water,
and exposure to buffer solutions of pH 4 and 9 are confirmed by Powder X-Ray Diffraction
(PXRD) as shown in Figure 3.5d and e.

The stability of Sion-105 is further demonstrated by Thermo-Gravimetric Analysis
(TGA) measurements, which reveal thermal stability up to temperatures of 300°C.
While non-porous to nitrogen, Sion-105 is porous to CO2 at 195 K and 1 bar with a
Brunauer—Emmett-Teller (BET) surface area of 216 m?/g.
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Figure 3.5 — Crystal structure of Sion-105. a. SEM images of as-synthesised
Sion-105 crystals, b. Asymmetric unit of Sion-105 drawn with labels for all non-H atoms.
Ellipsoids denote the respective atomic displacement parameters, c. A Eu?t dimer
and its coordination environment, viewed along [010], d. PXRD patterns indicate that
Sion-105 maintains its crystal structure after activation and immersion in pure water,
and e. in pH 4 and pH 9 buffer solutions.
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Figure 3.6 — Stability and porosity of Sion-105. a. TGA data showing stability of
Sion-105 up to 300°C, and b. CO4 adsorption-desorption isotherms collected on Sion-105
before, and c. after fluoride sensing experiments show a negligible change in BET surface
area from 216 m?g~! (before experiment) to 205 m2g~! (after experiment).

3.3.2 Calibration of Sion-105 for fluoride

A simple method for quantifying the F~ concentration in water samples was devised
with Sion-105 using a commercial fluorescence spectrometer (PerkinElmer LS55). This
method yields a linear luminescence quenching response to F~ in the concentration range
pertinent to drinking water, which is between 0.5 and 2.0 ppm. First, Sion-105 crystals
are carefully ground into a fine powder. This powder (0.5 mg) is then suspended in 2.5
mL of Tetrahydrofuran (THF) and briefly sonicated to obtain a uniform dispersion. This
is done because the hydrophobic nature of Sion-105 causes it to aggregate in pure aqueous
solutions, while in THF the powdered crystals form a homogeneous suspension suitable
for reproducible measurements. UV irradiation (Aeze = 350 nm) of the Sion-105/THF
suspension results in bright-red Eu®*-based emission centred at 625 nm. Then, 250
uL of pure aqueous Sodium Fluoride (NaF) solution is added to the Sion-105/THF
suspension and briefly shaken by hand before remeasuring the sample luminescence. The
addition of NaF aqueous solutions with concentrations of 0.5 to 2.0 ppm results in a
linear luminescence quenching response seen in Figure 3.7 such that an aqueous NaF
solution with a concentration beyond the safe upper limit of 2.0 ppm yields close to the

maximum quenching, within a 0.1 ppm Limit Of Detection (LOD).

To determine the F~-B association strength, and to optimize F~ detection conditions,
NaF titrations were performed in which increasing amounts of NaF were introduced
to 0.5 mg samples of Sion-105 and the resulting luminescence quenching observed. To
perform a titration, five vials of 0.5 mg of Sion-105 suspended in 2.5 mL of THF were

prepared. The suspensions were sonicated for 5 minutes, and the luminescence intensity

47



Chapter 3. A Luminescent MOF for Sampling Water Quality

of each suspension was recorded. Then, 250 uL of aqueous NakF' solution was added to
each vial, with NaF concentrations ranging from 0.0 ppm (blank) to 2.0 ppm in steps
of 0.5 ppm. Subsequently, the change in luminescence intensity was recorded. The
titrations were repeated 15 times, and the mean of the results used to plot a curve of
I/Ip (luminescence quenching) versus F~ concentration. The graphs (in Figure 3.7) are
normalized to the 0.0 ppm blank. The inset of Figure 3.7a is a box chart comprising the
data from all 15 NaF titrations, where whiskers indicate minimum and maximum values,
median lines are indicated as horizontal lines and mean values are indicated by solid
squares. It is worth noting that upon introduction of the aqueous test sample, the overall
F~ concentration in the measurement vial is an order of magnitude lower than that of
the sample itself. Indeed, the sensitivity of Sion-105 is thus in the range of 0.0091 ppm.
For the purpose of physiologically relevant water sampling, however, suspending the
MOF in THF prior to introducing the sample optimizes the uniformity of the suspension

and thus the reproducibility of the results.

The positive deviation of the Stern-Volmer (SV) plot (Figure 3.7a) from linearity is char-
acteristic of fluorophore-quencher systems in which both static and dynamic interactions
impact the luminescence quenching behaviour [107]. Static luminescence quenching is
generally associated with the formation of ground-state complexes upon addition of the
quencher, whereas dynamic interactions are associated with diffusion-controlled quenching
in which collisions between quenchers and excited fluorophores result in deactivation
of the excited states. Combined static and dynamic quenching is often observed in
fluorophore-quencher systems containing two populations of fluorophores, one of which
is less accessible to quenchers than the other [108]. This is a characteristic feature of
systems in which the quencher has limited access to some of the active sites buried in
the fluorophore [109]. In the case of Sion-105, the introduction of F~ results in a B--- F
interaction that prevents emissive de-excitation, accounting for static quenching, while
increasing the concentration of F~ promotes more interactions with the B active sites
(protected by duryl groups of the ligand), resulting in the quadratic dependence described
by Equation 3.1,
Ip

7 (1+ Ksv[F])(1 + Kq[F]) (3.1)

where [ is the emission intensity from Sion-105 in the absence of F~, I is the intensity in
the presence of F~, Kgy is the SV constant describing the dynamic quenching efficiency,

and K, is the association constant describing the efficiency of B- - - F interactions. While
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Figure 3.7 — Luminescence properties of Sion-105. a. Representative spectra
from one NaF titration show the quenching of Sion-105 luminescence at varying F~
concentrations. Inset: Photograph illustrating drop in luminescence intensity upon
addition of F~ to Sion-105 suspension, and a box chart constructed from 15 titrations
illustrating the linear quenching response of Sion-105 to F~. Blank refers to the Sion-
105/ THF suspension before addition of water sample. Both graphs are normalized to 0.0
ppm. b. Nonlinear Stern-Volmer plot of quenching with increasing F~ concentration, c.
Eu3*-based long-lifetime phosphorescent emission from Sion-105

Ksy and K, have similar values (9.125 x 10* and 9.126 x 10* M~1!, respectively), as
determined from a nonlinear regression analysis of the experimental data plotted in Figure

3.7b, further consideration highlights the dominance of static quenching in Sion-105.
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Given the measured luminescence lifetime of Sion-105 in the absence of F~ (tg = 704
+ 3 us) (Figure 3.7d), the bimolecular quenching rate constant, k,, which reflects the

collisional quenching efficiency, is calculated from Equation 3.2,

_ Kgy
70

kq (3.2)

The resulting value of k; = 1.30 x 108 M~1s~! is two orders of magnitude lower than
that expected from purely diffusion-controlled quenching (10'° M~'s™1), as is typical
of systems in which the steric shielding of fluorophores limits the number of collisional
quenching encounters taking place. The dominance of static luminescence quenching in
Sion-105 is further shown by the negligible decrease in the emission lifetime from 704 +
3 to 670 &+ 2 us at a F~ concentration of 2.0 ppm. The value of K, obtained from the
experimental data can be used to qualitatively estimate the concentration of nonemissive

B- - - F pairs in the sample as a function of F~ concentration using Equation 3.3

[B--F]

T

(3.3)

[B---F] and [F~] represent the concentrations of B---F pairs and F~ after 300 s of
introducing the water sample to the Sion-105 suspension. Although the response time
of Sion-105 in low concentrations of F, such as those relevant to the desired sampling
range, is extremely fast, with the signal equilibrating within seconds, a conservative
equilibration time of 300 s was applied. This is because in very high concentrations of
around 500 ppm or more, diffusion of the F~ analyte through the pores of the MOF is
slightly slower, resulting in a slightly longer equlibration time, as seen in Figure 3.8. [B]
is the molar concentration of B active sites in the measurement suspension, considering 1
mole of B per mole of MOF. If all of these active sites were accessible and homogeneously
distributed in solution, 100% of the B sites would be occupied by a F~ ion at a 1:1 molar
ratio of B/F. However, the luminescence quenching behaviour observed in the Sion-105
method suggests that even in the presence of a 20.0 ppm F- sample, a maximum of 46%
of all B active sites tend to be interacting with F~- ions, indicating that not all B active
sites are occupied. This could be because several F~ ions may be interacting with a

given B receptor site.

The mechanism of luminescence quenching in Sion-105 was probed by phosphorescence

spectroscopy measurements on an isostructural gadolinium (Gd) MOF, Gd-Sion-105
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Figure 3.8 — Response time of Sion-105. a. Measurements of time-dependent
intensity normalized to equilibrium intensity for a range of F~ concentrations from 1
ppm to 200 ppm demonstrate the fast response time of Sion-105. In particular, in the
range from 1 ppm to 10 ppm (i.e. five times higher than the maximum concentration of
interest), the response of Sion-105 to F~ is instantaneous. This instantaneous response
is exploited to isolate the F~ signal from potential. b. The response time (in seconds) of
Sion-105 to HCO3 (red circles) over a span of 200 s shows how a rapid testing protocol
can be used to isolate the signal due to F~.

(Figure 3.9). Because the emissive state of Eu?* is excited via the antenna effect from

the lowest ligand triplet level (LT}), it is informative to probe any shifts in LT that may
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result from the presence of F~ in the structure. The choice of Gd®T is based on the high
energy of its emissive 6P /2 state, which prevents the possibility of ligand-to-metal energy
transfer, thus allowing the triplet energy of the ligand to be probed. The lowest-energy
peak in the ligand phosphorescence spectrum of Gd-Sion-105, which is associated with
LT, undergoes a negligible shift when F~ is present in the structure, suggesting that
rather than a significant shift in LTy, the interaction between F~ and B results in the

formation of nonradiative decay pathways that quench Eu3t emissions.
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Figure 3.9 — Phosphorescence spectra of Gd-Sion-105. Temperature-dependence
of emissions of a. unloaded, and b. F~ loaded Gd-Sion-105 confirm the phosphorescent
nature of the ligand emission; c. Comparison of ligand-based phosphorescence spectrum
from Gd-Sion-105 before and after loading with F~ show nominal shift in the ligand
triplet energy, thus suggesting the formation of non-radiative decay pathways that lead
to luminescence quenching in Gd-Sion-105 in the presence of F~.

3.3.3 Structural Advantages of Sion-105

The specific advantages of the active-site structure in Sion-105 are threefold. First,
the rigidity of Sion-105 and the protection of the B sites limit the B---F interaction
to being electrostatic in nature. The electrostatic nature of the B---F interaction is
supported by X-ray Photoelectron Spectroscopy (XPS) measurements probing the B
chemical environment before and after the addition of F~. Because of the lack of reports
in the literature on B---F XPS in metal complexes, the tctb®~ ligand was analyzed
before and after exposure to F~ and used as a benchmark to locate the expected B-F

peak, as seen in Figure 3.10. The XPS spectra of as-made and F~-loaded samples of
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Sion-105 corroborate the presence of F~ in the MOF sample; however, no change is
observed in the B environment in the case of the MOF. Because of the weak nature
of this interaction, the structure is protected from potential collapse, phase transition,
and partial loss of crystallinity, which would have been observed in the case of covalent
B-F bond formation because the B geometry would shift from trigonal to tetrahedral.
PXRD patterns of Sion-105 before and after exposure to aqueous solutions of several
ions (Figure 3.11) confirm the preservation of the crystal structure, even upon loss of
emission intensity in the presence of F~. The stability of Sion-105 in the presence of
various ionic species was confirmed by leaving samples of Sion-105 overnight to soak in
pure HoO, pure THF, and solutions of F~, HPO, , and SO3—. After re-isolating the
MOF via centrifugation and drying in air, PXRD patterns seen in Figure 3.11 show
no loss of crystallinity. Furthermore, single-crystal X-ray diffraction on the F-loaded
Sion-105 crystals confirmed that B retains its trigonal geometry while the pores are filled
with disordered guest molecules. Finally, Inductively-Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) reveals that a negligible amount of Eu3* is leached out after the
F~ loading (Table 3.1). These findings confirm that the B sites are sufficiently protected
by the protruding methyl groups in the ordered structure to ensure a weak interaction
between F~ and B.

F~ [ppm] %Eu®"

2 1.34
10 1.56

Table 3.1 — Results of Eu-ICP-OES analysis of Sion-105 after introducing F~.

The second advantage of the Sion-105 active-site architecture lies in how the EugJr dimers
distort the ligand into a rigid propeller shape, to form pores with restricted apertures.
Figure 3.12a shows how the binding site at the center of the ligand is surrounded by
oblique duryl groups. Not only does this lead to the reversible electrostatic nature of
the Sion-105-F~ interaction, that is depicted in Figure 3.12b, it importantly prevents
access to the active site by larger anions that may potentially act as interferences. The
channels of Sion-105, visualised in Figure 3.12c, therefore have restricted access. The net
topology of Sion-105 is shown in Figure 3.12d, with the B-active sites coloured in pink

and the Eu§+ dimers coloured in green.

This restricted nature of the resulting binding site, illustrated in the space-filling model

in Figure 3.13, enhances the selectivity of Sion-105 to F~. Measurements of emission
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Figure 3.10 — Sion-105- F~ interactions. XPS spectra of B 1s peak of free Hstctb
ligand and Sion-105 with and without F~. The peak around 189 €V is associated with
a boron sub-oxide present on the surface, while the higher-energy peaks are associated
with the ligand B. The approximate 1 eV shift of the high-energy peak in the presence of
F~ in the free ligand suggests a bond-induced change in the chemical environment of
B. This shift is consistent with observations reported in the literature. In the case of
Sion-105 however, the peak positions are marginally different after the introduction of
F~, thus supporting the hypothesis that the B---F interaction in Sion-105 is weak in
nature.

intensity after adding equal (2.0 ppm) concentrations of a range of anions and cations
commonly found in drinking water show that only F~, being the smallest anion, has
a significant quenching effect (Figure 3.13a). Furthermore, measurements in which F~
was added to three different purchased bottled mineral water samples, each with varying
concentrations of commonly found anions and cations listed in Table 3.2, also showed a
linear quenching response selective to F~. These samples were intentionally contaminated
with F~ to achieve final F~ concentrations between 0.5 to 2.0 ppm, and the results of
measurements carried out are plotted in Figure 3.14b. N/A indicates no information

available.
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Figure 3.11 — Stability of Sion-105 in aqueous salt solutions PXRD spectra of
Sion-105 after immersion in aqueous solutions of various salts commonly found in drinking

water confirms the stability of the MOF, even in the presence of NaF solution, which
results in luminescence quenching.

Finally, the advantage of weak B- - - F interactions is that they allow us to exploit the easy
reversibility of the method by simply washing in ethanol to flush out the F~ quenchers,
thus regenerating the Eu®* luminescence and the functionality of the MOF (Figure
3.13c). Unlike other systems reported in the literature, Sion-105 is specific to F~ despite
relying on reversible, weak interactions. While direct comparison with reports from
the literature is challenging because of the variation of experimental conditions used in
different systems (reports include the detection of F~ in organic solvents rather than in
water or the use of tetra-n-butylammonium fluoride as the analyte rather than using the
naturally occurring fluoride salts, and in some cases, reaction times are very slow and
therefore the signal stabilization can last for hours), the performance of Sion-105 meets

the requirements for F~ sensing in drinking water.

Overall, these properties, in addition to its facile, high-yield, and reproducible synthesis,
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Figure 3.12 — Binding site of Sion-105 a. A propeller-shape tctb3~ ligand with
a plane drawn across the C9, C20, and C31 atoms. Note the oblique position of the
duryl groups towards this plane. A view along [154] . b. Schematic illustration of the
covalent B-F interactions in boronic acid (top) vs electrostatic B---F interactions in
Sion-105 (bottom). In the case of covalent interactions, the OH groups in boronic acid
are substituted by F~ ions to form covalent B-F bonds, which can be broken by the
addition of a strong base. The spacefill model of Sion-105 shows the extent of B receptor
(orange) protection by the surrounding methyl groups, which limit access to F~ ions
(turquoise). The limited access means that the B-F interactions are electrostatic, and
can be reversed by simply washing the MOF to flush out F~. c. Packing of the crystal
structure of Sion-105 with the structural voids visualized with MERCURY marked as
golden surfaces. Calculation details: probe radius 1.2 A; grid spacing 0.7 A. d. Net
topology of Sion-105. Pink spheres denote the 3-coordinated node positioned in the
center of the tctb3~ ligand, whereas green spheres represent the 6-coordinated node
corresponding to the Eu§+ dimer. The atomic structure of Sion-105 is overlaid onto this
topological diagram. A view along [010].

place the performance of Sion-105 in a promising position with respect to previously
reported work, which relies on the formation of covalent B-F bonds with a more exposed
receptor [110]. An added advantage of exploiting the structure of the active site for higher

sensitivity and selectivity and relying on Eu®* emissions alone for optical transduction
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Ion Sample 1 Sample 2 Sample 3

F~ 0.01 N/A N/A
HCO3 86.9 357 360
Cl- 4.1 5 2.2
HPO} N/A N/A 0.03
SO%— 2.74 10 941
Cat 19.37 78 47
Mg3+ 4.02 54 N/A
Na*t 2.2 N/A 10.5
NO3 N/A 14 25.6
Silica N/A 14 25.6
K+ <0.2 1 1.4

Table 3.2 — Contents of bottled mineral water tested using Sion-105.
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Figure 3.13 — Selectivity of Sion-105 to fluoride. a. Fluorescence intensity
measured after subsequent additions of a range of potential interferences to Sion-105
demonstrate its selectivity to F~. b. Space-filling model of the postulated binding site in
Sion-105 (H omitted for clarity), which explains the size-selectivity of the B site by scaled
comparison to F~ (blue), Cl~ (yellow), Br~ (orange) and I~ (pink); c¢) Recyclability of
Sion-105 observed over ten cycles. Note that in a and ¢, the luminescence intensity is
normalized to the pure Sion-105/THF suspension (before addition of aqueous samples),
and not to the 0.0 ppm blank as in Figure 3.7.

lies in the fact that monitoring the intensity of sharp, single-wavelength emissions such
as those from Eu®t is far simpler than monitoring that from dual-emission compounds.
This simplicity of measurement allowed us to construct a low-cost, portable fluorimeter

device for use in conjunction with Sion-105.
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3.3.4 Integration of Sion-105 into a portable device

The performance of Sion-105 makes it a promising contender for real-world F~-sensing
applications. Aside from existing portable electrochemical devices, which require frequent
calibration and careful handling to extend their shelf life, the colorimetric sensing solutions
that exist suffer from interferences that may require complicated or hazardous sample
preparation steps to remove. These methods are thus restricted to use in laboratories
by skilled technicians, and a rapid, reliable method for untrained users in need of
frequent sampling is needed. To address this, we designed and constructed a miniaturized
fluorimeter device as a portable prototype for water sampling with Sion-105 (Figure
3.14). The compact (10 cm x 10 cm x 12 cm) device consists of a cuvette holder mounted
internally with three 360 nm UV LEDs (LED Engin LZ4-04UV00), a 590 nm long-pass
filter, and a sensitive photodiode integrated with an operational amplifier (Burr-Brown
OPT 301). The holder is fitted with an anodized aluminium lid and a safety switch to
ensure that the UV Light- Emitting Diodes (LEDs) can turn on only when the lid is placed
over the holder. The device is powered by a 12 V source and consists of an LED display
connected to a microcontroller (Arduino UNO) coupled to a voltage divider circuit. The
information visualized on the display is the change in voltage across the photodiode on
addition of F~, converted to the corresponding F~ concentration. Measurements are
carried out using prepared vials of the Sion-105/THF suspension (0.5 mg in 2.5 mL).
First, after briefly shaking the suspension, the vial is placed in the holder. Placing the
lid over the holder releases the safety switch so as to turn on the UV LEDs that excite
the sample, and a blank measurement of the resulting Sion-105 luminescence is acquired.
Subsequently, the water sample is added to the vial, which is shaken and reintroduced
into the holder. The Arduino is programmed to convert the change in luminescence
intensity to its corresponding F~ concentration, which is displayed on the LED screen.
Because of the nature of the B-- - F interaction in Sion-105, no recalibration is needed

prior to measurements, even after regeneration of the material.

Using this device, we tested samples of groundwater taken from Vietnam, the United
Arab Emirates, and Saudi Arabia, which we labelled ‘GW1’, ‘GW2’ and ‘GW3’. The
concentrations of F~ in these samples measured using Sion-105 showed remarkable
agreement with the results from Internal Conversion (IC). These results, listed in Table
3.3, highlight the performance and reliability of Sion-105 as a F~ sensor and, coupled with
the portable device, cement its potential as a user-friendly solution for water sampling in

remote areas where frequent F~ concentration monitoring is essential.
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Figure 3.14 — Sion-105-based portable sensor. Schematic diagram of the portable
device used with Sion-105. Data in inset shows the linear response in voltage across
photodiode upon introduction of F~ ions to water samples. The data presented is an
average response measured in three different samples of purchased bottled mineral water,
contents of which are listed in Table 3.2

3.4 Conclusions

In this Chapter, we discussed the tailored design of a new luminescent MOF structure
for the selective detection of trace ionic contaminants in drinking water sources. We
began with a general overview of the different types of sensors into which MOFs may be
incorporated, and justified our interest in focusing on a luminescence-based sensor. We
then described how we selected the building blocks for our new MOF. The ligand acts as
a receptor to interact with the target analyte, the luminescent lanthanide nodes act as
a reporter to signal that an interaction has taken place, and the overall rigid structure
acts as a molecular sieve, making our MOF highly selective in the presence of a wide
range of potential interferences, in various concentrations. Finally, we described how
we designed and fabricated a small device that can be used to carry out reproducible
measurements with our MOF, without the need for repeated calibration. The fact that

the MOF we report is easily regenerable by washing with ethanol is favourable in terms
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Sample [F~] (IC) [F~] (Sion-105)

GW1 0.472 0.489 £ 0.09
GW2 1.780 1.75 £ 0.15
GW3 0.435 0.47 £ 0.12

Table 3.3 — ppm Concentrations of F measured in three groundwater samples taken
from wells in Vietnam (GW1), the U.A.E. (GW2), and Saudi Arabia (GW3). Results of

measurements via ion chromatography and Sion-105 show strong agreement.

of the environmental impact of the test method.

The overall performance of Sion-105 in comparison to other candidates for the detection
of F~ from recent literature is given in Table 3.4. It should be noted that in the test
method that we developed, which we designed for the practical purpose of physiologically
relevant water sampling, we suspend the MOF in THF prior to introducing the sample.
This optimizes the uniformity of the suspension and thus the reproducibility of the results.
In evaluating the performance of the MOF itself as a sensor, we consider that upon
introduction of the aqueous test sample, the overall F~ concentration in the measurement
vial is an order of magnitude lower than that of the sample itself. The sensitivity of

Sion-105 is thus approximately 0.0091 ppm.

Ref. Description Sensitivity Selectivity H>O Samples Recyclability
[111] MOF-76 1900 ppb Moderate No No
[101] H3BO3; MOF 67 ppb Good Yes Not specified
[103] FITC@MOF 15 ppb Good Yes No

This work Sion-105 9.1 ppb Good Yes Yes

Table 3.4 — Comparison of Sion-105 with existing MOF-based F~- anion sensors for
drinking water sampling

In the following Chapter, we present an alternative approach to achieving luminescence,
which we implement for a different application. We explore the design, synthesis, and

characterisation of a luminescent OMIM for white light emission.
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4

A Luminescent OMIM for
White Light Emission

In the previous Chapter, we described the design, characterisation, and synthesis of
a novel luminescent Metal-Organic Framework (MOF) for sensing. While the linkers
of our luminescent MOF, named Sion-105, are functionalised to interact with a target
analyte, the MOF relies on luminescence from its Eu3* metal clusters to report that an
interaction has taken place. In this Chapter, we take an entirely different approach to

the application-targeted design of luminescent, porous crystals.

We report a new, luminescent Organic Molecule of Intrinsic Microporosity (OMIM)
for white light emission. Achieving broad-spectrum white-light emission from a single
molecular species is a challenge. We describe how we took inspiration from natural
bioluminescent organisms to create an OMIM, which we named CugLs, that emits white
light. The broad emission of Cugls arises from its biomolecule-inspired ligand. In
forming a coordinated metal complex from this ligand, we have two advantages with
respect to an uncomplexed molecular emitter. First, the formation of void spaces in
our rigid metal complex allows us to exploit tuneability of the emitted colour via host-
guest chemistry. Second, the rigidity of the complex results in an enhancement of the
Photoluminescence Quantum Yield (PLQY) compared to the uncomplexed emitter. The
work presented in this Chapter is based on a manuscript entitled "Tuneable luminescent
from a biomolecule-inspired single species emitter of white light", by F. M. Ebrahim! et.
al, which is currently in submission. The authors have also filed a patent of the same
name, which is currently under consideration. In the following section, we precede a

detailed description of the work with a brief introduction to white light emission.

'The contribution of F. M. Ebrahim was to conceive the project, synthesise the material, carry out the
the characterisation of optical properties, and write the manuscript with contributions from all authors.
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4.1 White Light Emission

Up to one-fifth of the energy produced globally is spent on ambient and display lighting
[112-115]. The birth of the blue LED has led a transition to more efficient, solid-state,
lighting solutions that provide some relief to the energy expense of traditional technologies.
Semiconductor LEDs suffer, however, from relatively high cost and relatively poor light
quality, and have a limited large-area applicability [116,117]. The opportunities for
improvement have fuelled a surge of interest in developing alternative technologies, such
White Organic Light-Emitting Diodes (WOLEDSs).

Organic LEDs in general possess unique advantages including easy processability, me-
chanical flexibility, and the prospect of providing high-efficiency diffuse lighting; features
that offer them a key position in future, large-area, thin and flexible lighting solu-
tions [118-120]. The seminal first reports of efficient green Electroluminescence (EL) from

tris (8-hydrozyquinoline) aluminium (Alg3) in 1987 [121] and from poly(p-phenylene
vinylene) (PPV) in 1990 [122], served to mobilise research into the use of organic EL
emitters for display technology. Particularly attractive aspects include their easy solution-
processable production methods, high luminance, wide viewing angle, low operating
voltage, and potential light emission spanning the entire visible spectrum. Unlike LCDs,
OLEDs are self-emitting, and in the absence of backlighting, can be made ultra thin,

flexible, and compact.

The first example of an OLED that exhibited broad-spectrum white light was reported
in 1995 [123] by Kido et. al, who vacuum-deposited layers of Alq3 doped with different
fluorescent emitters. Since then, much like their semiconductor counterparts, the bulk of
WOLEDs rely on combining discrete, multi-component (blue and yellow, or red, green
and blue) emitters to obtain white light [124,125]. The most common approach to
generating white light in an organic device is to stack emitters with varying emission

colours over each other, as illustrated in Figure 4.1.

The stacked emissive layer is typically sandwiched between a transparent anode such
as Indium Tin Ozide (ITO), and a low-work-function cathode. Layers of appropriately-
selected organic Hole Transport Material (HTM) and Electron Transport Material (ETM)
are applied to the anode and cathode respectively. When an external bias is applied,
electrons are injected from the cathode, and holes from the anode, into the layers. The
ETM (HTM) layer serves to block the transport of holes (electrons) to the cathode(anode).

The layers are therefore chosen according to the positioning of their energy levels, so that
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Metal cathode
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Figure 4.1 — Structure of a stacked WOLED device. Red, green, and blue emitters
are typically layered over each other, and sandwiched between a metal cathode and a
transparent anode that allows the light to be coupled out. Electron- and Hole-transport
layers (ETL and HTM) promote charge injection into the emissive layer, where radiative
recombination occurs.

they favour charge injection into the emissive layer, where the injected electrons and
holes form excitons, which radiatively recombine. In stacked WOLEDs the recombination
occurs first on the blue emitters, where high-energy excitons are formed that are then
transferred to the lower-energy emissive layers. It is important to ensure that not
all the higher-energy excitons are harvested by lower-energy emitters in the adjacent
layers, and this sometimes addressed by introducing additional interfaces into the stack.
Maintaining a balanced distribution of emission peak intensities in such structures is a
challenge, and often requires complicated and expensive device fabrication procedures.
These bottlenecks fuel the hunt to develop single-species white light emitters for OLED
applications. A single-species white light emitter with high photoluminescence quantum
yield, though challenging to realize, would be the first step towards stable and efficient
WOLEDs with viable market penetrability [126,127].

There are a number of different mechanisms by which broad-spectrum white light emission

may arise from a single emitter. These include excimer formation, Energy Transfer (ET)
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or Charge-Transfer (CT) transitions, and Fzcited-State Intramolecular Proton Transfer
(ESIPT), and phosphorescence. Excimers are molecules whose excited-state wavefunctions
overlap, resulting in the formation of bound dimers in the excited state. The fact that
the ground-state wavefunctions of excimers do not overlap results in efficient CT from
the higher-energy donor constituent to the lower-energy acceptor constituent. This gives
rise to the characteristic emissions from both constituents, which in turn results in a
broad luminescence spectrum. ET or CT transitions can arise in Donor-Acceptor (D-A)
structures in which the wavefunction of higher-energy donor emitter overlaps with that
of the lower energy acceptor emitter. This overlap should be sufficient for ET or CT
to occur, but small enough to prevent quenching of the donor. ESIPT describes the
picosecond-scale proton transfer from an excited-state H-donor to an H-acceptor through
the intramolecular hydrogen bond. This transfer results from the tautomerisation of an
emitter molecule from an enol to a keto form, such that the excited molecule exhibits
the fluorescence peaks of both constituents. This particular approach is relevant to the

work presented in this Chapter, and will be revisited in Section 4.3.3.

4.2 Characterising white light emitters

In the previous section, we highlighted the value of developing novel single-species white
light emitters, and reviewed some interesting strategies by which this can be done. We
now consider the features of single-species white light emitters that are important for
their implementation into WOLED devices. Three of the most important characteristics
of a WOLED are its quantum efficiency, its lifetime, and its emission colour. Although
the fabrication of WOLED devices is beyond the scope of this thesis, it is important
to take these characteristics into consideration when designing new materials for use as
potential WOLED emitters. For this reason, we briefly address all three of these key

factors in this section.

The quantum efficiency of an OLED device can be assessed in terms of its Internal
Quantum Efficiency (IQE) or its External Quantum Efficiency (EQE). The IQE is
measured as the number of photons generated within the device per electron-hole pair
injected, while the EQE is the number of photons emitted from the device per electron-
hole pair injected. The EQE therefore also takes into account the outcoupling efficiency
of the device. For fluorescence-based emitters, like the one addressed in this thesis, we

therefore highlight that having a high PLQY is very important.

64



4.2. Characterising white light emitters

The lifetime of a device is defined by the number of operational hours it can withstand
before its intensity drops to 50%. One of the greatest advantages of LEDs over traditional
light sources like incadescent bulbs is their extended (around ten times longer) operational
lifetimes. Since OLEDs still suffer from very short lifetimes with respect to inorganic

LEDs, white light emitter stability is a crucial factor to consider.
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Figure 4.2 — Characterising the colour of white light. The spectral sensitivity of
the human eye under bright (phototopic) and dim (scotopic) conditions (left) is taken
into consideration when converting a photoluminescence spectrum into its corresponding
coordinates on a CIE diagram (right).

Control over the colour white light obtained from an emitter is important because it would
allow the realisation of purpose-built lighting for a range of environments spanning homes,
offices, hospitals, and more. The colour of light emitted by a molecule is evaluated by
converting its photoluminescence spectrum into a set of coordinates that can be mapped
onto a chromaticity diagram like the one in Figure 4.2. Due its complex anatomy, the
colour of light that is perceived by the human eye is not the same as the colour emitted by
a source. This is because our retinal cone cells, which are responsible for colour perception
of vision in high-intensity (7.e. ‘photopic’) conditions, are more sensitive to light of certain
wavelengths . The conversion of a photoluminescence spectrum into the chromaticity
coordinates defined by the International Commission on Illumination (CIE) as the CIE
1931 colour space takes into account the peaks of spectral sensitivity associated with the
cone cells. The spectrum is weighted by individual spectral sensitivities so as to render
an objective value corresponding to the perceived colour of the light source. The spectral
response of the eye under photopic and scotopic (i.e. bright and low-light respectively)
conditions is given in Figure 4.2 on the right, while the CIE 1931 colour map is shown

on the left. The coordinates corresponding to ideal, pure white light are found at the
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center of the CIE 1931 colour map, with values of (0.33, 0.33). A light source with these
CIE coordinates has a colour that most closely resembles that of natural sunlight. It is

therefore the ultimate goal in terms of the colour of a white light emitter.

We mentioned in Section 4.1 that the colour obtained from WOLEDs can be challenging
to control. In the following section, we report the unique strategy that we adopted to

synthesise a novel, single-species white light emitter with tuneable the emission colour.

4.3 A Bio-inspired, Single-species, White-light Emitter

The previous sections highlight the challenges of realising single-species white-light emit-
ters that exhibit spectral and environmental stability, as well as high photoluminescence
quantum yields. In the following sections, we describe our exploration of a novel approach
to this problem, inspired by bioluminescence seen in fireflies and click beetles (Figure
4.3a). Using this bioluminescence-inspired strategy, we designed an OMIM that allows
us to exploit the photochemical properties of LHy. Adjusting the solvent composition in
the void spaces of the crystallised OMIM tunes the emitted colour, with the optimum
composition giving nearly perfect white light. This solvent-based tuneability in a rigid
metal complex gives us amongst the highest photoluminescence quantum yields reported
for a single-species white-light emitter. Further, it mimics colour changes observed in
different organisms, allowing our results to suggest a molecular mechanism that explains

these phenomena.

4.3.1 Luminescence of D-Luciferin

Fireflies, click beetles, and railroad worms, like those seen in Figure 4.3a, are remarkable
organisms that emit yellow, green, and red light respectively, all using the identical
bioluminescent substrate, D-Luciferin (LHg). Although the mechanism underlying the
different emission colours of these different creatures is still under debate by biologists,
the existence of LHs as a chemically unbound species within protein matrices in organisms

has made it possible to probe its photochemical properties extensively.

Studies of LHs and derivative molecules reveal high quantum yields and colour tuneability,
whereby the colour of light emitted can be varied by altering its chemical environment, as

illustrated in Figure 4.3b or by introducing changes in its structure, as shown in Figure 4.3c.
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Figure 4.3 — Bioluminescence in beetles. a. Photographs of freen-emitting bio-
luminescent fireflies and a red-emitting bioluminescent railroad worm. b. Changes in
optical spectra of the LHs-based bioluminescent molecule in different solvents arise from
changes in the protonation states of its terminal groups [128], c. Structurally modified
derivatives of lucifierin exhibit different fluorescence emission peaks [129].

For example, increasing 7-7t overlap between the thiazole and benzothiazole heterocycles,
as shown in Figure 4.3c, can shift the position of the emission peak well into the red
[130,131]. Alternatively, the emission of a given structural analogue will undergo spectral
shifts triggered simply by changes in the microenvironment surrounding the terminal
groups of its thiazole/benzothiazole fragments [128,132,133]. Such microenvironment
phenomena underlie the elegant colour tuning mechanism observed in-vivo. While no

generally-accepted theory exists to fully explain the origin of bioluminescence colour
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tuning, the conformation of the surrounding protein matrix [134], as well as residues in
the immediate environment of the luciferin molecule [135], have been shown to impact

the emitted light colour.

In the following section, we demonstrate how both structural and microenvironment-
triggered tuneability can be exploited to harness the photochemical properties of LHs in
solid-state synthetic complexes, which we named Cusls. To achieve this, copper ions are
used to fuse LHs molecules into stable molecular complexes that crystallise in such a
way as to exhibit extrinsic porosity in the form of voids. Importantly, the colour-tuning
terminal groups of the ligands in these complexes face the void spaces that are present in
the crystallised material. Similar to those in some naturally-occurring protein-complexed
LHs systems, these terminal groups are then free to interact with their surrounding

environment, thus introducing the emission colour tuneability into the solid state.

4.3.2 Synthesis and Structure of Cu,L;

The synthesis of CuyLs is carried out by reacting D-LHy with Cu(NOj3)9 -2-5H20 at 373
K in an appropriate ratio in a HoO/DMF/EtOH solution. The reagents are introduced
into borosilicate glass scintillation vials, which are then sealed and heated for 16 hours,
resulting in the formation of relatively insoluble reddish-brown crystals of CusLsg, like
those in Figure 4.4a, at a 70% yield. During the synthesis, the D-LHy precursor partially
reduces some of the Cu?>* to Cult, while simultaneously being oxidized to its planar
aromatic 2-(6’-hydroxy-2’-benzothiazolyl)-thiazole-4-carboxylic acid (dehydroluciferin,
L) form, which is shown in 4.4b. The oxidation of LHs to form L removes the chirality
of the ligand precursor. Cusls thus crystallises in the triclinic centrosymmetric space
group P1 with one metal complex present in the asymmetric unit. Each metal complex
of CusLg, shown in Figure 4.4c, is composed of three L molecules acting as ligands linked
by two Cu ions. Cul links L1 to L2 via coordination bonds to the L1 3N, L1 4-COO, L2
3S, and L2 3'N. Bridging of L2 3S, and L2 3'N by Cu2 fixes the C2-C2’ bond, presumably
contributing to the enhanced photoluminescence quantum yield of the Cuslis complex
with respect to the free ligand. Cu2 links L2 to L3 via the 3N and 4-COO groups of both
ligands. Both Cul and Cu2 display distorted tetrahedral coordination geometries, with
Cul in the 14 oxidation state and Cu2 in the 2+ oxidation state.

To confirm the assignment of Cul and Cu2 oxidation states, the presence of Cu'* and

Cu?T in the crystal structure was confirmed by X-ray Photoelectron Spectroscopy (XPS).
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XPS measurements confirmed the presence of Cu!* and Cu?* in a 1:1 ratio. Fitting of
the Cu 2p3/, line (Figure 4.4c) shows two components with similar integrals, at binding
energies of 932.5 ¢V and 934.4 ¢V, which are assigned to Cu'™ and Cu®t respectively.
Since a binding energy of 933 eV may typically correspond to either Cu!* or Cu®,
assignment of the 932.5 eV peak to Cu'* rather than Cu® was further verified by Auger
transitions (Figure 4.4e). Cu LMM transitions are similar ( 916 eV) in Cu?* and Cul",
but higher in energy ( 918 eV) in Cu®. The presence of a single peak at 916 eV in the Cu
LMM line of CusLs confirms the absence of Cu® in the complex. XPS data thus confirm
that CusLs contains about 50% Cu?t and 50% Cul*.

Both Cu ions form coordinate bonds with the N atoms of all three thiazole rings, as well
as with the O atoms of all the ligand terminal carboxylate groups. Cul additionally
bridges the thiazole and benzothiazole fragments of the central ligand via the S and N
atoms. The 6 -OH hydroxyl terminals of the ligands, with their ground-state pK, [136]
of 8, remain protonated during synthesis and do not take part in coordination to the
Cu ions. Despite the ligands of CusL being planar, the coordination geometries of Cul
and Cu2 impose an overall zigzag shape on the metal complex, with the outer ligands
rotated 90 degrees with respect to the central ligand. This awkward shape results in
an inefficient but regular crystal packing (Figure 4.5), characteristic of OMIMs. These
materials are extrinsically porous by definition, as the inefficient crystal packing produces
regular void spaces. In the case of CusLs, the void spaces account for 13.1% of the
unit-cell volume, and when crystallised, manifest as 1D channels that extend along the
c axis (Figure 4.5b, ¢). Crystallinity of the as-synthesized complex was confirmed by
Powder X-Ray Diffraction (PXRD) (Figure 4.5d). Scanning Electron Microscopy (SEM)
and Energy-Dispersive X-ray Spectroscopy (EDX) images (Figure 4.5¢, f) of CugLs show

the flat, rectangular shape of the copper-rich crystals.

Two particularly notable structural aspects of CusLg are the planar, aromatic form of
the thiazole fragments, and the void-facing positions of the photoacidic 6 -OH terminals
(Figure 4.5b, ¢). The enol form of LHy, in which blue and green emissions arise, also
has a planar aromatic thiazole fragment. In biological systems such as the L cruciata
firefly, this form is said to be stabilised by the short (<2 A) distance between the
N3 of the emitter and an O of a proximate phosphate in the surrounding protein.
Comparable bond lengths are present between the N3 and Cu centres of CusLg (Figure
4.4c). Stabilisation of the thiazole heterocycle in a single form allows greater control

over the optical properties of the overall complex, by excluding the effects of potential

69



Chapter 4. A Luminescent OMIM for White Light Emission

OH

d © Spectrum e aoﬁq‘ o AES spectrum
—Cul* &
© %
Cu?* ® o
B\ == Cumulative fit Z\ dpo sl
R b7 %
5 5 f& X
2 IR il %
e = %Q
n‘{\m
940 935 930 905 910 915 920 925
Binding energy (¢V) Kinetic energy (eV)

Figure 4.4 — The Cu;L3 complex. a. Optical microscope image of of Cuslg crystals,
b. (top) LHj transforms into dehydroluciferin (L, bottom) by means of an oxidizing
agent (Cu?T). The atom numbering scheme is indicated for LHs, c. Asymmetric unit of
Cus L3 consisting of three L units bridged by two Cu ions. Atom colour scheme: C= gray,
H = white, O = red, N = blue, S = yellow. d. Cu 2p XPS spectrum of as-synthesised
CugLs, e. The presence of a single peak at 916 eV in the kinetic energy spectrum of
CuLMM transition in CupLs confirms the absence of Cu' in the material.

tautomerization. Void-facing positions of the unbound 6'-OH terminals, on the other
hand, give the voids a synthetic binding pocket-like feature. Similar to the biological
binding pocket, adsorption of different guest molecules affects the photochemistry of
the complex due to interactions with its 6 -OH terminals. This is important because
deprotonation of the 6'-OH terminals has been shown to play a key role in redshifting

the colour emitted by LHa-like molecules [137].
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Figure 4.5 — Crystal structure of CusLs. a. Spacefill model of CusLs shows 1D
channels in the c-axis direction. b,c. Views of internal surfaces of the channels in the
crystal highlight the accessibility of ligand terminal groups to the channels. Atom colour
scheme: C= gray, H = white, O = red, N = blue, S = yellow. d. Predicted and measured
PXRD patterns of as-made CusL3, e,f SEM image, and corresponding Cu EDX spectrum
of as-synthesised CugLis. Scale bar corresponds to 10 pm.

4.3.3 Optical Properties of CuyL;

The UV-visible absorption spectrum of CusLj follows a similar profile to that of the free
ligand L (Figure 4.6a), with a narrow absorption band at 340 nm corresponding to 7t-7c*
transitions localised in each of the three ligands, L1, L2, and L3. The longer-wavelength
shoulder is attributed to weak Metal-to-Ligand Charge Transfer (MLCT) transitions
directed primarily to the central ligand, L2, whose thiazole S (S3) and benzothiazole N
(N3) are both coordinated to Cul. When excited at 350 nm, as-synthesised crystals of
Cus L3 show a broad photoluminescence spectrum consisting of three distinct contributions;
a blue peak centred at 430 nm, a green-yellow 550 nm peak, and a red shoulder at 630 nm
(Figure 4.6b). The emissive deexcitations that give rise to the 430 nm and 550 nm main

peaks are ascribed to intraligand contributions. The ligand precursor, D-LHs, as well
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as its derivative molecules, are strong photoacids with well-investigated photochemical
properties. Typically, neutral LHs-like molecules emit in the blue region. Deprotonation
of the 6 -OH group, which results in the anionic phenolate form of the molecule, is known
to lower the emission energy, resulting to a characteristic 100 nm redshift. The 430 nm
and 550 nm peaks in Cuslg are therefore attributed to the complexed ligands in their
neutral and anionic (6/—0*) forms, respectively. Dispersions of Cusls in a range of non-
aqueous solvents, including ethanol, exhibit only the 430 nm phenol signature peak in
their emission spectra, (Figure 4.6b), indicating full protonation of the benzothiazole
terminals. In pure water and aqueous buffers of pH 9 and 4, only the 550 nm phenolate
emission is present, indicating complete deprotonation of the benzothiazole terminals.
Notably, the effect of pH on the protonation state of the phenol terminals is negligible
compared to that of HoO, which we assign to the low pK, of these terminals in the

excited state, as confirmed by dominance of the 6'-O~ characteristic peak at pH 4.

To confirm the assignment of optical absorption and emission peaks,Density Functional
Theory (DFT) was used to calculate the molecular orbitals associated with photoexcited
transitions in CugLs (Figure 4.6¢). These calculations confirm that the optical properties
of CugLs are ligand-based, and correspond to the sum of individual transitions localised
on each ligand comprising the asymmetric unit. Since the CusLs complex is charge-
neutral, appearance of the 550 nm 6'-O~ signature peak in the spectrum is attributed
to the strong photoacidity of the void-facing 6 -OH terminals, whereby photoexcitation
lowers their pK, [138] from 8 to -0.5. This means that proximate guest water molecules
present in the synthetic binding pockets of the complex promote partial deprotonation
of the photoexcited 6 -OH* via fast Ezcited-State Proton Transfer (ESPT) with the

environment.

A common strategy in bioluminescence engineering is to modify LHs-like molecules in
order to obtain different emission colours. Our results therefore suggest that introducing
modifications to the ligand precursors used can extend the range of emission colours
obtainable from CusLs-like materials. To illustrate this point, we used DFT calculations
to identify two LHs-based modified ligands that could form isostructural complexes
of CusLs and predicted the positions of their 6'-OH and 6 -O~ emission peaks. The
hypothetical modified ligands, shown in Figure 4.7 include Se-L, in which the thiazole S3
is substituted by Se, and N-L, in which the benzene ring of the benzothiazole fragment
is substituted by naphthalene. The predicted emission peaks are redshifted with respect
to CugLs, and they confirm the possibility of achieving further tuneability using such

72



4.3. A Bio-inspired, Single-species, White-light Emitter

Y]
o
&
e}
T

HQ\CENHNJ)O\OH O\GENHNJ)\UH : H,0

— pHO9
—25%IL,0

F(R)
Intensity (a.u.)

300 400 500 600 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

L1

HOMO

LUMO g

Figure 4.6 — Optical properties of Cu;Ls. a. Kubelka-Munk (F(R)) diffuse
reflectance spectrum of the free ligand L and CusLs, b. Photoluminescence spectrum of
as-synthesised CugLg excited at 350 nm (red line), and the crystals suspended in different
solvents, c. Molecular orbitals associated with the three main excitations contributing to
the absorption band of CusLs.

materials.

For a given structure, we can achieve a further fine tuning of the colour by changing the
composition of the solvent in the void space. For example, immersion of the insoluble
crystals in pure ethanol or pure water indicate the emission colour due to fully protonated
or fully deprotonated OH groups respectively. This suggests that loading the pores
with mixtures of water and ethanol in varying ratios will give rise to the simultaneous
appearance of both 6'-OH and 6'-O~ peaks in varying intensities. Indeed, by decreasing
the ethanol concentration, we observe that the emission coordinates of the crystals follow
the white region of the CIE map from cool to warm (Figure 4.8a. and b.), closely crossing
the coordinates for ideal white light. The change in emission colour upon introduction of

water in increasing concentrations can be seen in the photograph in Figure 4.8c. The
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Figure 4.7 — Structure and emission of predicted CusLs-like complexes. a.
Computed geometry and emission spectra (blue lines) of CugLs complex with Se-
substituted L ligands and b. naphthalene L. The computed emission spectra of CusLg is
also given for comparison (grey dotted lines). Both protonated and deprotonated forms
of 6’-OH are considered. A width of 0.3 eV was used in the spectra representation.

emission spectrum of CugLj crystals in 25% water is significantly broad (FWHM = 182.1
nm), and consists of the 450 and 550 nm peaks in a 0.75:1.00 intensity ratio, along with
the 630 nm shoulder (Figure 4.8a, red line). This corresponds to nearly pure-white CIE
coordinates of (0.29, 0.33) (Figure 4.8b, red circle). The PLQY is 57%; amongst the
highest reported for a single-species white light emitter, and to the best of our knowledge,
the highest quantum yield of an emitter closest to the equal energy point of the CIE map.
We attribute the high PLQY to rigidity and low rotational and vibrational losses in the
complex, due to the ligand 02-C2', OH, and COOH bonds being locked in position by
the Cu centres. Stability of the material in air and water is demonstrated via PXRD
measurements of the complex after three months in air, and after soaking in a HoO-EtOH
0.25:0.75 mixture overnight (Figure 4.8d). The realisation of an electroluminescent device
lies beyond the scope of this thesis, however, the results obtained show promise for

the use of CugLs in tunable broad-spectrum lighting. While it is possible that charge
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injection may lead to the oxidation of Cult to Cu?*, this has not been explored, and the
material itself in the conditions we have exposed it to can be used as a bright, spectrally-
and chemically-stable phosphor. As our material relies neither on toxic chemicals nor

rare metals, it holds promise for widespread use in relatively cheap light emitting devices.
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Figure 4.8 — Tuneable luminescence spectrum of CusLs. a. Dependence of
photoluminescence spectrum (normalised to the 550 nm peak) on the concentration of
H5O in the pores of CusLs, and b. Corresponding emission colours. Black and blue
circles/dashed lines correspond to signature 6'-OH and 6'-O~ spectra seen in pure ethanol
and pure water, respectively. CIE coordinates of CusLs synthesised in 25% HyO (red
circle) are (0.29, 0.33).Photoluminescence spectrum of CugLs excited at 350 nm (blue
line). A Gaussian deconvolution of the spectrum gives peaks positioned at 430 nm (cyan
line), 550 nm (green line) and 630 nm (red line). The black dashed line corresponds to
the overall fitting of the emission spectrum, c. Photograph of Cusls crystals suspended
in solvent mixtures with varying amounts of water, from the left, 0, 5, 15, 25, 50, 75,
and 100%. d. Stability of CusLs in air and in aqueous solutions is demonstrated via
PXRD patterns of the material as-synthesised, after three months in open air, and after
soaking overnight in an aqueous ethanol solution.

To gain insights into the behaviour of water molecules in the synthetic binding pocket of
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CugL3 Monte Carlo (MC) simulations were carried out for different solvent concentrations.
Figure 4.9a, shows the adsorption sites of oxygen molecules from guest molecules such
as ethanol and water within the pores of CusL3. One of the preferential binding sites
for water lies next to the 6'-OH groups, and is labelled site 1. Upon addition of ethanol
into the pores, the ethanol molecules show a stronger binding at this particular site,
and displace the water molecules, which makes it increasingly difficult for the 6'-OH
to deprotonate. This effect is seen in Figure 4.9b, which shows that a consequence
of increasing the concentration of ethanol in the CusLs environment, the probability
of finding a water molecule next to the 6‘-O site decreases. It is worth noting that
according to the calculations, while the probability of finding a water molecule at site
1 decreases upon addition of ethanol, the probability of finding a water molecule at
site 2 simultaneously increases. This supports the hypothesis that water molecules are
pushed away from the site 1 in the presence of ethanol, giving fewer 6°'-OH sites access

to deprotonation, and shifting the relative intensities of the two characteristic peaks.
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Figure 4.9 — Solvent adsorption sites and probability density plots computed
in the 3x3x2 supercell of DFT optimized CusL3 at 298.15 K and 0.02 bar. a
adosorption sites 1 and two are marked in blue and green, respectively. b Probability
distribution of the oxygen atoms from water and ethanol molecules at the adsorption
sites 1 and 2. Percentages in the legend represent water compositions. Blue and pink
colors represent water and ethanol, respectively.

4.3.4 CuyL3 as a Molecular Model for luciferin@luciferase Complexes

Luciferase/luciferin pairs are extensively investigated for use in bioimaging and analysis
applications [130]. Near- and far infra-red emitting systems in particular are of interest
for in vivo bioimaging of haemoglobin-rich or high-density tissue such as bones. These

applications drive the search for an understanding of bioluminescence colour tuning
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mechanisms. Such an understanding will help guide the design of luciferase/luciferin

variants that support high quantum yield bioluminescence well into the red.

Investigations of luciferase variants have unveiled a range of factors that may contribute
to determining the bioluminescence emission colour. The most commonly proposed
factors include tautomerization of keto (red-emitting) and enol (green-emitting) forms of
the thiazole fragment in luciferin [139], non-specific solvent interaction effects [140], inter-
actions between residues of the luciferase enzyme [141], and the confirmation of the active
site [134,142]. While the community has yet to converge on a hypothesis that explains
precisely how the emitted colour is determined, recent studies have provided substantial
mechanistic clues. For example, it was found that both green and red bioluminescence
can be observed when the keto-like 5,5’-dimethyl-oxyluciferin (dimethoxyluciferin), which
cannot undergo tautomerism, is used as a substrate [143]. Subsequent experimental
and theoretical studies have served to dispute the impact of tautomerization within the
luciferase binding site [137]. Residue interactions, conformation of the active site, and
solvent interactions with the 6-OH group can then be considered to play significant roles

in determining whether the emission is green or red.

In-depth studies into the effects of site-directed mutations on a range of luciferase variants
have shed light on the complex interplay between different factors present in biolumines-
cent systems. For example, even substitutions of randomly-distributed residues, distant
from the luciferase binding site, have resulted in changes of the bioluminescence emission
colour [144], possibly due to effect of inter-residue interactions on the conformation and/or
chemical environment of the binding site [140]. Studies have shown that changes in the
binding site conformation, whereby it takes on a more ‘open’ configuration, result in
redshifting of the luminescence [134]. This redshift has been attributed to the open-form
microenvironment allowing excited oxyluciferin to rotate about its C2-C2’ bond, thus
lowering the energy of its radiative deexcitation. Several examples reported in the litera-
ture demonstrate that enlarging of the binding site or its surrounding cavity also result
in redshifted emissions [135]. Besides geometric relaxation, an alternative hypothesis to
explain this tendency points to the effect of solvent interactions. Recent comprehensive
structural studies of pH-sensitive and pH-insensitive luciferases suggest that increased
accessibility of solvent molecules to the luciferase binding site result in red emissions.
Interestingly, these studies also suggest that the 6’-OH group of oxyluciferin lies close
to the luciferase binding site region that is responsible for colour determination [145].

Within this region of the binding site, potential non-specific solvent effects that can result
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in redshifted emissions include changes in pH, the concentration of metal ions, or the

concentration water molecules.

By proposing Cusl.g and similar porous crystals as molecular models for bioluminescence
colour tuning, we are able to disentangle and separately investigate the different con-
tributing factors currently under debate, and thus potentially contribute to the design of
application-specific luciferases. In CusLs, the thiazole rings are fixed in a planar aromatic
(‘enol-like’) structure, and the COOH terminals, which take part in coordination, are
unavailable to interact with the pore environment. Rigidity of the packed structure
prevents rotation about the C2-C2’ bond, eliminating effects of geometry relaxation on
the radiative deexcitation energy. Access of the 6’-OH groups of all three ligands in the
asymmetric unit of Cuslig allows us to monitor the impact of the pore environment on

the emission wavelength, without any other structural or chemical modifications.

Key structural similarities between the ligands in Cusli3, crystallised oxyluciferin, and
AMP-complexed oxyluciferin in the Luciola cruciata binding site support the use of Cusls
as a molecular model. Binding of the thiazole N3 to Cu in all three ligands of Cuslg is
comparable to N3-O binding to a 6’-OH in crystallised oxyluciferin, and to a proximate
water molecule in AMP-complexed luciferin of the L. cruciata species. N3-Cu bond
lengths in CusLs range from 1.927 A to 1.983 A, while in both, crystallised oxyluciferin
and LH2@L.cruciata the N-O bonds range from 2.782 A to 2.878 A. Similarities between
CusLlis the luciferin molecule in the protein environment were quantified by performing
similarity analyses between the structure of Cuslig and the Oxy-LHo molecule embedded
in the protein scaffold (PDB 2D1T27). As seen in Figure 4.10, the geometry of CuaLs
(red) agrees perfectly (RMS < 0.067 A) with the crystal structure of Oxy-LH, reported
by Naumov et al (blue). In the protein scaffold, the thiazole half of the benzothiazole
ring can m — 7 interact with the phenyl ring from Phe249, which is at a distance of 4.16
A. In our compound, we find a stacking distance of approximately 3.7 A, and similar to
Naumov et al. we observe that the dimers are offset to each other. We also find a similar

packing fraction of 0.12 as in the crystal of enol-Oxy-LHs (0.11).

Simulations were used to visualize the interface of CusLs with the environment, and
draw comparisons with the natural luciferin@luciferase system. In particular the water
adsorption surfaces of and luciferin in the protein pocket were calculated at 298 K.
These adsorption surfaces, shown in blue in Figure 4.11, clearly show that, similar to
the structure embedded in the protein, the phenolic OH can from all hydrogen bonding

active functional groups most strongly interact with water. Similar water coordination
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Figure 4.10 — Comparison of CusLj to crystallised oxyluciferin. Crystal struc-
ture of crystallised oxyluciferin illustrates the comparable intraligand interactions in
CugLs, oxyluciferin and L. cruciata luciferin@luciferase structures.

environments were found in GCMC simulations. According to the simulations, the
maximum of the distribution of distances of the oxygen of the water molecule to oxygen
the phenolic OH group is 3.3 A, which is close to the distances of 2.73 A and 3.3 A that

are found in the protein.

By locking the solvent-emitter interactions into a simplified synthetic binding pocket
with a comparable chemical environment to that of both crystallised oxyluciferin and
the luciferase protein pocket, we are able to more closely observe the drastic effect of
water molecules on emission spectra. Simply changing the protonation state of the
6'-OH by introducing water into the surrounding pocket is sufficient to change colour.
Conformational changes, in addition to the nature of the residue, may impact the water
content, and hence the protonation state of the 6'-OH group in luciferin. This rationalises
why such diverse hypotheses have been put forward; all directly or indirectly influence the
water molecules in the binding pocket, and hence colour-determining chemical interactions

taking place in vivo.

4.4 Conclusions

In this Chapter, we summarised the challenges in WOLED technology, and proposed

a novel strategy that may contribute to filling some of the existing gaps. Inspired by
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Figure 4.11 — Comparison of water adsorption in Cus;L3 and luciferase pocket.
a,b. Water adsorption surface in CugLg c,d. water adsorption surface of the ATP bound
molecule in the SLU pocket of the protein. For visual clarity, we omit the amino acids
that form the protein pocket in subfigures ¢ and d but they are considered for the
calculation of the adsorption surface.

the variety of emission colours that can be observed in bioluminescent organisms, we
synthesised a porous, crystalline material using a bioluminescent molecule. Exploiting the
properties of this molecule, we obtain a single-species white-light emitter whose emission
is not only broad but also tuneable. The tuneability arises due to ESIPT processes
occurring when water molecules are present in the pores of the material. By changing
the amount of water used in the synthesis, we can easily control the colour of light that
is emitted. Our material is stable and can be synthesised using inexpensive reagents,
under low-temperature conditions. In addition, by forming a rigid complex using copper
ions, we were able to achieve a PLQY of 57%, which is currently the highest value of

quantum yield reported for a white-light emitter.

Since the reason why different bioluminescent organisms emit different colours is still
under debate by biologists, we were intrigued to explore whether the tuneability observed
in the pores of our structure offer any insights. We found that treating our material as
a molecular model for the in-vivo protein system, we are able to isolate the significant

impact of water molecules within the protein pocket.
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Conclusions and

Future Perspectives

This thesis was focused on the design and discovery of new luminescent, porous, crystalline
materials for targeted applications. As we have worked towards design of materials for
specific applications, we have paid careful attention to consider the potential of our work
for practical implementation. However, there is an even more important theme that
underlies the work presented in this thesis; rather than focusing on how to find a solution
for one specific problem at a time, we aimed to find and propose strategies for material

design that may be generalised and applied to a range of problems.

Working with modular porous crystals like Metal-Organic Frameworks (MOFs) and
Organic Molecules of Intrinsic Microporosity (OMIMs), we were able to explore an
extensive landscape of ways to incorporate desirable properties into our materials, such as
stability, high Photoluminescence Quantum Yield (PLQY), and chemical functionality. In
Chapter 1, we provided a general introduction that highlights the various aspects of MOFs
and OMIMs that make them the powerful sub-class of materials they are. Chapter 2
details the photoluminescence properties of such materials, and the associated phenomena
that occur in their structures. In particular, we highlighted how the combined properties
of modularity, crystallinity, and porosity can give rise to unique optical phenomena. The
principles outlined in the first two chapters of this thesis were considered in the tailored

design of new materials.

Despite their promising properties, such materials are challenging to implement into
real-world applications. For example, while the number of unique MOF structures that
have been reported is in the range of several tens of thousands, they have yet to evolve
into commercially and industrially viable materials. Addressing some of the most common
challenges, such as limited stability, low synthetic yields, or poor processability, will

help bridge the gap between the laboratory and the real world to bring these materials
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closer to practical use. The outcome of this work has been two new materials developed
for two different applications, each of which perform highly in comparison with their
recently-reported contenders, while possessing unique properties that allow them to
function in interesting ways. For both materials, we have considered practical aspects
such as stability, the use of relatively inexpensive reagents, or the means by which they
may be used in practice. The first, presented in Chapter 3, is a MOF for quantitatively
sensing fluoride ions in the trace levels (<2 parts per million (ppm)) at which they can be
toxic in drinking water. Unlike other F~ sensing materials, our MOF, named ‘Sion-105’,
binds with its target analyte via electrostatic interactions, and yet manages to selectively
target F—, even in the presence of other small anionic interferences. The reason for this
is the shape of the MOF ligand, which contains the active site for F~ binding. With its
bulky sidegroups, once locked in as part of the rigid MOF net, the ligand rotates into a
propeller-like structure that allows only F~ to access the active site. In addition, the
sensitivity of Sion-105 to F~ is among the highest reported in literature for the same
application. In Chapter 4, we present a second material with unique properties; an
OMIM that we created for white light emission. The broad-spectrum light emission arises
from the organic component of this OMIM, which consists of a bioluminescent molecule
called luciferin. The metal nodes, made of Cu!t and Cu?* ions, do not contribute to
the emission colour of the complex, however by locking the luciferin molecules into a
rigid structure, they enhance the intensity of light emitted. As a result, we were able to
obtain a material with the highest thus-far reported value of PLQY for a single-species
white light emitter. Not only is our OMIM a highly efficient white light emitter, it also
possesses unique pore environment that allow its emission colour to be easily tuned by

changing the amount of water used in its synthesis.

5.1 Future Perspectives

It has been a key aspect over the course of this thesis to try and find creative new
approaches to materials design that may easily be generalised beyond a single application.

As such, we foresee interesting opportunities to expand both projects.

The Sion-105 project addresses the detection of fluoride, a chemical contaminant that is
common in ground water, safe to consume in very small quantities, but highly toxic if
trace levels are consumed over prolonged periods. Since fluoride-contaminated water is

safe to use for washing and bathing, and fluoride ions are relatively easy and cheap to
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extract from water, the key challenge lies in being able to test a water source and identify
whether it is safe to drink from, or needs to be filtered. Another chemical contaminant
that is also safe to use but not consume, and is commonly found in ground water, is
arsenic. The toxicity of both these contaminants is most strikingly manifested itself in
the remote desert villages of countries like India and Pakistan, where people have limited
or no access to test facilities. The Sion-105 portable device presented in this thesis offers
a possible solution. As an immediate future goal, we envision the development of a new
MOF with lanthanide-based luminescence, similar to Sion-105, whose linker is designed
for the targeted detection of arsenic. By employing green-emitting Terbium, we may
be able to achieve similar quantitative detection using green light. We would then be
able to tweak the Sion-105 portable device, introducing a new photodiode and filter, to
obtain a single handheld instrument to simultaneously quantify the presence of both

contaminants in a single water sample.

The CugLs project offers an alternative, bioluminescence-inspired approach to obtaining
tuneable, high-PLQY, white-light emission. In addition to the favourable optical proper-
ties, the porous structure served as an interesting molecular model to investigate what
chemical processes might be occuring within bioluminescent cells to cause the different
emission colours of different organisms. We are interested in further extending both
aspects of this study. First, we envision the synthesis of new, modified luciferins to
synthesise new OMIM structures for light emission applications. In particular, we would
like to investigate how much of the International Commission on Illumination (CIE)
colour space we can access by synthesising new luciferin-based porous crystals. We have
filed to patent this strategy. Given that each crystal will have different pore geometries
and unique internal chemical environments, we can continue to investigate how small
changes in the structure of luciferin’s in-vivo protein pocket might be influencing the

blioluminescence colour.

Overall, we continue to explore new prospects in the world of MOFs, OMIMs, and other
molecular materials, with curiosity and an open mind. This work presents an infinitesimal

window into the many possibilities.
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